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1. LISTA DE ABREVIATURAS 
 
11b-HSD2: 11b hidroxiesteroide deshidrogenasa tipo 2 
AngII: angiotensina II 
ATL: asa ascendente delgada de Henle 
ASDN: nefrona distal sensible a aldosterona 
BCA: ácido bicinconínico 
BIM: Bisindolilmaleimida 1 
BK: canales iónicos “Big K+” 
BSA: albúmina de Suero bovino 
C-terminal: carboxilo-terminal 
CaM: calmodulina 
cAMP: adenosín monofosfato cíclico 
CBD: sitio de unión a calmodulina 
CCD: ducto colector cortical 
[Cl-]i: concentración intracelular de Cl- 
ClC-Kb: canal iónico de Cl- “Chloride Channel-Kb” 
CNT: túbulo conector 
COPAS: del inglés “Complex Object Parametric Analyzer and Sorter” 
CRISPR/Cas9: del inglés “clustered regularly interspaced short palindromic repeats” y 
"CRISPR-associated protein 9" 
CT-CCD: dominio “coiled-coil” del C-terminal 
CUL3: del inglés “cullin-3” 
DCT: túbulo contorneado distal 
DNA: ácido desoxirribonucléico 
DTL: asa descendente delgada de Henle 
EAST: del inglés “epilepsy, ataxia, sensorineural deafness and salt-wasting renal 
tubulopathy” 
ENaC: canal epitelial de Na+ 
FHHt: hipertensión hiperkalémica familiar 
FLAG: epítope artificial usado para etiquetar proteínas recombinantes 
GFP: proteína verde fluorescente 
HA: epítope de la hemaglutinina usado para etiquetar proteínas recombinantes 
HCTZ: hidroclorotiazida 
HEK293: del inglés “human embryonic kidney 293” 
HKM: medio de incubación para células HEK293 con concentración de K+ 10mM 
HLC: medio de incubación para células HEK293 hipotónico bajo en Cl- 
HRP: peroxidasa de rábano 
IMCD: ducto colector de la médula interna 
[K+]e: concentración de K+ extracelular 
KCC3: cotransportador de K+:Cl- 3 
KCC4: cotransportador de K+:Cl- 4 
KCNJ10: del inglés “potassium inwardly rectifying channel subfamily J member 10” 
kDa: kilodalton 
Kir4.1: del inglés “inwardly-rectifying K+ channel 4.1” 
Kir5.1: del inglés “inwardly-rectifying K+ channel 5.1” 
KLHL3: del inglés “Kelch-like-3” 
KLHL3/CUL3: componentes de un complejo de ligasa de ubiquitina 
KO: del inglés “knockout” 
KS-WNK1: del inglés “kidney-specific WNK1” 
LC-MS/MS: del inglés “liquid chromatography–mass spectrometry” 
LKM: medio de incubación para células HEK293 con concentración de K+ 1mM 
mRNA: RNA mensajero 
mTORC2: del inglés “mammalian target of rapamycin complex 1” 
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N-teminal: amino-terminal 
NCC: cotransportador de Na+:Cl-  
NEM: N-etilmaleimida 
NHEJ: del inglés “non-homologous end joining” 
NKCC1: cotransportador de Na+:K+:2Cl- 1 
NKCC2: cotransportador de Na+:K+:2Cl- 2 
NKM: medio de incubación para células HEK293 con concentración de K+ 5mM 
OMCD: ducto colector de la médula externa 
OMIM: del inglés “Online Mendelian Inheritance in Man” 
OSR1: del inglés “Oxidative Stress Responsive Kinase 1” 
PCT: túbulo contorneado proximal 
PF2-like: dominio similar a Pask-Fray 2 
PHAI: Pseudohipoaldosteronismo tipo I 
PKA: proteína cinasa A 
PKC: proteína cinasa C 
PP1: proteína fosfatasa 1 
PV: parvalbúmina 
RACE 3’: del inglés “Rapid Amplification of cDNA Ends” 
RIA: radioinmunoanálisis 
RING: del inglés “Really Interesting New Gene” 
RM: receptor de mineralocorticoides 
RNA: ácido ribonucléico 
ROMK: del inglés “renal outer medullary K+ channel” 
SDS: duodecil sulfato de sodio 
SGK1: del inglés “Serum/glucocorticoid-regulated kinase 1” 
SLC12A3: del inglés “Solute Carrier 12A3” 
SPAK: del inglés “Ste-20 Related Proline-Alanine Rich Kinase” 
TAL: asa ascendente gruesa de Henle 
WNK1: cinasa “With No Lysine “K” 1 
WNK4: cinasa “With No Lysine “K” 4” 
WNK4-L319F: WNK4 con sustitución de Leu319 por Phe, incapaz de unir Cl- 
 

2. RESUMEN 
 
La cinasa With No Lysine “K” 4 (WNK4) es una proteína importante en la regulación del 
manejo de electrolitos en el riñón. Mutaciones en el gen que la codifica, son causa de 
Hipertensión Hiperkalémica Familiar (FHHt), debido a un aumento en la fosforilación y 
actividad del cotransportador renal de Na+/Cl-, NCC, en el túbulo contorneado distal 
(DCT) de la nefrona. En contraste, la ausencia de WNK4 en modelos murinos se asocia 
a una pérdida de la función de NCC y menores niveles de K+ en plasma. La 
concentración extracelular de K+ y la actividad de NCC forman un asa de 
retroalimentación negativa que es esencial para los mecanismos renales encargados 
de mantener la homeostasis del K+ en el organismo. 
 
La actividad de la cinasa WNK4 puede ser regulada de distintas maneras: 1) la unión 
directa de un ion Cl- en su sitio activo, inhibiendo su autofosforilación, 2) fosforilación en 
distintos sitios en sus dominios amino (N)- y carboxilo (C)-terminal que promueven un 
aumento en su actividad, 3) degradación mediada por un complejo de ligasa de 
ubiquitina de la cual forma parte la proteína Kelch-like-3 (KLHL3), la cual es inhibida por 
fosforilación. La presencia de WNK4 es indispensable para la activación de NCC ante 
hipokalemia, y se ha propuesto que la disminución en la concentración extracelular de 
K+ promueve una disminución en la concentración intracelular de Cl- ([Cl-]i) lo cual activa 
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a la cinasa WNK4. Sin embargo, se desconoce la contribución de los otros dos 
mecanismos en este fenómeno. 
 
Además de la WNK4 completa, variantes de menor tamaño se han observado en 
inmunoensayos de lisados de riñón de ratón, lo cual sugiere que podrían tratarse de 
variantes previamente desconocidas de WNK4. En la primera mitad de este trabajo se 
confirmó la identidad de estas variantes por distintas metodologías. Las variantes cortas 
de WNK4 sólo fueron detectadas en riñón, son generadas por corte proteolítico y 
carecen del sitio de unión a la proteína Ste-20 Related Proline-Alanine Rich Kinase 
(SPAK), el sustrato de la cinasa WNK4, por lo que podrían tratarse de un mecanismo 
inhibitorio. Además, en estudios in vitro encontramos un sitio fidedigno de unión a la 
proteína fosfatasa 1 (PP1) en el dominio C-terminal de WNK4, el cual es responsable 
de la unión a PP1, y la defosforilación e inhibición de WNK4. 
 
La segunda mitad de este proyecto consistió en estudiar la regulación de WNK4 en un 
modelo de hipokalemia. Primero demostramos que la fosforilación de la Ser64 y 
Ser1196 de WNK4 incrementan en respuesta a una disminución en la ingesta de K+ en 
ratones. Estudios in vitro y ex vivo sugieren que este efecto es independiente de factores 
adicionales en el organismo, y se debe directamente a la disminución de la 
concentración extracelular de K+.  Dado que este parámetro es directamente 
proporcional a la [Cl-]i, decidimos estudiar si la [Cl-]i pudiese regular la fosforilación de 
WNK4 en la Ser64 y Ser1196. Usando diferentes maniobras para disminuir [Cl-]i 
encontramos que esto se asocia a un aumento en la fosforilación de WNK4 en estos 
sitios. Este fenómeno es independiente de la actividad de las cinasas WNK, por lo que 
un mecanismo sensible a [Cl-]i aún no descrito puede converger en la activación de la 
señalización por WNK4. De manera similar, demostramos que la actividad de KLHL3 
disminuye al reducir la [Cl-]i, lo cual promueve un incremento en la abundancia de WNK4. 
 
La generación de ratones transgénicos WNK4-L319F, los cuales tienen una WNK4 que 
es incapaz de unir directamente al ion Cl-, nos permitió estudiar si existen mecanismos 
adicionales involucrados en la activación de NCC ante hipokalemia. Después de 7 días 
de ingesta deficiente en K+, los ratones WNK4-L319F muestran un aumento en la 
fosforilación y abundancia de NCC, al igual que los ratones silvestres. Esto sugiere que 
existen vías redundantes que permiten la activación de WNK4-NCC en hipokalemia, las 
cuales constituyen mecanismos de adaptación renal ante esta condición. 

3. INTRODUCCIÓN 
 
3.1. Compartamentalización de fluidos 
El agua corporal total compone aproximadamente un 60% del peso corporal de un adulto 
humano promedio, lo cual corresponde aproximadamente a 42L. De este volumen, un 
60% (~25L) se encuentra dentro de las células, con el restante 40% (~17L) en el fluido 
extracelular. Del fluido extracelular, sólo el 20% (~3L) se localiza en el corazón y los 
vasos sanguíneos, es decir, el compartimento intravascular(1). 
 
La composición de los fluidos intra- y extracelular son distintas, tanto en la concentración 
de electrolitos como en la de moléculas orgánicas. Una característica del fluido 
intracelular es su alta concentración del ion K+ y su baja concentración del ion Na+, 
mientras que el fluido extracelular es rico en Na+ y contiene bajos niveles de K+. Esta 
distribución se mantiene gracias a la actividad de la ATPasa de Na+/K+, la cual promueve 
la salida de Na+ y la entrada de K+ a la célula(1). 
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3.2. Homeostasis del K+ 
El K+ es el catión intracelular más abundante, con un 98% del K+ del organismo 
contenido dentro de las células. Por lo tanto, la concentración intracelular de K+ es de 
aproximadamente 120mM, mientras que en el fluido extracelular puede oscilar entre 3.5 
y 5mM. Esta distribución asimétrica juega un papel en el establecimiento del potencial 
de membrana celular y también es un componente esencial de la fisiología de las células 
excitables. El mantenimiento de la concentración extracelular de K+ ([K+]e) es de vital 
importancia, pues alteraciones en este parámetro tienen serias repercusiones en la 
salud, como debilidad muscular o arritmias, por ejemplo(1, 2). 
 
Dado que la ingesta diaria de K+ de un adulto promedio es de aproximadamente 70 
mmoles, lo cual es comparable a la cantidad total de K+ en el fluido extracelular (4mmol/L 
x 17L = 68 mmoles), los mecanismos de balance de K+ son esenciales para evitar 
desviaciones en la concentración plasmática de K+(2, 3) (Figura 1). 
 
 

 
Figura 1. Representación esquemática de la homeostasis del K+. Modificado de Zacchia 
et al. 2016(2). 
 
3.3. Balance interno y externo de K+ 
El balance de K+ se puede dividir en interno y externo. El balance interno de K+ se refiere 
a los mecanismos de intercambio de este ion entre el fluido intracelular y extracelular. 
Después de una ingesta de K+, existe un flujo neto de K+ del fluido extracelular al 
intracelular, lo cual impide un incremento súbito en la concentración plasmática de K+. 
Este fenómeno está mediado por diferentes hormonas, como la insulina, la epinefrina y 
la aldosterona, las cuales promueven la entrada de K+ a las células por la ATPasa de 
Na+/K+(1). 
 
En contraste, el balance externo de K+ se refiere a los mecanismos de excreción de K+ 
del organismo, los cuales están balanceados con la ingesta del mismo ion, de modo que 
no haya ganancias o pérdidas netas de K+, manteniendo así la homeostasis de [K+]e. El 
riñón es el principal órgano encargado del balance externo de K+, pues el 90% de la 
excreción de K+ se da a través de la orina. Un ejemplo de su importancia es la 
enfermedad renal crónica, donde la disfunción de los riñones aumenta 
considerablemente la probabilidad de desarrollar hiperkalemia, siendo ésta una 

Ingesta de K+

(~70mmoles/día)
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Orina 90% Heces 10%

Fluido 
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Fluido 
intracelular

(4mmol/L x 17L)
≈68mmoles)

(120mmol/L x 17L)
≈3000mmoles)

Balance 
interno

Balance 
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complicación grave para los pacientes que la sufren(2). El 10% restante de la excreción 
de K+ se da en las heces. Si bien el colon puede aumentar la excreción de K+ en ciertas 
condiciones, no es capaz de mantener el balance externo de K+ por sí mismo(1). 
 
3.4. Estructura funcional del riñón 
El riñón es el órgano encargado de la excreción de sustancias del organismo, del 
mantenimiento del balance hídrico y electrolítico, así como de la regulación ácido-base 
de la sangre, entre otros procesos(1). La nefrona es la unidad funcional del riñón, y cada 
una está compuesta por un glomérulo y una serie de túbulos epiteliales especializados. 
El glomérulo está formado por el endotelio vascular, la membrana basal y células 
epiteliales que forman la cápsula de Bowman. Esta estructura permite la filtración de 
ciertos componentes de la sangre, como el agua, los iones y biomoléculas pequeñas, 
mientras que impide el paso de las células y las proteínas de alto peso molecular de la 
sangre.  
 
El filtrado glomerular pasa al espacio de Bowman y posteriormente a la luz del epitelio 
tubular. El túbulo renal está encargado de la reabsorción de ciertos componentes del 
filtrado y de la secreción de algunos otros. Estos dos procesos modifican la composición 
del filtrado convirtiéndolo en orina, la cual finalmente se excreta, después de pasar por 
el uréter, la vejiga y la uretra(1). El proceso de formación de orina es un producto 
secundario que le permite al riñón mantener la homeostasis del organismo. 
 
3.5. La nefrona como unidad funcional del riñón 
El túbulo epitelial de la nefrona se divide en diferentes segmentos, según su morfología 
y su función fisiológica: el túbulo proximal (PCT), el asa descendente delgada de Henle 
(DTL), el asa ascendente delgada de Henle (ATL), el asa ascendente gruesa de Henle 
(TAL), el túbulo contorneado distal (DCT), el túbulo conector (CNT), el ducto colector 
cortical (CCD), el ducto colector de la médula externa (OMCD) y el ducto colector de la 
médula interna (IMCD). (Figura 2). 
 
El túbulo proximal reabsorbe un gran porcentaje de los componentes filtrados por el 
glomérulo. Está encargado de la reabsorción de biomoléculas orgánicas como 
aminoácidos y glucosa, así como de ~65% de agua y electrolitos. 
 
El asa descendente delgada de Henle es impermeable a iones, por lo que su papel 
principal es la reabsorción de agua. Por otro lado, el asa ascendente de Henle es 
impermeable a agua y solamente permite el paso de iones. Este segmento juega un 
papel importante en la concentración de la orina y en la reabsorción de iones como Na+, 
Cl-, K+, Ca2+ y Mg2+. 
 
La mácula densa es un parche de células epiteliales especializadas que forman parte 
del aparto yuxtaglomerular, junto con las células mesangiales y las células granulares 
secretoras de renina. Este conjunto celular está encargado de un asa de 
retroalimentación encargada de la regulación del flujo sanguíneo renal, el balance de 
Na+ y la presión arterial(1). 
 
El DCT se encarga de la regulación de la reabsorción renal de sal, lo que tiene 
repercusiones en la cantidad del fluido extracelular y, por lo tanto, en la presión arterial. 
Asimismo, este segmento es determinante en la homeostasis del K+(4). 
 
Finalmente, el túbulo conector y el conducto colector conforman la nefrona distal 
sensible a aldosterona (ASDN), la cual está encargada de la secreción de K+ en 
respuesta a aldosterona. Esto se logra gracias a la reabsorción electrogénica de Na+, lo 
que altera el gradiente eléctrico transepitelial y promueve la salida de K+ de la célula. El 
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ducto colector también es importante en el proceso de concentración de orina, pues es 
el blanco de la hormona antidiurética, la cual estimula la reabsorción de agua por medio 
de la modulación de la acuaporina 2(5). 
 

 
Figura 2. Representación esquemática de la división estructural y funcional de los 
distintos segmentos tubulares de la nefrona: túbulo contorneado proximal (PCT), asa 
descendente delgada de Henle (DTL), asa ascendente delgada de Henle (ATL), asa 
ascendente gruesa de Henle (TAL), túbulo contorneado distal (DCT), túbulo conector 
(CNT), ducto colector cortical (CCD), ducto colector de la médula externa (OMCD) y 
ducto colector de la médula interna (IMCD). 
 
3.6. Manejo renal de K+ 
El manejo renal tubular de K+ es un proceso complejo, dado que algunos segmentos de 
la nefrona se encargan de reabsorber K+, mientras que otras células situadas 
principalmente en la ASDN, juegan un papel importante en la secreción de K+ (Figura 
3), fenómeno que es modulable por la acción de una gran variedad de parámetros 
fisiológicos, como pueden ser hormonas, el balance ácido-base o la misma 
concentración plasmática de K+, como se mencionará a detalle más adelante. 
 
Los iones K+ son filtrados libremente en el glomérulo, para posteriormente pasar al 
espacio de Bowman y después al túbulo proximal. En este primer segmento tubular de 
la nefrona, se lleva a cabo la reabsorción de aproximadamente el 80% del K+ filtrado. 
 
Mientras que en el túbulo proximal la reabsorción de K+ es paracelular y altamente 
dependiente del transporte de agua (Figura 3A), en los segmentos posteriores de la 
nefrona, el manejo de K+ se da principalmente de manera transcelular y está mediada 
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por diferentes transportadores, canales y bombas sujetos a diferentes mecanismos de 
regulación. 
 

 
Figura 3. Modelo de los mecanismos de transporte de K+ a lo largo de la nefrona, 
específicamente el túbulo proximal (A), asa ascendente gruesa de Henle (B), células 
principales de la nefrona distal sensible a aldosterona (ASDN) (C) y células intercaladas 
de la ASDN (D). Cotransportador de K+:Cl- 3 (KCC3), cotransportador de K+:Cl- 4 
(KCC4), cotransportador de Na+:K+:2Cl- 2 (NKCC2), Renal Outer Medullary K+ channel 
(ROMK), Epithelial Na+ Channel (ENaC), Big K+ channels (BK). 
 
En el asa ascendente gruesa de Henle se da la reabsorción del 10% del K+ filtrado. En 
este segmento de la nefrona, la entrada de K+ depende del cotransportador 
electroneutro de Na+/K+/2Cl-, NKCC2 (Figura 3B). Posteriormente, parte del K+ regresa 
a la circulación al salir a través de canales y cotransportadores basolaterales de K+. Sin 
embargo, la membrana apical de estas células también presenta permeabilidad a K+ en 
la forma del canal iónico ROMK. Esta proteína es importante para el reciclaje de K+ que 
permite a NKCC2 mantener su actividad. La disfunción de NKCC2(6) o de ROMK(7) son 
causa del Síndrome de Bartter (tipo I y tipo II, respectivamente), caracterizado por 
pérdidas de K+, entre otras manifestaciones(8).  
 
En los segmentos posteriores de la nefrona, específicamente la ASDN, se lleva a cabo 
la secreción de K+. En el caso de las células principales, la reabsorción electrogénica 
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de Na+ a través del canal ENaC, promueve la salida de K+ hacia la luz tubular a través 
de los canales iónicos ROMK y BK (Figura 3C). Mutaciones de tipo pérdida de función 
en los genes que codifican a las subunidades del canal ENaC son causa de 
Pseudohipoaldosteronismo tipo I (PHAI), caracterizado por hiperkalemia, debido a la 
incapacidad de estas células de secretar K+(9, 10). Por otro lado, mutaciones de tipo 
ganancia de función en estos genes causan Síndrome de Liddle, en donde la 
incrementada secreción de K+ promueve hipokalemia(11–13). 
 
Finalmente, las células a- y b-intercaladas se encargan de reabsorber K+ a través de 
una H+/K+ ATPasa en la membrana apical (Figura 3D), principalmente en condiciones 
de deprivación de K+(14). 
 
3.7. Regulación de la excreción renal de K+ 
La secreción de K+ mediada por las células principales es modulada por una variedad 
de factores. Uno de ellos es el flujo luminal que llega a este segmento. Los canales BK 
son activados por el alto flujo luminal, lo cual aumenta la permeabilidad apical a K+ y, 
por lo tanto, su secreción(15). El efecto del flujo luminal sobre la secreción de K+ explica 
el hecho de que los diuréticos que actúan río arriba del túbulo conector (como la 
furosemida en el asa de Henle, o las tiazidas en el túbulo contorneado distal) promueven 
pérdida de K+. Sin embargo, existe evidencia que muestra que la actividad del túbulo 
contorneado distal puede promover una remodelación de la nefrona, comprometiendo 
la longitud del túbulo conector y, por lo tanto, la capacidad secretora de K+(4). 
 
La aldosterona es una hormona esteroidea producida en la zona glomerulosa de la 
glándula suprarrenal. Su síntesis y secreción aumentan en respuesta a un incremento 
de la [K+]e. El receptor de mineralocorticoides (RM) es un receptor nuclear y el blanco 
de la aldosterona. Sin embargo, éste también es capaz de unir cortisol, cuya 
concentración plasmática es mucho mayor a la de la aldosterona. Por lo tanto, la 
capacidad de respuesta de una célula ante las oscilaciones en la concentración 
plasmática de aldosterona depende de una enzima llamada 11-b-hidroxiesteroide-
deshidrogenasa tipo II (11b-HSD2), la cual cataliza la conversión de cortisol a cortisona, 
que es incapaz de unirse al RM. Por lo tanto, en estas células, como las de la ASDN, la 
aldosterona se encarga de la modulación del transporte de iones(1). 
 
En las células principales de la ASDN, la ocupación del RM por la aldosterona permite 
su translocación al núcleo promoviendo la transcripción de distintos genes, como los 
que codifican para la Na+/K+ ATPasa y la cinasa SGK1(16). Esta cinasa fosforila e 
inactiva a la ligasa de ubiquitina Nedd4-2, cuya función es la degradación del canal 
ENaC. Por lo tanto, SGK1 promueve un aumento en la cantidad de ENaC y un 
incremento en el intercambio electrogénico de Na+ por K+ que permite la secreción de 
este último(17). 
 
Experimentos realizados en diferentes modelos animales con ausencia de 
aldosterona(18), o bien, niveles fijos de ésta por medio de adrenalectomía e infusión 
constante(19), sugieren que existen mecanismos independientes a esta hormona que 
permiten aumentar la secreción de K+ en respuesta a un aumento de [K+]e. 
 
Uno de los mecanismos propuestos es la activación de SGK1 por efectos directos de la 
[K+]e, a través del complejo mTORC2(20), lo cual se asocia con un aumento en la 
actividad del canal ENaC. 
 
Quizá el mecanismo más estudiado hasta el momento por el cual la concentración de 
K+ regula su propia secreción, es la modulación del cotransportador renal de Na+/Cl-, 
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NCC, en el túbulo contorneado distal de la nefrona(21), lo cual tiene repercusiones 
importantes en la homeostasis del K+, como se describe en la siguiente sección. 
 
3.8. El túbulo contorneado distal (DCT) y el cotransportador de Na+/Cl-, NCC 
El segmento siguiente de la mácula densa se denomina túbulo contorneado distal. Este 
segmento tubular se encarga de la reabsorción transcelular de cerca del 5% del NaCl 
filtrado, lo cual tiene repercusiones importantes en la presión arterial. Las células del 
DCT se caracterizan por la expresión del gen SLC12A3, que codifica para el 
cotransportador de Na+/Cl-, NCC, el cual es el blanco farmacológico de los diuréticos de 
tipo tiazida(22). Esta proteína se localiza en la membrana apical, promoviendo la 
entrada de Na+ y Cl- con una estequiometría 1:1. Posteriormente, el Na+ sale de la célula 
por la membrana basolateral a través de la Na+-K+-ATPasa, mientras que el Cl- sale por 
la membrana basolateral a través de un canal iónico llamado ClC-Kb (Figura 4). 
Además, la actividad de NCC determina de manera indirecta la secreción de K+ y, por 
lo tanto, los niveles plasmáticos de K+. 
 

 
Figura 4. Modelo de transporte de NaCl en las células del DCT. Cotransportador de 
Na+:Cl- (NCC), inwardly-rectifying K+ channels 4.1 y 5.1 (Kir4.1 y Kir 5.1), Chloride 
channel Kb (ClC-Kb). 
 
La importancia de NCC en la regulación del balance hidroelectrolítico queda de 
manifiesto con la descripción y el estudio de dos patologías en las que se afecta la 
actividad de este cotransportador: el Síndrome de Gitelman y la Hipertensión 
Hiperkalémica Familiar (Figura 5). 
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Figura 5. Características del síndrome de Gitelman y la Hipertensión Hiperkalémica 
Familiar. Cotransportador de Na+:Cl- (NCC), Solute Carrier 12A3 (SLC12A3), With No 
Lysine “K” 1 y 4 (WNK1 y WNK4), Kelch-like-3 (KLHL3), Cullin-3 (CUL3). 
 
3.9. Enfermedades genéticas que afectan la función de NCC 
El síndrome de Gitelman (Online Mendelian Inheritance in Man, OMIM #263800) es una 
enfermedad genética autosómica recesiva, caracterizada por hipotensión arterial, 
hipokalemia, alcalosis metabólica, hipocalciuria e hipomagnesemia. Esta patología está 
ocasionada por mutaciones de tipo pérdida de función en el gen SLC12A3, el cual 
codifica al cotransportador NCC(23). La generación y descripción de distintos modelos 
murinos con deleción o mutaciones específicas sobre este gen han corroborado la 
relación causal entre NCC y el fenotipo del síndrome de Gitelman(24–26). 
 
En contraposición al síndrome de Gitelman, la Hipertensión Hiperkalémica Familiar, 
FHHt (OMIM #614491-2 y #614495-6) es una enfermedad genética que cursa con 
hipertensión arterial, hiperkalemia, acidosis metabólica hiperclorémica y, en algunos 
casos, hipercalciuria. Los pacientes con FHHt responden a bajas dosis de diuréticos de 
tipo tiazida(27), lo cual sugirió inicialmente que el FHHt se debe principalmente a la 
sobreactivación de NCC, sin embargo, no se han descrito mutaciones con ganancia de 
función para el gen que codifica a NCC. En 2001, Wilson y colaboradores describieron 
que mutaciones en los genes WNK1 y WNK4 (que codifican serina/treonina cinasas, 
como se detallará posteriormente) pueden causar FHHt(28). En el caso de WNK1 se 
encontraron deleciones en el primer intrón, las cuales se han asociado a mayor 
expresión del RNA mensajero correspondiente. En cuanto al gen WNK4, se hallaron 
mutaciones cambio de sentido en una región conservada que codifica un segmento de 
la proteína llamado dominio acídico, involucrado en la degradación de WNK4 por el 
complejo KLHL3-CUL3, que funciona como un ligasa de ubiqüitina. En 2020, 
mutaciones similares a las originalmente encontradas en WNK4 también fueron 
descritas para el caso de WNK1(29). Mutaciones en los genes KLHL3 y CUL3 también 
son causa de FHHt(30, 31) (descrito más adelante). 
 
De esta manera, podemos observar que NCC juega un papel importante, entre otras 
cosas, en la homeostasis del K+. La pérdida de función de NCC se ve asociada a 
hipokalemia, mientras que un aumento en la actividad de éste provoca hiperkalemia. Se 
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ha propuesto que esto se debe a que la reabsorción mediada por NCC determina el flujo 
que llega a segmentos más distales de la nefrona, lo cual es esencial para reabsorción 
electrogénica de Na+ mediada por el canal ENaC y, por lo tanto, la secreción de K+ a 
través de los canales ROMK y BK. También se ha observado en un modelo murino 
transgénico que la sobreactividad de NCC tiene como repercusión la hipotrofia del 
túbulo conector, lo cual afecta negativamente la secreción de K+ en este segmento y, 
por ende, provoca hiperkalemia(4) (Figura 6). 
 

 
Figura 6. Modelo fisiológico de la relación entre NCC en el DCT y las células secretoras 
de K+ en el túbulo conector. Modificado de Murillo-de-Ozores, et al. 2019(21). 
Cotransportador de Na+:Cl- (NCC), inwardly-rectifying K+ channels 4.1 y 5.1 (Kir4.1 y Kir 
5.1), Chloride channel Kb (ClC-Kb), Epithelial Na+ Channel (ENaC), Renal Outer 
Medullary K+ channel (ROMK), Big K+ channels (BK). 
 
3.10. Las cinasas WNK 
La familia de cinasas de serina-treonina ‘WNK’ (With No Lysine “K”) se caracteriza por 
la posición atípica de su lisina catalítica en el subdominio I, mientras que en la mayoría 
de las cinasas se encuentra en el subdominio II.  Existen cuatro miembros de esta familia 
en mamíferos. El papel principal que se ha atribuido a esta familia de cinasas es la 
regulación del transporte de electrolitos(32). 
 
Actualmente se conoce que el papel principal de las cinasas WNK es la fosforilación de 
las cinasas Ste-20 Related Proline-Alanine Rich Kinase (SPAK) y Oxidative Stress 
Responsive Kinase 1 (OSR1), quienes a su vez son responsables de la fosforilación y 
activación de los cotransportadores electroneutros de Na+ acoplados a Cl-(33–35). 
 
Si bien, existen diferentes ejemplos del papel fisiológico del cual son responsables las 
cinasas WNK en distintos tejidos(36), específicamente en el caso de NCC, diversos 
estudios sugieren que WNK4 es la cinasa que juega un papel preponderante en las 
células del DCT. Por ejemplo, estudios de transcriptómica de túbulos microdisecados 
de rata(37) y ratón(38) muestran que no hay expresión detectable de los genes WNK2 
o WNK3 en la nefrona, mientras que sí hay RNA mensajero de los genes WNK1 y 
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WNK4. Sin embargo, para el caso de WNK1 en el DCT específicamente, el RNA 
presente se trata de una isoforma más corta(38) generada por un promotor alternativo, 
cuya proteína codificada carece de dominio cinasa y, por ende, de actividad catalítica. 
Esta isoforma es llamada KS-WNK1 (kidney-specific, pues sólo se ha hallado en el 
riñón)(39). A pesar de no ser una enzima, se ha sugerido que KS-WNK1 juega un papel 
regulador en la actividad de NCC, funcionando como una proteína de andamiaje que 
puede promover un aumento en la actividad de WNK4(29, 40). 
 
3.11. WNK4 y su papel en la regulación de NCC 
La descripción de tres distintos modelos “knockout” (KO) para WNK4 (el primero de ellos 
descrito por Maria Castañeda en el laboratorio del Dr. Gerardo Gamba en México) 
muestran una reducción en la cantidad total y fosforilación de NCC, acompañada de 
alteraciones electrolíticas similares a los pacientes con síndrome de Gitelman(41–43). 
Por otro lado, ratones “knockin” con una mutación puntual en uno de los alelos de WNK4 
(WNK4+/D561A), correspondiente a una de las mutaciones halladas en los pacientes con 
FHHt, muestran mayores niveles de presión arterial, hiperkalemia, así como niveles de 
NCC total y fosforilado(44).  
 
Estos experimentos muestran una correlación fisiológica entre la presencia de WNK4 y 
la actividad de NCC, lo cual repercute en el balance hidroelectrolítico del organismo. A 
continuación, se describen características estructurales de la proteína WNK4, así como 
los mecanismos de señalización celular que se han vinculado a la modulación de la 
actividad cinasa de WNK4. 
 
3.12. Características estructurales de la cinasa WNK4 
La cinasa WNK4 es el miembro más pequeño de la familia en mamíferos, con un peso 
teórico aproximado de 135kDa, aunque en los ensayos de Western Blot se observa con 
un peso aparente cercano a 180kDa(45). Esto para el caso de WNK4 recombinante. En 
el caso del ratón, se han detectado bandas adicionales de menor peso que 
presumiblemente corresponden a WNK4 dado que no son detectables en el ratón 
WNK4-KO. Esto únicamente usando un anticuerpo que reconoce al dominio amino (N)-
terminal de la cinasa, mientras que anticuerpos contra el dominio carboxilo (C)-terminal 
únicamente reconocen a la forma completa de WNK4 (Figura 7). La primera mitad de 
este proyecto de doctorado consistió en la descripción de dichas variantes cortas de 
WNK4. 
 

 
Figura 7. Ensayos de Western Blot con lisados de riñón de ratones silvestres y ratones 
WNK4-KO (knockout de With No Lysine “K”  4), usando anticuerpos que reconocen el 
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dominio N-terminal (panel A) o al dominio C-terminal (panel B) de WNK4. Al analizar las 
bandas ausentes en el ratón WNK4-KO, se observan variantes cortas con el anticuerpo 
contra el dominio N-terminal, pero no con el anticuerpo contra el dominio C-terminal. 
 
La cinasa WNK4 está compuesta por un segmento N-terminal pequeño con función 
reguladora, el dominio cinasa dividido en 12 subdominios, característico de una serina-
treonina cinasa, y un segmento C-terminal de mayor tamaño (Figura 8), que contiene 
distintos dominios, sitios de unión y residuos fosforilables, los cuales se ha propuesto 
pueden modular la actividad de WNK4(46). 
 
Además del dominio cinasa, las WNKs contienen dos dominios globulares que se han 
denominado “similares a PF2” (PF2-like y PF2-like’, respectivamente). Este nombre 
proviene de su similitud con un dominio llamado PF2 encontrado en el dominio C-
terminal de las cinasas SPAK y OSR1. Este dominio tiene la función de unir motivos con 
la secuencia RFxV/I. Estos motivos se han hallado en las cinasas WNK y en los 
cotransportadores electroneutros. Por lo tanto, se ha propuesto que el dominio PF2 de 
SPAK y OSR1 permite unir a los demás elementos de esta vía de señalización, tanto río 
arriba (WNKs), como río abajo (cotransportadores electroneutros, como NCC)(47). No 
se conoce el papel que juegan los dominios PF2-like y PF2-like’ en las WNKs, aunque 
en el caso del PF2-like de WNK1 se ha observado que también es capaz de unir motivos 
RFxV/I. Si esto es relevante para la interacción de una WNK con otra WNK o con alguna 
otra proteína aún se desconoce. 
 

 
Figura 8. Representación esquemática de los dominios y sitios descritos en las cinasas 
WNK (de humano). Si bien existen cuatro genes de la familia en mamíferos, la isoforma 
KS-WNK1 se genera a partir de un promotor alternativo y carece de dominio cinasa(48). 
Modificado de Murillo-de-Ozores, et al. 2020(36). Similar a Pask-Fray-2 (PF2-like), 
Proteína Fosfatasa 1 (PP1), coiled-coil domain del dominio carboxilo-terminal (CT-
CCD), sitió de unión a calmodulina (CBD). 
 
WNK4 contiene dos motivos que cumplen la secuencia consenso RFxV/I, por lo que 
teóricamente podrían funcionar como sitios de unión a SPAK/OSR1. Evidencia inicial 
(mutando la F de uno u otro sitio por A) sugería que ambos eran esenciales para la 
fosforilación de SPAK. Sin embargo, evidencia experimental generada en nuestro 
laboratorio muestra que el primer sitio, localizado en el dominio cinasa, no es un sitio de 
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interacción con SPAK. La mutación de la F421 (correspondiente al primer motivo RFxV/I 
en la WNK4 de humano, hWNK4) por Y no tiene ningún efecto sobre la actividad de la 
cinasa sobre SPAK, aunque se ha descrito que SPAK es incapaz de unir motivos 
RYxV/I. Esto concuerda con la conservación de dicho sitio de WNK4 en distintos 
organismos, dado que las aves, reptiles, anfibios y peces tienen una Y en dicha posición, 
lo que sugiere que simplemente se requiere un aminoácido aromático en esta posición 
para el correcto funcionamiento de la cinasa WNK4(46). 
 
El motivo acídico de WNK4 es una secuencia altamente conservada de 10 aminoácidos 
enriquecida en residuos de carga negativa. La importancia de esta región radica en su 
papel como sitio de unión para la proteína adaptadora KLHL3, la cual forma parte de un 
complejo de ligasa de ubiquitina junto con CUL3. Mutaciones en esta región de WNK4, 
así como mutaciones en los genes codificantes para KLHL3 o CUL3, previenen la 
degradación de la cinasa WNK4, lo cual promueve la sobreactivación de la vía WNK4-
SPAK/OSR1-NCC y, por lo tanto, causan FHHt(49–51). 
 
WNK4 contiene dos dominios de hélice helicoidal (coiled-coil domains). El primero se 
localiza justo después del dominio PF2-like, mientras que el segundo (CT-CCD) se 
encuentra hacia el dominio C-terminal de la proteína. Hasta el momento, no existen 
estudios de la relevancia funcional del primero de estos dominios. En cuanto al segundo, 
Thastrup y colaboradores demostraron que esta región se encarga de mediar 
interacción entre WNKs. Específicamente, se encontraron tres residuos altamente 
conservados (H1145, E1148, Q1156 en hWNK4) cuya presencia es esencial para 
mediar interacción entre WNKs, lo cual tiene una repercusión funcional en la vía de 
señalización(52). 
 
Después del CT-CCD, existe una región en WNK4 de aproximadamente 70 residuos 
altamente conservada entre vertebrados, con diversos sitios de relevancia funcional: 
tres sitios de fosforilación por PKC/PKA/SGK1(53), un sitio de unión a calmodulina(54), 
dos residuos que se han hallado mutados en pacientes con FHHt: K1169E(55) y 
R1185C(28) y un sitio de unión a la proteína fosfatasa 1 (PP1)(45, 56) (Figura 9). 
 

 
Figura 9. Alineamiento de la estructura primaria de los últimos ~100 aminoácidos de la 
cinasa WNK4 de organismos de diferentes clases. Los números en la parte superior 
indican la posición correspondiente a la WNK4 de humano. Se destacan distintos 
aminoácidos conservados que se han relacionado a la regulación de la actividad de 
WNK4. Modificado de Murillo-de-Ozores et al. 2021(46). Hipertensión Hiperkalémica 
Familiar (FHHt), calmodulina (CaM), proteína cinasa C (PKC), proteína cinasa A (PKA), 
Serum/glucocorticoid-regulated kinase 1 (SGK1), proteína fosfatasa 1 (PP1). 
 

           …1140                                                                                                          1243 
HUMAN          SLRQKHLSEVETLQTLQKKEIEDLYSRLGKQPPPGIVAPAAMLSSRQRRLSKG-SFPTSRRNSLQRSEP-PGPGIMRRNSLSGSSTGS--QEQRASKGVTFAGDVGRM      
RAT            NLRQKHLSEVEALQTLQKKEIEDLYSRLGKQPPPGIVAPAAMLSCRQRRLSKG-SFPTSRRNSLQRSDL-PGPGIMRKNSLSGSSTGS--QEQRASKGVTFAGDVGRM      
MOUSE          NLRQKHLSEVEALQTLQKKEIEDLYSRLGKQPPPGIVAPAAMLSCRQRRLSKG-SFPTSRRNSLQRSDL-PGPGIMRRNSLSGSSTGS--QEQRASKGVTFAGDIGRM    
CAT            SLRQKHLSEVEALQTLQKKEIEDLYSRLGKQPPPGIVAPAAMLSSRQRRLSKG-SFPTSRRNSLQRSEP-PGPGIMRRNSLSGSSTGS--QEQRASKGVTFAGDVGRM      
CHICKEN        TLRQKHLAEVQLLQSTQKKEIEELYVRMGKQPPLGIVSPAAMLSSRQRRLSKG-SFNPSRRNSLQRLELAQPPGIMRRNSLSGSSTGS--QEQRLSKGVTFADDFSWM      
ALLIGATOR      NLRQKHLSEVQTLQSMQKKEIEELYLRMGKQPPPGIVSPAAMLSSRQRRLSKG-SFNPSRRNSLQRVELLQPTGIMRRNSLSGSSTGS--QDQRSNKGVTFAGDFSRM      
FROG           QLRQKHMSEVQLLQALQKKEIEELYYRMGKVPPPGIVSPAAMLSSRQRRLSKG-SFNPSRRNSLQRLELMPATGFIRKNSLGGSSTGS--QEQRLNKGLTFSGDMSRM      
ZEBRAFISH      QLREKHLCEVQSLQTVQKREIEELYAKMGKVPPPCIVSPAAMLSSRQRRLSKGGNFPSSRRNSLQRLDILPLTGIMRKNSLSGDSSSSSQEGSRHTKGVTFAADFTRM      
SHARK          NLREKHMAEVQRLQAIQKKEIEELYEKMGKVPPAGIVSPAAILTGRQRRLSKG-NFNQSRRNSLQRLETLQQAGFSRRNSLTGSCSSQ---DQRQTPSTVSGGYFS   

 
Critical residues for WNK-WNK interaction PKC/PKA/SGK1 phosphorylation sites PP1 binding site
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3.13. WNK4 como cinasa sensible a Cl- 
La actividad de NCC es modulada por la concentración intracelular de Cl- ([Cl-]i)(34), 
mecanismo que depende de las cinasas WNK. Al determinar la estructura del dominio 
cinasa de WNK1 por cristalografía de rayos X, se encontró que éste contiene un sitio de 
unión a Cl- en el sitio activo, entablando interacciones con los residuos F283, L299, 
L369, G370 y L371 (posiciones correspondientes a WNK1 de rata). La presencia de este 
anión previene la autofosforilación y activación de la cinasa. Disminuir la concentración 
de Cl- o mutar el residuo L369 por F promueven un incremento en la actividad de la 
cinasa y su autofosforilación en la S382(57).  
 
En el laboratorio del Dr. Gerardo Gamba se demostró que la regulación de NCC por 
WNK4 se ve modulada por la [Cl-]i (Figura 10). En un modelo de sobreexpresión 
heteróloga en ovocitos de Xenopus laevis, WNK4 no tiene un efecto activador sobre 
NCC en condiciones basales. Sin embargo, cuando la célula se depleta de Cl- la cinasa 
WNK4 se activa y promueve un aumento en la actividad de NCC dependiente de 
fosforilación(58). Este efecto activador también se puede emular al coexpresar a NCC 
con la mutante de WNK4 L319F (correspondiente a la L369F de WNK1), la cual es 
incapaz de unir al Cl- y se comporta como constitutivamente activa, al tener 
incrementada su fosforilación en la S332 (posición correspondiente a WNK4 de ratón, 
mWNK4). En un estudio realizado por el grupo del Dr. David Ellison, se realizaron 
ensayos de actividad cinasa in vitro con el dominio cinasa recombinante de WNK4 y 
SPAK como sustrato(59). En estos experimentos se encontró que WNK4 es inhibida en 
un rango de concentración relativamente bajo de Cl- (entre 0 y 40mmol/L), lo cual es 
compatible con mediciones realizadas en el túbulo contorneado distal nativo(60). 
 
La generación de un ratón transgénico con una mutación en WNK4 (L319F/L321F) 
muestra que WNK4 es un sensor de Cl- fisiológico in vivo. Estos ratones muestran un 
aumento en la cantidad de NCC total y fosforilado, así como un fenotipo similar al 
FHHt(61). 
 
3.14. Sitios de fosforilación que regulan la actividad de WNK4 
Dentro de la estructura primaria de WNK4, se encuentran cinco motivos RRxS, los 
cuales cumplen con la secuencia consenso de fosforilación por PKC(62). Castañeda-
Bueno y colaboradores, demostraron en un modelo in vitro en células HEK293 
transfectadas de manera transitoria con WNK4, que la estimulación del receptor de  
angiotensina II (AngII) y la activación farmacológica de PKC promueven la fosforilación 
de estos cinco sitios de WNK4 (Ser47, Ser64, Ser1169, Ser1180 y Ser1196, posiciones 
correspondientes a mWNK4)(53) (Figura 10). Asimismo, mediante ensayos cinasa se 
observó que WNK4 es un sustrato directo de PKC. Experimentos similares también 
muestran que estos sitios de WNK4 también pueden ser fosforilados por la cinasa PKA. 
Específicamente los residuos Ser64 y Ser1196 parecen ser los más importantes, pues 
mutar estos dos sitios previene la activación río abajo de SPAK (usada como un 
indicador de la actividad de WNK4 en este sistema) en respuesta a AngII. Además, la 
fosforilación de estos residuos se ve aumentada específicamente en el DCT en un 
modelo murino de hipovolemia, lo que sugiere que pudiera ser importante para la 
posterior activación de NCC en estas condiciones in vivo. 
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Cabe notar que la fosforilación de estos sitios en WNK4 constituye un mecanismo de 
activación independiente a la disociación del Cl- descrita anteriormente. La WNK4 L319F 
(incapaz de inhibirse por Cl- al no poder unirlo directamente) muestra un aumento en su 
actividad en respuesta a AngII, lo cual se ve abolido al mutar los motivos RRxS(53). 
Esto sugiere que ambos mecanismos de regulación pueden funcionar de manera 
sinérgica en la activación de WNK4. 
 
3.15. Regulación de la degradación de WNK4 
Como se mencionó con anterioridad, otro mecanismo por el cual se regula la cinasa 
WNK4 es su degradación. La cantidad total de WNK4 es regulada por un complejo de 
ligasa de ubiquitina compuesto por las proteínas KLHL3 y CUL3 (Figura 10). 
 
En un estudio donde se analizó el estado de fosforilación de KLHL3 mediante 
espectrometría de masas, se encontró que la Ser433 de esta proteína era sometida a 
esta modificación post-traduccional(63). Previamente se había descrito que este residuo 
es esencial para la interacción con las cinasas WNK, e incluso la mutación de este 
aminoácido es una causa de FHHt(64). Shibata et al. observaron que la Ser433 de 
KLHL3 puede ser fosforilada por la cinasa PKC en respuesta a AngII(63). Por lo tanto, 
se propuso que un mecanismo por el que la AngII activa a NCC es la prevención de la 
degradación de la cinasa WNK4 por KLHL3. 
 

 
Figura 10. Mecanismos de regulación de la cinasa WNK4 en el DCT. Modificada de 
Murillo-de-Ozores, et al. 2021(46).  Cotransportador de Na+:Cl- (NCC), Ste-20 Related 
Proline-Alanine Rich Kinase (SPAK), Oxidative Stress Responsive Kinase 1 (OSR1), 
With No Lysine “K” 4 (WNK4), proteína fosfatasa 1 (PP1), proteína cinasa C (PKC), 
proteína cinasa A (PKA), Serum/glucocorticoid-regulated kinase 1 (SGK1), kidney-
specific With No Lysine “K” 1 (KS-WNK1), Cullin-3 (CUL3), Kelch-like-3 (KLHL3), Really 
Interesting New Gene (RING), ubiqüitina (Ub), fosforilación (P). 
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Otra evidencia del papel preponderante de WNK4 en la fisiologia y fisiopatología del 
DCT se observó al realizar una cruza entre ratones con una mutación FHHt en KLHL3 
(KLHL3R528H/R528H) y ratones WNK4-KO. De manera interesante, se observó que los 
ratones KLHL3R528H/R528H/WNK4-KO conservan el fenotipo tipo Gitelman, pues tienen 
niveles casi indetectables de NCC fosforilado, a pesar de observar un aumento en 
WNK1 (probablemente KS-WNK1 en el DCT y/o L-WNK1 en otras células) como era de 
esperarse por la mutación en KLHL3(65). Estos resultados sugieren que el principal 
modulador positivo de NCC in vivo es WNK4, y la sobreactivación patológica de NCC 
en el FHHt depende de esta cinasa. 
 
3.16. Relación recíproca entre NCC y el K+ 
El estudio del fenotipo de los pacientes con síndrome de Gitelman o con FHHt, así como 
los modelos murinos correspondientes, evidencian la importancia de NCC sobre la 
concentración plasmática de K+. Asimismo, en estudios posteriores se demostró que la 
ingesta de K+ es capaz de modular la actividad de NCC, formando una regulación 
recíproca en un asa de retroalimentación negativa.  
 
Estas observaciones tienen implicaciones importantes, ya que apoyan un mecanismo 
por el cual el K+ por sí mismo puede regular su propia excreción. Se ha propuesto que 
al ingerir K+, la defosforilación e inhibición de NCC son importantes para permitir que el 
túbulo conector se encargue de la secreción de K+ y así evitar un incremento en la 
concentración plasmática de K+. Este mecanismo en particular no depende de la 
aldosterona, pues se ha descrito que la deleción del RM en células del DCT no tiene 
una repercusión sobre la actividad de NCC(66), mientras que la aldosterona actuaría 
principalmente en las células principales del túbulo conector en donde promueve la 
secreción de K+ mediada por ENaC y ROMK. 
 
De manera adicional a su papel en la homeostasis del K+ per se, la sensibilidad de NCC 
ante el K+ podría ser un mecanismo para explicar la observación poblacional sobre una 
relación inversamente proporcional entre la ingesta de K+ y la salud cardiovascular(21). 
 
3.17. Papel natriurético y diurético del K+ y su relación con la presión arterial 
Desde hace siglos es conocido el efecto diurético y natriurético de las sales de K+, las 
cuales se han usado en el tratamiento de edema(67). Estas observaciones pueden 
explicar una parte del efecto benéfico que tienen las dietas altas en K+. Estudios 
publicados en el New England Journal of Medicine donde se estudiaron a más de 
100,000 sujetos muestran una correlación negativa entre la ingesta de K+ y el riesgo a 
sufrir un evento cardiovascular(68), así como con los niveles de presión arterial(69). 
Incluso existen estudios que promueven una estrategia de sustitución de Na+ por K+ en 
la sal para la prevención de la hipertensión(70). En cuanto a los mecanismos 
moleculares responsables del efecto natriurético del K+, estudios recientes han sugerido 
que la nefrona distal (y específicamente NCC) juega un papel preponderante en la 
relación inversamente proporcional entre el K+ y la presión arterial(21). Por ejemplo, al 
administrar a ratones una dieta alta en Na+ y baja en K+ se observa una activación de 
NCC que va acompañada con un aumento en la presión arterial. Este fenómeno no se 
observa en ratones KO para NCC(71). 
 
3.18. Mecanismos propuestos para la regulación de NCC por K+ 
Mediante la modificación del contenido de K+ en la dieta de ratones, se ha observado 
que los niveles de fosforilación del cotransportador NCC están modulados de manera 
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inversamente proporcional a la ingesta y, por ende, a la concentración plasmática de 
K+(59, 72, 73).  
 
Recientemente se ha descrito que esta regulación se da directamente en las células del 
túbulo contorneado distal(74), en donde la disminución de [K+]e provoca la 
hiperpolarización de la membrana, lo que promueve la salida de Cl- de la célula. La 
disminución de la [Cl-]i activa a la cinasa WNK4 lo cual se ve reflejado en un aumento 
en la fosforilación y actividad de SPAK/OSR1 y, por lo tanto, NCC(71). 
 
Este proceso depende de canales basolaterales de K+ localizados en el DCT 
compuestos por el heterotetrámero Kir4.1/Kir5.1. Este canal iónico es responsable del 
mantenimiento del potencial de membrana de reposo de las células del DCT(75). La 
relevancia de Kir4.1 en el riñón se conoció gracias a la descripción de una enfermedad 
genética denominada EAST/SESAME, la cual está causada por mutaciones de tipo 
pérdida de función en el gen KCNJ10(76, 77), que codifica a Kir4.1. Este complejo 
síndrome causa afectaciones en el sistema nervioso, auditivo y renal. Estas últimas son 
similares a las alteraciones observadas en el síndrome de Gitelman, como pérdida de 
sal y de K+.  
De manera congruente, ratones KO para Kir4.1 tienen niveles reducidos de expresión y 
actividad de NCC(78, 79). Observaciones similares se han descrito en ratones con 
expresión disminuida de Kir4.1(80). En estos ratones, Kir5.1 no confiere una 
conductancia a K+, pues se ha descrito que los homotetrámeros Kir5.1 no son 
funcionales(81, 82). En contraste, el fenotipo de los ratones Kir5.1 KO  se caracteriza 
por un aumento en la expresión, fosforilación y actividad de NCC(83, 84). Estas 
observaciones podrían explicarse por diferencias funcionales entre el homotetrámero 
Kir4.1 y el heterotetrámero Kir4.1/Kir5.1 porque en estudios in vitro(85, 86), y ex 
vivo(83), la presencia de Kir5.1 confiere sensibilidad al pH intracelular. 
 
Otro elemento importante para la fisiología de las células del DCT y su capacidad para 
responder ante cambios en la [K+]e es el canal basolateral de Cl-, ClC-Kb. Esta proteína, 
cuyo tráfico a membrana depende la subunidad accesoria barttina(87, 88), está 
encargada del transporte transepitelial de Cl-(89). Mutaciones pérdida de función en los 
genes codificantes para ClC-Kb y barttina son causa de síndrome de Bartter tipo III(90) 
y IV(91), respectivamente. Estos tipos de Bartter suelen compartir características con el 
síndrome de Gitelman, como normo- o hipocalciuria, así como sensibilidad disminuida 
a tiazidas(92, 93). Observaciones en modelos murinos donde se han afectado la 
expresión de estos genes corroboran estas observaciones al producir un efecto negativo 
no sólo sobre NKCC2 en el asa de Henle, sino también sobre la función y fosforilación 
de NCC en el DCT(94–96).  
 
Las últimas décadas de investigación han establecido a estos genes, y las proteínas 
correspondientes, como esenciales para mantener la homeostasis electrolítica, 
formando una vía de señalización que converge en la activación de NCC ante una 
disminución de la concentración plasmática de K+. De manera congruente, este 
fenómeno está abatido en los ratones Kir4.1 KO(97), Kir5.1 KO(84), barttina 
hipomórficos(98) y WNK4 KO(73). 
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Un modelo interesante que se ha estudiado con relación a la respuesta ante cambios 
en el contenido de K+ en la dieta es el ratón WNK4-L319F/L321F, el cual tiene una 
WNK4 incapaz de unir directamente al ion Cl-. Estos ratones no muestran un aumento 
en la fosforilación de NCC cuando son alimentados con una dieta deficiente en K+ por 4 
días, lo cual sugiere que la unión/disociación del Cl- en el dominio cinasa de WNK4 es 
el mecanismo por el cual NCC se activa en condiciones de bajo K+. Sin embargo, en 
dicho estudio, los niveles de K+ plasmático siguen estando elevados en estos ratones, 
en comparación con ratones WT(61). Por lo tanto, es de interés averiguar si menores 
concentraciones de K+ en plasma pueden provocar un aumento en la fosforilación de 
NCC incluso en los ratones WNK4-L319F/L321F. Esto sugeriría que existen 
mecanismos adicionales responsables del aumento en NCC ante este estímulo. 
 
Uno de estos mecanismos es el aumento en la fosforilación de la S433 de KLHL3, la 
cual está aumentada al alimentar a ratones con una dieta deficiente en K+ por 7 días(99), 
comparado con ratones mantenidos con una dieta control. Esto va acompañado en un 
aumento en la cantidad de WNK4 total en lisados de riñón. De manera equivalente, los 
niveles totales de KS-WNK1 también aumentan al mantener a ratones en una dieta sin 
K+(100). La presencia de KS-WNK1 parece ser esencial para la formación de ‘puntos 
citoplasmáticos’ que son agregados protéicos que contienen a diversos componentes 
de esta vía de señalización, como WNK1, WNK4 o SPAK(101). Estos ‘cuerpos de WNK’ 
o ‘WNK bodies’ se forman en respuesta a una disminución de [K+]e, y se ha propuesto 
que juegan un papel en la fosforilación de SPAK y su translocación a la membrana 
apical(102). 
 

4. JUSTIFICACIÓN 
 
De acuerdo con lo expuesto en la introducción, la existencia de variantes cortas de la 
cinasa WNK4 no ha sido estudiada a profundidad hasta antes de la realización de este 
trabajo. Por lo tanto, en este proyecto se planteó describir detalladamente la localización 
de estas variantes en el ratón, así como su generación y características bioquímicas, con 
relación a la vía de señalización WNK4-SPAK/OSR1. 
 
Asimismo, se ha propuesto que la capacidad de WNK4 de unir Cl- es el mecanismo 
principal a través del cual la fosforilación de NCC aumenta en respuesta a niveles bajos 
de K+ en plasma. Sin embargo, no existe evidencia clara en la literatura que apoye este 
fenómeno como único e indispensable en este proceso, mientras que otros 
mecanismos, como la fosforilación de KLHL3 y de WNK4 en los motivos RRxS, también 
podrían constituir elementos importantes en la respuesta de NCC. Es por esto, que en 
este proyecto se estudió la contribución de estos mecanismos alternativos en modelos 
in vivo, ex vivo e in vitro. 
 

5. OBJETIVOS 
 
El objetivo general del trabajo consiste en la descripción de las variantes cortas de 
WNK4, su localización en riñón, el mecanismo de su generación y el estudio del papel 
del dominio C-terminal de WNK4 sobre su fosforilación y la actividad sobre su sustrato, 
SPAK. 
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• Confirmar la identidad de las bandas detectadas en lisados de riñón de ratones 
WT con un anticuerpo dirigido hacia el dominio N-terminal de WNK4. 
 

o Usar anticuerpos dirigidos contra diferentes regiones de WNK4 para 
encontrar más información sobre las variantes cortas de WNK4, lo cual 
será complementado con información derivada de espectrometría de 
masas. 

 
o Estudiar si las variantes cortas de WNK4 están presentes en otros tejidos 

que también contienen WNK4 completa, como testículo, cerebro o 
pulmón o, si bien, muestran un patrón tejido específico en riñón. 

 
o Generar distintas construcciones con deleciones de distinto tamaño para 

describir el papel regulador del dominio C-terminal de WNK4, al analizar 
la fosforilación de WNK4 y de SPAK. 

 
o Encontrar si estas variantes cortas se generan de manera post-

transcripcional o post-traduccional, mediante ensayos de RACE 3’ y 
ensayos in vitro de corte proteolítico de WNK4 recombinante. 

  
El segundo objetivo general, es encontrar si existen mecanismos adicionales a la unión 
del Cl- de WNK4 para la activación de NCC en condiciones de hipokalemia. 
 

• Analizar si los niveles de fosforilación de WNK4 en los motivos RRxS son 
regulados por [K+]e 

 
o Analizar de los niveles totales de WNK4 y su fosforilación en la Ser64 y 

S1196 en un modelo murino de hipokalemia. 
 
o Estudiar si la concentración de K+ ejerce un efecto directo sobre la 

regulación de WNK4 en estos sitios usando una línea celular transfectada 
con WNK4 y rebanadas de riñones de ratón. 

 
• Analizar si la actividad de KLHL3 y, por lo tanto, la abundancia de WNK4 y/o KS-

WNK1, puede ser modulada por [Cl-]i 
o Co-transfectar KLHL3 con WNK4 y analizar los niveles de WNK4 en un 

medio control, medio con baja [K+]e, o un medio hipotónico bajo en Cl- 
 

o Medir niveles de abundancia de KS-WNK1 en modelos in vivo con una 
menor función de NCC, lo cual se ha asociado a una diminución en [Cl-]i, 
como son los ratones WNK4-KO o ratones silvestres con una 
administración aguda de hidroclorotiazida. 

 
• Estudiar si existen mecanismos alternativos a la disociación del Cl- de WNK4 en 

la activación de NCC ante hipokalemia in vivo 
 

o Encontrar si la fosforilación de NCC aún es modulable por la ingesta de 
K+ en un modelo in vivo en donde WNK4 no puede unir directamente al 
Cl-, mediante la generación de ratones WNK4-L319F 
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6. MATERIALES Y MÉTODOS 
 
Ratones 
Los estudios en animales fueron aprobados por el Comité de Ética del Instituto Nacional 
de Ciencias Médicas y Nutrición Salvador Zubirán. Se usaron ratones machos C57BL/6 
de 12 a 16 semanas de edad. La dieta baja en K+ fue obtenida de TestDiet (St. Louis, 
MO), y la dieta control se preparó añadiendo KCl para una concentración final de 1.2% 
de K+. Los ratones fueron alimentados con estas dietas y agua ad libitum por 7 días. 
Para el modelo de hidroclorotiazida (HCTZ), se añadió este fármaco en la dieta de 
ratones silvestres para una dosis de 60mg/kg peso corporal. Los ratones WNK4-KO(41) 
han sido descritos previamente, así como los ratones Kir5.1-KO(84). Al final del 
experimento, los ratones se anestesiaron con isofluorano, se extrajo sangre a través de 
punción cardiaca para análisis de electrolitos con el equipo iStat (Abbott) y se extrajeron 
los riñones y se congelaron en N2 líquido. 
 
Generación de ratones WNK4-L319F 
El ratón con una mutación en L319F en el gen Wnk4 fue generado usando 
CRISPR/Cas9. Se usaron dos RNAs guías sobrelapados hacia el exón 3 del gen Wnk4. 
Cada RNA guía consistió en 20 bases (GCTTGAGCGTGGCCAGTCCG y 
AAAGGAGGCGCGCTTGAGCG) precediendo directamente una secuencia NGG como 
PAM (proto-spacer adjacent motifs). Cada RNA guía fue seleccionado basado en una 
predicción de alta probabilidad de corte y baja probabilidad de eventos inespecíficos. 
Cas9 fue dirigida hacia los codones G320 y L324, y un oligonucleótido de DNA de 
cadena sencilla de 12 bases para la reparación, y brazos de homología 5’ de 71 bases 
y 3’ de 109 bases se usó para la reparación del DNA. La mutación introducida sustituye 
el codón L319 por F. Mutaciones silenciosas adicionales se insertaron para proteger al 
DNA reparado de Cas9, así como para introducir un sitio de restricción de NheI con el 
propósito de facilitar la genotipificación. Los dos RNAs guías, el DNA de reparación y 
Cas9 recombinante fueron mezclados e inyectados en 289 embriones de ratón aislados 
de hembras B6:D2. Después de la inyección, los embriones se transfirieron a hembras 
pseudo-embarazadas, resultando en el nacimiento de 29 crías. De estas, 9 fueron 
silvestres, 14 tuvieron mutaciones por “non-homologous end joining” (NHEJ) y 6 ratones 
tenían la mutación esperada en un alelo y NHEJ en el otro. Después de separar el alelo 
correcto mediante cruzas y genotipificación, dos líneas separadas se establecieron y se 
montaron retrocruzas con ratones C57BL6/J por 4 generaciones, para eliminar posibles 
efectos inespecíficos. Después se generaron ratones homocigotos al cruzar ratones 
heterocigotos entre sí y se estudiaron. 
 
Western Blot 
Los tejidos se homogenizaron con el siguiente buffer de lisis: 250mM sacarosa, 10mM 
trietanolamina, 50mM fluoruro de sodio, 5mM pirofosfato de sodio, 1mM ortovanadato 
de sodio, 1x inhibidores de proteasas (Roche). Los homogenados fueron centrifugados 
a 10,000 rpm por 10 minutos a 4ºC. La concentración de proteína fue determinada por 
el ensayo de BCA (Pierce). A las muestras se les añadió buffer Laemmli (concentración 
final: Tris-HCl 50mM pH6.8, 2% SDS, 10% glicerol, 5% β-mercaptoetanol, 0.05% azul 
de bromofenol) y se calentaron  a 95°C por 10 minutos.  
 
Las muestras de proteína (~30μg de proteína por pozo) se cargaron en un gel de SDS-
poliacrilamida (7.5%) de 1mm de espesor y se llevó a cabo una electroforesis seguida 
de transferencia con un Trans-Blot Turbo (BioRad) a una membrana de fluoruro de 
polivinilideno (PVDF). El bloqueo de las membranas se hizo con leche 10% en TBST 
(50mM Tris, 150mM NaCl, 0.1% Tween20, pH 7.5) durante 1 hora a temperatura 
ambiente. Los anticuerpos se diluyeron en TBST con 5% de leche. Las membranas se 
incubaron durante la noche a 4ºC con los anticuerpos primarios y durante 90 minutos a 
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temperatura ambiente con los anticuerpos secundarios. La señal fue detectada con un 
sustrato quimioluminiscente y con placas radiográficas.  
 
Se hizo uso de los siguientes anticuerpos:  

• WNK4 (epítope N-terminal; Oregon Health & Science University (OHSU), 
laboratorio del Dr. David H. Ellison)(103) 

• WNK4 (epítope N-terminal; MRC, Universidad de Dundee, S121B)(53) 
• WNK4 (epítope C-terminal; MRC, Universidad de Dundee, S064B)(41)  
• pWNK4 S64 (Universidad de Yale, laboratorio del Dr. Richard Lifton)(53) 
• pWNK4 S1196 (Universidad de Yale, laboratorio del Dr. Richard Lifton)(53) 
• pWNK4 S1196 (OHSU, laboratorio del Dr. David H. Ellison)(104)  
• pWNK4 S332 (MRC, Universidad de Dundee, S099B)(52) 
• pSPAK S373 (MRC, Universidad de Dundee, S670B)(105)  
• pNCC 3P (MRC, Universidad de Dundee, S108B)(73) 
• NCC (OHSU, laboratorio del Dr. David H. Ellison)(104)  
• WNK1 (epítope C-terminal; Bethyl Laboratories, A301-515A)(100) 
• PKCδ (BD Transduction Laboratories, 610398)(106) 
• PKCε (BD Transduction Laboratories, 610085)(107) 
• HA-HRP (Sigma, H6533) 
• FLAG-HRP (Sigma, A8592) 
• Actina-HRP (Santa Cruz, sc-1616 HRP) 
• RRXp(S/T) (Cell Signaling Technology (CST), #9624) 
• Secundario anti-oveja-HRP (Jackson Immunoresearch) 
• Secundario anti-conejo-HRP(Jackson Immunoresearch) 
• Secundario anti-ratón-HRP(Jackson Immunoresearch) 

 
Inmunofluorescencia 
Al momento del sacrificio, los ratones fueron perfundidos con 20mL de solución salina 
0.9% y después con 20mL de paraformaldehído 4%. Posteriormente los riñones se 
colocaron en la misma solución por 3 horas y después se incubaron durante la noche 
con sacarosa 30% para deshidratarlos. Al día siguiente, los riñones se cortaron en un 
criostato en rebanadas de 5µm que fueron colocados en laminillas y congelados hasta 
el momento de la tinción. Para esto, se realizó una activación antigénica sumergiendo 
las laminillas en un buffer de citrato de sodio 10mM y calentando las muestras en un 
microondas comercial por 10 minutos. Después de lavar las laminillas con TBST, los 
riñones se bloquearon con BSA 5% por 1 hora, e incubados con el anticuerpo primario 
(WNK4, pWNK4-S64 o pWNK4-S1196 (Ellison)) durante una noche a 4ºC. Después de 
tres lavados con TBST, se incubó con anticuerpo secundario (Goat Anti-Rabbit IgG H&L 
(Alexa Fluor® 594) (ab150080)), durante 1 hora. Posteriormente se incubó con el 
segundo anticuerpo primario (NCC (MRC, Universidad de Dundee, S965B)(41); 1:100); 
y con el anticuerpo secundario (Donkey Anti-Sheep IgG H&L (Alexa Fluor® 488) 
(ab150177)) por 1 hora cada uno. Finalmente se usó Vectashield con DAPI (Vector 
Laboratories; H-1200) para montar las preparaciones. Las imágenes se tomaron en un 
microscopio confocal (LSM710 Duo; Zeiss) y analizadas con el software ImageJ. 
 
COPAS (Complex Object Parametric Analyzer and Sorter) 
El aislamiento del DCT se ha descrito previamente(108). Brevemente, ratones con 
expression de GFP bajo el promotor de PV fueron anestesiados y perfundidos con 
solución Krebs fría. La corteza renal fue molida antes de incubarla en solución de 
digestión (1 mg/ml colagenasa tipo 1 y 2,000 unidades/ml hialuronidasa en solución 
Krebs, pH 7.3) por 15 minutos a 37 °C. Los túbulos de colectaron y se colocaron en hielo 
y sorteados por COPAS. Cada suspensión de túbulos fluorescentes fue colocada en un 
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tubo de 1.5mL, previamente con 0.5% (w/v) BSA en PBS/NaOH, pH 7.4. Los túbulos 
fueron lisados con buffer Laemmli. 
 
Espectrometría de masas (MS) 
Los lisados de riñón se prepararon como se describió anteriormente. Para 
inmunoprecipitar WNK4, 1mg de lisado fue incubado con 10µg de anticuerpo contra 
WNK4 (MRC, Dundee, S121B) y perlas magnéticas con Proteína A/G (Pierce) por 2 
horas a 4°C. Las perlas se lavaron 5 veces con un buffer con 25mM Tris pH 7.4, 150mM 
NaCl, 1mM EDTA, 1% NonidetP40 y 5% glicerol. Las proteínas unidas se eluyeron con 
buffer de glicina pH 2.0 por 10 minutos y preparadas para electroforesis. Las bandas se 
cortaron del gel y se procesaron en la Unidad de MS y Proteómica de la Universidad de 
Yale. Brevemente, las bandas del gel se lavaron con 250µl de acetonitrilo 50% por 5 
minutos, seguidos de 250µl de acetonitrilo 50% con 50mM NH4CO3 por 10-30 minutos, 
y finalmente con 250µl de acetonitrilo 50% con 10mM NH4CO3 por 10-30 minutos. El 
lavado final fue removido y el gel fue secado al vacío. 60µl de una dilución 1:15 de 
0.1mg/ml de tripsina fueron añadidos por 10 minutos, para después añadir un volumen 
de 10mM NH4CO3 para cubrir las piezas de gel y se incubaron a 37°C por 18 horas. 
 
Los péptidos se extrajeron añadiendo 250µl de 0.1% TFA, 80% acetonitrilo y agitando 
por 30 minutos. El extracto se pasó a un tubo nuevo pare secarse. El pellet de péptidos 
de diluyó con 0.1% TFA y finalmente sometido a LC-MS/MS. La identificación de 
proteínas se hizo con un algoritmo de búsqueda Mascot (Matrix Science)(109), con una 
base de datos del proteoma de ratón SWISSPROT, así como una base de datos de la 
proteína WNK4 generada por el usuario. 
 
Cultivo celular 
Las células HEK293 (ATCC® CRL-1573) fueron usadas para transfección transitoria de 
FLAG-mWNK4-HA(53), GFP-HA-SPAK (Dundee; DU6188), SPAK-FLAG (generada por 
FastCloning), PP1α, PP1β, y PP1γ-FLAG (donación del Dr. Jeremy Nichols)(110), 
hKLHL3-FLAG(50) o PKCδ (donación del Dr. Bernard Weinstein (Addgene #16386; 
http://n2t.net/addgene:16386; RRID:Addgene_16386))(111). Las células se sembraron 
en un 70-80% de confluencia y se transfectaron con Lipofectamina 2000 (Life 
Technologies). Las mutaciones en la clona de WNK4 se introdujeron por mutagénesis 
sitio dirigida con la enzima Phusion® High-Fidelity DNA Polymerase (New England 
Biolabs) y se confirmaron por secuenciación Sanger. Las deleciones fueron hechas por 
medio de FastCloning(112). 48 horas después de la transfección, las células se lisaron 
con un buffer de lisis (50mM Tris·HCl (pH 7.5), 1mM EGTA, 1mM EDTA, 50mM fluoruro 
de sodio, 5mM pirofosfato de sodio, 1mM ortovanadato de sodio, 1% Nonidet P-40, 
270mM sacarosa, 0.1% β-mercaptoetanol, 1x inhibidores de proteasas (Roche)), y la 
concentración de proteína se determinó por BCA.  
 
Para la estimulación con medios con diferentes concentraciones de K+, se incubaron a 
las células 16 horas antes de la lisis en los respectivos medios: LKM (135mM NaCl, 
1mM KCl, 0.5mM CaCl2, 0.5mM MgCl2, 0.5mM Na2HPO4, 0.5mM Na2SO4, 15mM 
HEPES, 27.75mM glucosa, 18mM sacarosa; pH 7.4); NKM (135mM NaCl, 5mM KCl, 
0.5mM CaCl2, 0.5mM MgCl2, 0.5mM Na2HPO4, 0.5mM Na2SO4, 15mM HEPES, 
27.75mM glucosa, 10mM sacarosa; pH 7.4); HKM (135mM NaCl, 10mM KCl, 0.5mM 
CaCl2, 0.5mM MgCl2, 0.5mM Na2HPO4, 0.5mM Na2SO4, 15mM HEPES, 27.75mM 
glucosa; pH 7.4). Por otra parte, el medio hipotónico bajo Cl- (67.5mM Na-Gluconato, 
5mM K-Gluconato, 0.5mM CaCl2, 0.5mM MgCl2, 0.5mM Na2HPO4, 0.5mM Na2SO4, 
7.5mM HEPES, 27.75mM glucosa; pH 7.4) se usó durante 2 horas, excepto en el 
experimento correspondiente para analizar el efecto sobre la degradación de WNK4 por 
KLHL3, donde también se usó por 16 horas. 
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Los inhibidores farmacológicos WNK463 (10µM; donación del Dr. Dario Alessi, Dundee 
University), BIM (4µM; CST #9841) se colocaron 15 minutos antes del respectivo 
estímulo con el que se estudiaron. La N-etilmaleimida (NEM) (Sigma) se colocó a una 
concentración final de 100µM por un periodo de 30 minutos. 
 
Inmunoprecipitación 
Se usaron perlas de agarosa acopladas a anticuerpo anti-FLAG (Sigma-Aldrich A2220). 
Las perlas se lavaron 3 veces con PBS (137mM NaCl; 2.7mM KCl; 8.1mM Na2HPO4; 
1.5mM KH2PO4; pH 7.4) antes de la incubación con el lisado. 350 μg de proteína se 
usaron por cada reacción, junto con 15 μl de perlas. La mezcla se llevó a 500 μl con 
buffer de lisis y se incubó por 2 horas a 4°C, con agitación por inversión. Posteriormente 
las perlas se lavaron 2 veces con buffer de lavado (25mM Tris-HCl pH 7.5; 150mM NaCl; 
1mM EDTA; 1% v/v NP-40; 5% v/v glicerol) y 2 veces con PBS. La elusión se hizo con 
buffer Laemmli e incubando a 95°C por 10 minutos. Finalmente las muestras se 
analizaron por Western Blot. 
 
Ensayo de proteólisis 
FLAG-mWNK4-HA recombinante fue inmunoprecipitada con perlas anti-FLAG (Sigma-
Aldrich A2220), como indicado anteriormente. Después de los lavados, se añadieron 
70µg de proteína de riñón (lisado en buffer con 125mM NaCl, 10% v/v glicerol, 1mm 
EGTA, 1mM EDTA, 1mM PMSF, 10µM leupeptina, 4µM aprotinina, 10µM pepstatina, 
1% Triton X-100, 0.5% SDS, 20mM HEPES, pH 7.4) y se incubó la reacción por 90 
minutos a 37°C (volumen final de la reacción de 30µl en 50mM HEPES, 140mM NaCl, 
pH 7.4; en ausencia o presencia de inhibidores de proteasas como sea el caso). Las 
reacciones se detuvieron añadiendo buffer Laemmli y calentándolas a 95 °C por 10 min. 
La elusión se usó para ensayos de Western Blot. 
 
Experimentos de captación de 22Na+ en ovocitos 
El uso de ranas Xenopus laevis fue aprobado por el Comité de Ética del Instituto 
Nacional de Ciencias Médicas y Nutrición Salvador Zubirán. La actividad de NCC fue 
analizada en ovocitos de rana inyectados con RNA sintetizado in vitro, en ausencia o 
presencia de WNK4 WT o WNK4 T1029X. Dos días después de la inyección, se midió 
la captación de 22Na+ sensible a tiazida, como descrito previamente(34). De manera 
breve, la captación de 22Na+ se llevó a cabo en grupos de 10-15 ovocitos. Después de 
una incubación de 30 minutos a  32°C en un medio ND96 libre de Cl- con 1mm ouabaína, 
0.1mM amilorida y 0.1mM bumetanida, los ovocitos se cambiaron a un medio de 
captación sin K+ (40mM NaCl, 56mM gluconato de sodio, 4mM CaCl2, 1mM MgCl2 y 
5mM HEPES, pH 7.4) con ouabaina, amilorida, bumetanida y 2µCi de 22Na+. Los 
ovocitos se lavaron cinco veces con solución fría para remover el 22Na+ extracelular. 
Ovocitos individuales se lisaron son 10%SDS y la medición de 22Na+ se llevó a cabo por 
conteo por β-centelleo. 
 
Ensayo de actividad de PKC 
El ensayo se realizó con el kit PKC Kinase Activity Assay Kit (ab139437) de acuerdo a 
las recomendaciones del fabricante, usando lisados de células HEK293 transfectadas 
con WNK4 48 después de la transfección. 
 



 29 

Medición de cAMP 
Células HEK-293 fueron transfectadas con WNK4, 48 horas depués de la transfección, 
las células fueron estimuladas en presencia de 0.125 mM de 3-isobutyl-methyl-xanthine 
(IBMX) (Sigma).  Después de 2 horas de estímulo las células fueron congeladas a -70ºC 
por 24 horas. El contenido de cada pozo se recuperó en un tubo de ensaye de 12x75 y 
estos fueron calentados por 3 minutos a 95ºC. La cuantificación de cAMP total se analizó 
por Radioinmunoanálisis (RIA) utilizando como trazador 2-O-monosuccinil tirosil-
metiléster cAMP (Sigma) radiomarcado con NaI125 por el método de cloramina-T. Tanto 
la curva estándar como las muestras problema fueron previamente acetiladas con 25µl 
de trietilamina-anhidrido acético (2:1 v/v) y diluídas en acetato de sodio 5mM, pH=4.75, 
el anticuerpo empleado fue cAMP (Merck-Millipore Cat. 116820) a una dilución final 
1:3,000. Todas las muestras fueron analizadas por duplicado y la sensibilidad del 
ensayo fue de 4 fmol/tubo(113). 
 
Modelo ex vivo de rebanadas de riñón. 
Brevemente, ratones macho C57BL/6 de 12 a 16 semanas de edad fueron anestesiados 
con isofluorano y perfundidos con 20mL de solución Ringer con alto K+ (98.5mM NaCl; 
35mM NaHCO3; 5mM KCl; 1mM NaH2PO4; 2.5mM CaCl2; 1.8mM MgCl2; 25mM 
glucosa). Al extraer los riñones se les hizo un corte coronal y fueron incubados en 
solución Ringer con alta [K+] (93.5mM NaCl; 25mM NaHCO3; 10mM KCl; 1mM NaH2PO4; 
2.5mM CaCl2; 1.8mM MgCl2; 25mM glucosa) con burbujeo constante de carbógeno para 
mantener pH fisiológico. Posteriormente, una mitad de riñón se pegó en una plataforma 
para realizar cortes de 300µm en el vibratomo PELCO easiSlicer™. Se obtuvieron entre 
1 y 3 rebandas de cada mitad de riñón, las cuales se incubaron por 30 minutos en la 
misma solución Ringer a 30.5°C. Después de este paso, las rebanadas control se 
pasaron a una solución con [K+] normal (93.5mM NaCl; 25mM NaHCO3; 10mM KCl; 
1mM NaH2PO4; 2.5mM CaCl2; 1.8mM MgCl2; 25mM glucosa) por 60 minutos más, 
mientras que las demás se pasaron a una solución similar baja en K+ (102.5mM NaCl; 
25mM NaHCO3; 1mM KCl; 1mM NaH2PO4; 2.5mM CaCl2; 1.8mM MgCl2; 25mM 
glucosa). Finalmente, las rebanadas se congelaron en N2 líquido para posteriormente 
ser homogenizadas de manera similar a los riñones completos para realizar ensayos de 
Western Blot. 
 
Análisis estadístico 
Para comparaciones entre dos grupos, se usó una t de Student no pareada. Para 
comparación entre múltiples grupos, se usó una ANOVA, seguida de un test Bonferroni 
post hoc. Una diferencia se señaló como significativa cuando p<0.05. 
 
 

7. RESULTADOS 
 
La primera mitad de los resultados de esta tesis ya fueron publicados en un artículo 
que se presenta más adelante, cuya referencia es la siguiente: 
 
Murillo-de-Ozores AR, Rodríguez-Gama A, Bazúa-Valenti S, Leyva-Ríos K, Vázquez 
N, Pacheco-Álvarez D, De La Rosa-Velázquez IA, Wengi A, Stone KL, Zhang J, Loffing 
J, Lifton RP, Yang CL, Ellison DH, Gamba G, Castañeda-Bueno M. C-terminally 
truncated, kidney-specific variants of the WNK4 kinase lack several sites that regulate 
its activity. J Biol Chem. 2018 Aug 3;293(31):12209-12221. doi: 
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10.1074/jbc.RA118.003037. Epub 2018 Jun 19. PMID: 29921588; PMCID: 
PMC6078442. 
 
A continuación, un resumen de esta parte de los resultados: 
 
En ensayos de Western Blot con lisados de riñón de ratón, además de la banda 
correspondiente a la WNK4 completa, se han observado bandas correspondientes a  un 
menor tamaño (entre 95 y 130kDa). Por lo tanto, hipotetizamos que se podrían tratar de 
variantes de WNK4 no descritas. En este trabajo, usando diferentes anticuerpos contra 
WNK4 y contando con ratones WNK4-KO como control negativo, mostramos que estas 
bandas sí corresponden a variantes más cortas de la cinasa WNK4, las cuales son 
detectadas en riñón, pero no en otros tejidos que sí tienen WNK4 completa, como 
testículo, cerebro o pulmón. Ensayos de espectrometría de masas confirman estas 
bandas como WNK4 carente del segmento C-terminal. En células HEK293, constructos 
con WNK4 trunca muestran mayor actividad cinasa al fosforilar a SPAK en comparación 
con la WNK4 completa, a menos de que también se elimine el sitio de unión a SPAK. 
Esta ganancia de función de las WNK4 truncas se debe a la eliminación de un sitio 
consenso de unión a PP1. Cotransfección de PP1 promovió la defosforilación de WNK4, 
efecto que se vio abatido en una mutante del sitio de unión a PP1 de WNK4. Sin 
embargo, la movilidad electroforética de las variantes cortas de WNK4 encontradas in 
vivo sugiere que carecen del sitio de unión a SPAK, por lo que podrían tratarse de un 
mecanismo inhibitorio de esta vía de señalización. Finalmente, mostramos que al menos 
una de estas variantes puede ser producida por proteólisis por una metaloproteasa 
dependiente de Zn2+, dado que la WNK4 completa recombinante es cortada cuando es 
incubada con un lisado de riñón. 
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WNK lysine-deficient protein kinase 4 (WNK4) is an impor-
tant regulator of renal salt handling. Mutations in its gene cause
pseudohypoaldosteronism type II, mainly arising from overac-
tivation of the renal Na�/Cl� cotransporter (NCC). In addition
to full-length WNK4, we have observed faster migrating bands
(between 95 and 130 kDa) in Western blots of kidney lysates.
Therefore, we hypothesized that these could correspond to
uncharacterized WNK4 variants. Here, using several WNK4
antibodies and WNK4�/� mice as controls, we showed that
these bands indeed correspond to short WNK4 variants that are
not observed in other tissue lysates. LC-MS/MS confirmed these
bands as WNK4 variants that lack C-terminal segments. In
HEK293 cells, truncation of WNK4’s C terminus at several posi-
tions increased its kinase activity toward Ste20-related proline/
alanine-rich kinase (SPAK), unless the truncated segment
included the SPAK-binding site. Of note, this gain-of-function
effect was due to the loss of a protein phosphatase 1 (PP1)-bind-
ing site in WNK4. Cotransfection with PP1 resulted in WNK4
dephosphorylation, an activity that was abrogated in the PP1-
binding site WNK4 mutant. The electrophoretic mobility of the
in vivo short variants of renal WNK4 suggested that they lack the
SPAK-binding site and thus may not behave as constitutively
active kinases toward SPAK. Finally, we show that at least one
of the WNK4 short variants may be produced by proteolysis

involving a Zn2�-dependent metalloprotease, as recombinant
full-length WNK4 was cleaved when incubated with kidney
lysate.

WNK lysine-deficient protein kinase 4 (WNK4)3 is a serine-
threonine kinase that is present in several tissues, including
brain, lungs, liver, and heart, with the highest expression levels
observed in kidney, colon, and testes (1). Mutations occurring
within a specific motif in WNK4, the acidic motif, produce
the human genetic disease pseudohypoaldosteronism type II
(PHAII) (2). This disease features hypertension, hyperkalemia,
metabolic acidosis, and marked sensitivity to thiazide diuretics,
alterations that are thought to be mainly due to higher basal
activity of the renal thiazide–sensitive Na�/Cl� cotransporter
(NCC), which is specifically expressed in the distal convoluted
tubule (DCT) of the nephron (3, 4). Decreased activity levels of
the K� channel ROMK and Na� channel ENaC may also con-
tribute (5). The acidic motif of WNK4 constitutes the binding
site for the cullin-RING E3 ubiquitin ligase complex formed by
cullin 3, Kelch-like 3, and an E3 ring ubiquitin ligase, which
regulates the degradation of the kinase (6, 7). Thus, PHAII
mutations occurring in this motif decrease the degradation rate
of the kinase, leading to its overexpression.

WNK4-knockout mice present markedly decreased levels
of NCC expression and virtually no NCC phosphorylation.
Accordingly, the phenotype of WNK4-knockout mice resem-
bles that of patients with Gitelman disease, featuring hypoten-
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sion, hypokalemia, and metabolic alkalosis, which is caused by
inactivating mutations in NCC (8). Thus, WNK4 is a key regu-
lator of NCC, and its activity is essential to maintain basal NCC
activity levels.

WNK4 promotes NCC activation through the phosphoryla-
tion of the T-loop of the Ste20-related proline/alanine–rich
kinase (SPAK), which in turn phosphorylates key residues for
NCC activation located in the N-terminal, cytoplasmic domain
of the cotransporter (9, 10). In contrast, the regulatory effect of
WNK4 on ROMK and ENaC appears to be independent of
kinase activity (11, 12). Recently, it was shown that knock-in
mice carrying a constitutively active form of SPAK in the DCT
develop PHAII (3). Thus, WNK4’s direct effects on ROMK and
ENaC do not seem to be essential to develop the disease.

WNK4 kinase activity is regulated by at least two different
mechanisms. Binding of a chloride ion within a site located near
the active site of the kinase stabilizes an inactive conformation
and prevents kinase activity (13, 14). Thus, at high intracellular
chloride concentrations ([Cl�]i), chloride ions remain bound to
these sites, inhibiting WNK4 activity. Conversely, when [Cl�]i

decreases, dissociation of Cl� ions allows kinase activation.
This mechanism has been shown to be important for NCC
modulation in response to changes in extracellular K� concen-
tration ([K�]e), because changes in [K�]e affect the intracellular
Cl� concentration of DCT cells (15).

The second known regulatory mechanism of WNK4 kinase
activity involves phosphorylation of at least two sites, Ser-64
and Ser-1196, located within the regulatory N- and C-terminal
domains of WNK4, respectively (16). Phosphorylation of these
sites promotes kinase activation; it can be conducted by protein
kinase C or protein kinase A, and it is stimulated, for example,
in response to AT1 receptor activation by angiotensin II. So far,
the mechanism linking phosphorylation to kinase activation
is unknown; however, both the N-terminal and C-terminal
domains of WNK4 have long been thought to play a regulatory
role (17–19), and several functional motifs have been described
in the C-terminal domain (16). For instance, the acidic domain
(2), two PF2-like domains (20), two putative PP1-binding
motifs (21), one RFXV motif (22), and the HQ motif important
for WNK dimerization (23, 24) have been described within the
C-terminal domain of WNK4.

During our recent characterization of the WNK4-knockout
mouse strain (8), we noticed that several bands smaller than
that corresponding to the full-length WNK4 were observed in
blots of renal tissues performed with an antibody directed
against an N-terminal epitope; these were absent in samples
from the knockout animals, ruling them out as nonspecific sig-
nals. Thus, we hypothesized that these bands could correspond
to previously unrecognized variants of WNK4. Here, we pres-
ent evidence that confirms the identity of these short bands as
WNK4 short variants that lack a portion of the C-terminal
domain. In addition, the characterization of these short variants
of WNK4 has led us to the identification of a bona fide PP1-
binding site located at the final portion of WNK4’s C terminus,
which regulates WNK4 phosphorylation levels and, thus,
kinase activity.

Results

WNK4 short variants lacking a segment of the C-terminal
domain are observed in mouse kidney lysates

Mouse kidney lysates from WNK4�/� and WNK4�/� mice
were analyzed by Western blotting using antibodies directed
against three distinct WNK4 epitopes. Using two different anti-
bodies directed against N-terminal epitopes, we observed, in
addition to the band corresponding to the full-length protein, at
least two smaller bands that were absent in the WNK4�/�

mouse samples (Fig. 1A and Fig. S1A). These smaller bands
were more abundant in samples from TgWNK4PHAII mice (4)
(Fig. S1B) and were not detected when an antibody directed
against a C-terminal WNK4 epitope was used (Fig. 1B). These
results suggest that the small bands observed correspond to
shorter variants of WNK4, with an intact N-terminal domain
and probably lacking a segment of the C terminus. These
shorter WNK4 variants appear to be kidney-specific, as they
were not observed in lysates from testis, brain, and lung when
analyzed with a WNK4 N-terminal antibody (Fig. 1C).

Full-length WNK4 and the shorter variants were immuno-
precipitated from mouse kidney lysates and separated by SDS-
PAGE (Fig. 1D). Bands were excised from gel and individually
analyzed by MS (LC-MS/MS). For the excised gel sample con-
taining the full-length protein, tryptic peptides generated from
the whole length of the protein were detected, including pep-
tides from the C-terminal region (Fig. 1E and Table S1). In
contrast, for the gel sample containing the smaller WNK4 vari-
ants, only peptides generated from the N-terminal and middle
region of the protein were observed, whereas no peptides from
the last portion of the C-terminal domain were detected (Fig.
1E and Table S2). This confirms the identity of the small-sized
bands observed in Western blots as smaller variants of WNK4
lacking a portion of the C terminus. In addition, given that the
781–787 peptide was observed in the sample corresponding to
the short WNK4 variants (Table S2), at least the segment com-
prising amino acid residues 1–787 must be present in the lon-
gest of the short variants. It should be noted that the large tryp-
tic peptide comprising residues 788 –970 was not expected to
be detected in these assays due to its large size, and thus, the
absence of detection of this peptide may not have been due to
absence of this segment in the short WNK4 variants.

C-terminally truncated WNK4 constructs are more active than
full-length WNK4, as long as they contain the C-terminal
SPAK-binding site

To understand the impact that C-terminal truncations may
have on WNK4 activity, we generated several WNK4 mutant
constructs in which STOP codons were inserted at strategic
positions between functional motifs (Fig. 2A). This allowed us
to test the impact of the additive elimination of these motifs.
The activity of these constructs was tested in HEK293 cells
that were cotransfected with SPAK. SPAK phosphorylation
(pSPAK; Ser-373) was measured as an indicator of WNK4
activity. Almost all mutant constructs presented a higher level
of activity than WNK4-WT (Fig. 2, B and C), which was com-
parable with the activity of the WNK4-L319F mutant that
is considered to be a constitutively active mutant due to
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impaired chloride binding in the kinase domain (14). This effect
depended on WNK4 catalytic activity, because it was prevented
by introduction of the D318A mutation, which renders the
kinase catalytically inactive (Fig. 2F and Fig. S2A) (25). The only
mutant construct that did not present higher activity levels than
WNK4-WT was WNK4-R996X. Because this mutant is only 35
amino acid residues shorter than the WNK4-T1029X mutant,
and the only functional motif known in this segment is the
SPAK-binding site comprising residues 996 –999 (RFXV motif)

(26), we deduced that the lower pSPAK levels observed with
this mutant were due to the loss of this motif. We also assessed
T-loop phosphorylation of the truncated mutants WNK4-
K1211X and -T1029X as an alternative indicator of activation
level. For both mutants, we observed higher T-loop phosphor-
ylation levels than for WNK4-WT (Fig. 2, D and E). Finally, a
representative WNK4-truncated mutant was tested for its abil-
ity to promote NCC activation in Xenopus laevis oocytes. In
accordance with the results obtained in HEK293 cells, the

Figure 1. Identification of WNK4 short variants present in kidney lysates. A, Western blotting of kidney lysates of WNK4�/� and WNK4�/� mice using an
antibody that recognizes an N-terminal epitope of WNK4 (residues 2–167 of mouse WNK4) (WNK4 antibody A described under “Experimental procedures”)
(41). In addition to the band corresponding to the full-length WNK4 (indicated by a black arrow), this antibody detects at least two additional bands that are
absent in the WNK4�/� samples (white arrows). This image has been previously used by Yang et al. (41), as part of the WNK4 antibody characterization; however,
no emphasis was made at this time in the WNK4 short variants. B, same as in A, but an antibody that recognizes a C-terminal epitope of WNK4 was used (residues
1221–1243 of human WNK4) (antibody B) (8). Only the full-length WNK4 is observed. Thus, the smaller bands observed in A might correspond to shorter WNK4
variants lacking a segment of the C-terminal region. C, Western blots performed with samples of different tissues from WNK4�/� and WNK4�/� mice using the
same antibody as in A. The additional bands corresponding to putative WNK4 short variants are only observed in kidney lysates. Different exposure times are
presented for clarity: 30 s for kidney and testis, 10 min for brain and lung. D, WNK4 was immunoprecipitated from kidney lysates and subjected to SDS-PAGE.
A gel fragment containing the full-length band and another one containing the smaller bands were excised as indicated, and the extracted tryptic peptides
were analyzed by LC-MS/MS. E, schematic representation of the peptides observed in LC-MS/MS assays. For the full-length band, peptides from every domain
of WNK4 were observed. For the short bands, WNK4 peptides were observed, but none of them corresponded to the C-terminal region (see also Tables S1 and
S2). This confirms that the smaller bands correspond to short WNK4 fragments that lack a portion of the C-terminal region. IP, immunoprecipitation.
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WNK4-T1029X mutant promoted NCC activation, whereas no
NCC activation was observed with the WNK4-WT under the
experimental conditions tested (Fig. S2B).

Elimination of a PP1-binding site located at the final portion
of the C-terminal domain increased activity of the truncated
WNK4 mutants

We noted that the only common feature between the four
truncated mutants that presented higher activity levels than
WNK4-WT was the absence of the last 12 amino acid residues
of the protein. Within this region, a motif presenting the con-
sensus sequence for interaction with PP1 is present (KXVXF)
(27). Lin et al. (21) have shown that when this site and a second
putative PP1-binding site (located at positions 695– 699) are
mutated, the WNK4 –PP1 interaction is lost. In our hands,
however, the WNK4 –PP1 interaction was preserved in a
WNK4 mutant lacking both putative PP1-binding sites (here
termed PP1a and PP1b) (Fig. 3A). However, when only a frag-
ment of WNK4’s C terminus was expressed (residues 770 –
1222), which contains only the PP1b site, the absence of this site

disrupted the interaction with PP1. This result suggests that the
PP1b site is indeed a PP1-binding site but that, in addition to the
PP1a and PP1b sites, additional motifs present in WNK4 may
be involved in the interaction.

We hypothesized that the gain of function observed in the
truncated WNK4 mutants was due to the loss of the PP1b site.
We thus tested whether elimination of the PP1a, PP1b, or both
sites could replicate the gain of function observed with the
truncated mutants. Interestingly, we observed that only the
individual elimination of the PP1b site replicated the gain-of-
function effect (Fig. 3, B and C) and that when the PP1a site was
mutated in addition to the PP1b site, the gain-of-function effect
was lost.

We next tested the effect of the cotransfection of the differ-
ent PP1 isoforms (PP1�, PP1�, and PP1�) on the phosphoryla-
tion levels of WNK4-WT at previously described phosphoryla-
tion sites (RRXS sites) (16). We observed that coexpression of
PP1� and PP1� promoted WNK4 dephosphorylation, whereas
coexpression of PP1� had no effect (Fig. 3D). The inability of
PP1� to dephosphorylate WNK4 may be because it binds to

Figure 2. Effect of C-terminal deletions on WNK4 kinase activity. A, schematic representation of WNK4 protein depicting its important domains and motifs.
The position of insertion of STOP codons for the generation of the truncated mutants is indicated. RRxS, sites of phosphorylation by protein kinase C/protein
kinase A (16); RFXV, motifs presenting consensus sequence for SPAK interaction (22); PF2-like, domain similar to the PF2 domain present in SPAK/OSR1 that in
SPAK/OSR1 forms the binding pocket for the RFXV motif present in WNKs and Slc12 cotransporters (20, 47); Acidic domain, motif that mediates interaction with
the KLHL3–CUL3–RING complex (6) (PHAII-causing mutations found in WNK4 lie within this motif); PP1a/PP1b, putative protein phosphatase 1– binding sites
(21); HQ motif, motif implicated in WNK homo- and heterodimerization (23). B, representative Western blots of lysates from HEK293 cells transfected with
SPAK-HA and different WNK4 mutants to assess their effect on SPAK phosphorylation. C, densitometric analysis of blots presented in A shows that C-terminally
truncated WNK4 constructs have increased activity compared with full-length WNK4, and similar to that of the chloride-insensitive, constitutively active
mutant (L319F), unless the SPAK-binding site is absent. Data are mean � S.E. (error bars); *, p � 0.05 versus WNK4-WT, n � 4 in at least three independent
experiments. D, HEK293 cells were transfected with WNK4-WT or the indicated truncated mutants. WNK4 was immunoprecipitated, and T-loop phosphoryla-
tion (Ser-332) was assessed by Western blotting. E, densitometric analysis shows that the baseline T-loop phosphorylation of the truncated mutants WNK4-
K1211X and -T1029X is higher than that of WNK4-WT. *, p � 0.05 versus WNK4-WT, n � 4 in at least three independent experiments. F, HEK293 cells were
transfected with WNK4 truncated mutants that were made catalytically inactive by introduction of the D318A mutation. These mutants were unable to
phosphorylate SPAK, showing that the higher pSPAK levels observed in the presence of catalytically active truncated mutants are due to higher WNK4 kinase
activity.
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WNK4 with lower affinity than the other isoforms (Fig. 3E).
The effect of PP1� co-expression on WNK4 phosphorylation
levels depended on PP1 catalytic activity (Fig. S3).

Finally, we tested the effect of PP1� cotransfection on the
phosphorylation levels of the PP1 binding mutants. We
observed that the presence of the PP1b mutation (either alone
or together with the PP1a mutation) prevented the PP1�-me-
diated dephosphorylation of WNK4 (Fig. 3, F and G), whereas
the WNK4 –PP1a mutant behaved similarly to the WT.

Altogether, these results suggest that PP1� and PP1� are
important regulators of WNK4 phosphorylation levels and that
they require the presence of the C-terminal binding site, here
described as PP1b, to achieve dephosphorylation. Impaired
dephosphorylation of WNK4 in the presence of the PP1b muta-
tion leads to kinase activation. This activation is lost in the
presence of the PP1a mutation despite high WNK4 phosphor-
ylation levels observed in this double mutant, suggesting that
the PP1a mutation impairs the kinase activity of WNK4. Of
note, the PP1a site lies within a region of WNK4 that has been
described to have a PF2-like fold similar to the one present in
SPAK and OSR1. This PF2-like domain present in SPAK and
OSR1 has been implicated in the binding of RFXV motifs pres-
ent in WNK kinases and SLC12 cotransporters (26), and thus, it
may play a role in a key functional WNK4 interaction.

At least one of the short WNK4 variants observed in kidney
lysates may be the product of a proteolytic event

The presence of two different kidney-specific short variants
of the SPAK kinase has been described. McCormick et al. (28)
reported the existence of an alternative transcript of SPAK that
was identified through a 5�-RACE assay. Markadieu et al. (29)
showed that a proteolytic activity present in kidney lysates pro-
duces a cleavage in SPAK that generates SPAK fragments trun-
cated at the N terminus similar to those observed in kidney
lysates. Interestingly, it was recently shown that kidney lysates
of mice that express SPAK only in the DCT, from a transgene
carrying SPAK’s ORF, display the same pattern of bands in
SPAK blots compared with those observed with lysates of WT
mice. This suggests that the shorter variants of SPAK are pri-
marily produced by proteolytic cleavage and are present in the
DCT (3).

To investigate the origin of the short variants of WNK4
observed in kidney samples, we performed 3�-RACE assays
designed to detect alternative transcripts that would produce
WNK4 proteins lacking a portion of the C terminus (Table S3)
(30). Only the previously described full-length transcript of
WNK4 was successfully amplified by this method. In addition,
we searched for alternative WNK4 transcripts in published

Figure 3. A PP1-binding site located in the C terminus of WNK4 regulates its phosphorylation and activity. A, co-immunoprecipitation assay of WNK4
and PP1�. HEK293 cells were transfected with PP1� and either full-length WNK4 (left) or a C-terminal fragment of WNK4 (residues 770 –1222) (right). The effect
of elimination of the predicted PP1-binding sites was assessed. A shift in the electrophoretic mobility of the WNK4 –PP1a�b mutant is observed (migrates
slower). This is even more evident with the C-terminal fragment harboring the PP1b mutation. Such a shift may be related to the phosphorylation levels of the
protein, given that, as shown in the following panels, elimination of the PP1b site prevents WNK4 dephosphorylation. B, Western blots of lysates from HEK293
cells transfected with WNK4 constructs in which the putative PP1-binding sites were mutated (21). Their effect on pSPAK was assessed. PP1a mutant contains
mutations V697A/T698A/F699A, and PP1b contains V1213A/T1214A/F1215A. PP1b mutant is more active than WT. C, results of quantitation of blots repre-
sented in B. Data are mean � S.E. (error bars). *, p � 0.05 versus WNK4-WT, n � 3. D, HEK293 cells were cotransfected with WNK4-WT and different PP1 isoforms.
Before Western blots were performed, WNK4 was immunoprecipitated from cell lysates to eliminate signal detected from other proteins with the RRXpS
antibody. Only PP1� and PP1� promoted WNK4 dephosphorylation at RRXS sites. E, WNK4 interaction with the different PP1 isoforms was assessed by
co-immunoprecipitation. Similar results were observed in three independent experiments. F, cells were cotransfected with PP1� and the indicated WNK4
mutants. WNK4 was immunoprecipitated, and blots were performed with the indicated antibodies. PP1� promotes dephosphorylation of WNK4 at RRXS sites
(41) unless the PP1b site is mutated. G, results of quantitation of blots presented in F: phosphorylation levels of WNK4 in the presence of PP1�. Data are mean �
S.E.; *, p � 0.05 versus WNK4-WT, n � 4. IP, immunoprecipitation.
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databases from mouse kidney RNA-Seq studies (GEO acces-
sion numbers GSE79443 (31) and GSE81055). Only one alter-
native transcript was found that lacks exons 14 and 15 (Fig. S4).
This transcript, however, could not explain the short WNK4 vari-
ants that we observe in kidney lysates, because it would produce a
protein containing a portion of the C-terminal domain that is
absent in the short variants that we detect (Fig. 1).

We hypothesized that the short WNK4 variants could be
produced by proteolytic events. Full-length WNK4 carrying a
FLAG and HA epitopes at the N and C termini, respectively,
was produced in HEK293 cells. Following immunopurification,
FLAG-WNK4-HA was incubated with 70 �g of kidney lysate at
37 °C for 1.5 h. Incubation with kidney lysate reduced the

amount of full-length WNK4 detected with the FLAG antibody
and produced a smaller band that ran between the 95 and 130
kDa markers (Fig. 4A). When probed with the HA antibody, a
smaller band of approximately 70 kDa was also observed in the
presence of kidney lysate (Fig. 4A). These small bands may cor-
respond to the N-terminal and C-terminal proteolytic frag-
ments, respectively. They were not detected in the lysate sam-
ples in the absence of FLAG-WNK4-HA (Fig. 4A), ruling them
out as nonspecific bands recognized in the kidney lysate by
these antibodies. As control, a SPAK proteolytic assay was per-
formed in parallel using immunopurified SPAK-FLAG (C-ter-
minal tag), and the previously reported proteolytic event was
clearly observed (29).

Figure 4. At least one of the short WNK4 variants observed in kidney lysates may be produced by a proteolytic event. A, FLAG-WNK4-HA (N- and
C-terminal tags) and SPAK-FLAG (C-terminal tag) were immunopurified from HEK293 lysates and incubated with kidney lysates (70 mg) at 37 °C for 1.5 h.
Western blots were performed with FLAG and HA antibodies as indicated. In the samples treated with kidney lysate, a decrease in the amount of full-length
WNK4 and SPAK was observed, and a lower-sized band became apparent (white arrow), presumably due to a proteolytic cleavage event. For WNK4, lower-sized
bands were observed with both FLAG and HA antibodies, suggesting that these bands may correspond to the N-terminal and C-terminal proteolytic fragments,
respectively. This observation was reproducible in more than 10 independent experiments, some of which are presented in the following panels and in Fig. 5.
B, proteolytic assays were performed as described in A in the presence of different protease inhibitors: phenylmethylsulfonyl fluoride (1 mM), pepstatin A (10
�M), EDTA (1 mM), and 1,10-phenanthroline (5 mM). The proteolytic event was only observed in the absence of 1,10-phenanthroline (indicated by a white arrow),
suggesting that the protease responsible of this cleavage is Zn2�-dependent. The same observation was made in two independent experiments. C, proteolytic
assays performed as described in A with lysates of different tissues. WNK4 cleavage is more prominent using kidney lysate (indicated by a white arrow). Four
independent assays were performed with similar results. D, incubation of kidney lysates at room temperature promotes an increase in the abundance of the
shortest WNK4 fragment (white arrow). This is prevented by the addition of 1,10-phenanthroline (5 mM). Other forms of WNK4 are indicated by black and gray
arrows. Three independent assays were performed with similar results. WNK4 antibody A was used. E, a kidney lysate was prepared by immediate homogeni-
zation of frozen tissue in lysis buffer containing 1% SDS, which prevents all enzymatic activity. The short WNK4 variants were detected (white arrows),
suggesting that they are not artificially produced during tissue lysis. WNK4 antibody A was used.
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To assess which type of protease is responsible for the cleav-
age, FLAG-WNK4-HA proteolytic assays were carried out in
the presence of multiple combinations of protease inhibitors.
The proteolytic event was only observed in the reaction lacking
EDTA and 1,10-phenanthroline (Fig. 4B) and was not observed
in the reaction containing EDTA and 1,10-phenanthroline in
which Ca2� was added in a concentration that exceeds the
chelating capacity of EDTA (32). Moreover, previous reactions
in which WNK4 cleavage was observed were carried out in the
presence of the protease inhibitor mixture Complete (Roche
Applied Science), which contains EDTA at low concentrations
that are sufficient to chelate Ca2� but not Zn2� ions due to the
lower affinity against the latter. These observations suggest
that, similar to what was reported for SPAK (29), the protease
responsible for the cleavage of WNK4 is probably a Zn2�-de-
pendent metalloprotease.

When lysates from different tissues were tested, the 1,10-
phenanthroline–sensitive cleavage of WNK4 was noticeably
more prominent upon incubation with kidney lysate than with
other lysates (Fig. 4C). This is consistent with the expression
pattern of the WNK4 short variants reported in Fig. 1C.

We then tested whether the proteolytic activity could be
observed in endogenous WNK4 of mouse kidney lysates.
Lysates were freshly prepared, and, immediately after homoge-
nization, the lysate was split in two, and 1,10-phananthroline
was added to one of the tubes. Aliquots were then prepared
from each tube that were incubated at 25 °C for the indicated
amounts of time (Fig. 4D). In the absence of 1,10-phenanthro-
line, a decrease in the full-length band was observed after only
1 h of incubation, and, at this time point, the abundance of the
band of lowest size already increased with respect to time 0 (Fig.
4D). This increase was not observed in the lysates treated with
1,10-phenanthroline, suggesting that the band of lowest size
was generated by a proteolytic cleavage mediated by a Zn2�-de-
pendent protease. Generalized protein degradation was also
observed, which explains the absence of band detection in the
final time points.

Finally, given the observations just mentioned, we wanted to
rule out the possibility that the short WNK4 bands observed in
blots were produced as an artifact during lysate preparation,
because this would mean that the short variants of WNK4 do
not really exist within intact renal cells. To do this, a kidney
lysate was prepared by immediate homogenization of frozen
tissue in lysis buffer containing 1% SDS (33). This lysis method
prevents all enzymatic activity. The short WNK4 variants were
detected in this lysate (Fig. 4E), suggesting that they are not
artificially produced during tissue lysis when WNK4 proteins
come in contact with extracellular proteases or other proteases
present in cell types that lack WNK4 expression.

Renal WNK4 short variants probably lack a SPAK-binding site
and may be unable to phosphorylate SPAK

WNK4 in vitro proteolytic reactions were run in parallel to
kidney lysates from WNK4�/� and WNK4�/� mice to com-
pare the electrophoretic mobility of the WNK4 N-terminal
fragment produced in proteolytic assays with that of the short
WNK4 variants observed in lysates. Proteolytic reactions were
performed using kidney lysates from WNK4�/� mice. This

allowed us to use an antibody directed against a WNK4 N-ter-
minal epitope to detect the proteolytic fragments without
detecting any WNK4 signal from the lysates used for the pro-
teolytic reaction. We observed that the WNK4 N-terminal pro-
teolytic fragment runs at a height similar to that of the shortest
WNK4 variant observed in WNK4�/� kidney lysates (Fig. 5A).
We then compared the electrophoretic mobility of the different
variants of WNK4 observed in kidney lysates with that of sev-
eral WNK4 mutant constructs truncated at the C terminus. The
full-length WNK4 expressed in HEK293 cells presented an
electrophoretic mobility similar to that of the full-length
WNK4 observed in kidney lysates (Fig. 5B). The next WNK4
band observed in kidney lysates (the middle band) ran at a sim-
ilar height as the WNK4-L866X mutant, and the shortest
WNK4 kidney band ran faster than the WNK4-L866X mutant
and slower than the WNK4-V740X mutant. Thus, assuming
that the mobility of the renal WNK4 variants is not affected by
an unknown modification or factor that is absent in HEK293
cells, or vice versa, we can conclude that the short renal WNK4
variants probably lack the C-terminal SPAK-binding motif
(residues 996 –999). According to the results presented in Fig.
2B, this would render them unable to phosphorylate SPAK.

Finally, with the purpose of narrowing down the segment of
the protein containing the site in which WNK4 is cleaved in
vitro, and probably in vivo, we generated new WNK4 mutants
harboring deletions of different portions of the C terminus (Fig.
5C). We hypothesized that the in vitro cleavage would not
be observed with the mutant lacking the cleavage site. As
expected, all but one of the five deletion mutants were cleaved
in in vitro proteolytic reactions, and cleavage was prevented by
the addition of 1,10-phenanthroline (Fig. 5D). We failed to
observe cleavage of the WNK4-�740 –781 mutant, suggesting
that the cleavage site may be present within the segment
flanked by residues 740 –781. Consistent with this conclusion,
all three mutants harboring deletions of segments located
downstream of the putative cleavage region produced N-termi-
nal proteolytic fragments of a similar size to the one observed
with the WNK4-WT. In contrast, the WNK4-�601–739
mutant produced an N-terminal proteolytic fragment of
smaller size, presumably because in this mutant, the cleavage
site is located downstream of the deletion, and thus the 601–
739 region is normally located within the N-terminal proteo-
lytic fragment.

Abundance of short WNK4 variants is not altered by changes
in dietary Na� and K� content

Given that modifications in the dietary content of Na� and
K� affect the activity of NCC and other targets of regulation of
WNK4 (like ROMK and ENaC), we decided to test whether
these dietary modifications could also affect the abundance of
WNK4 isoforms, rationalizing that this could have an impact
on the activity of the downstream targets. No changes were
observed with the low-Na� diet, and an increase in the abun-
dance of all isoforms was observed in mice given a low-K�

diet (Fig. 6, A and B). The latter result is consistent with a
previous report (34), and the changes observed are probably
due to a decrease in KLHL3–CUL3-RING–mediated WNK4
degradation. However, no changes in the relative abundance
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of WNK4 forms were observed, suggesting that the cleavage
of WNK4 is not regulated in response to these dietary
manipulations.

Finally, given that it is clear that WNK4 plays an important
role in DCT physiology, we decided to analyze the expression of
the WNK4 short variants in samples from DCT tubules isolated
by COPASTM. Indeed, we were able to observe at least one of
the short variants in these samples. Due to the low signal
detected, it was unclear whether the second short variant is
expressed in DCT cells.

Discussion
Kidney-specific isoforms of the kinases WNK1 and SPAK

have been described. These isoforms present functional prop-
erties that differ from those of the full-length proteins (28, 35).
Hence, their characterization has been important to under-
stand the molecular pathways implicated in the regulation
of renal salt transport. Similarly, the characterization of the
WNK4 short variants described in this work may be important
to gain a more accurate understanding of WNK4’s role in kid-
ney physiology.

Figure 5. Size analysis of WNK4 short variants. A, Western blotting of WNK4�/� and WNK4�/� kidney lysates run in parallel with WNK4 proteolytic reactions
(performed as in Fig. 4A, but using kidney lysates from WNK4�/� mice) to compare the electrophoretic mobility of the WNK4 fragments with that of the short
band that is product of the in vitro proteolytic cleavage (white arrow). For clarity, the blot image was split in two to present two different film exposure times.
Three independent experiments were performed. WNK4 antibody A was used. B, Western blotting of WNK4�/� and WNK4�/� kidney lysates run in parallel with
lysates of HEK293 cells transfected with different truncated WNK4 mutants. WNK4 antibody A was used. The electrophoretic mobility of the renal WNK4 short
variants (white arrows) suggests that they may be around 740 – 866 amino acids long and might lack a SPAK-binding site. C, schematic representation of WNK4
constructs in which different segments were deleted to narrow down the region containing the cleavage site in WNK4. D, proteolytic assays performed with
different WNK4 constructs harboring deletions in the C-terminal region. All constructs were cleaved upon incubation with kidney lysate (proteolytic fragment
indicated by the white arrow), except for the one that lacks residues 740 –782. This suggests that the cleavage site might be located within this segment of the
protein. Four independent experiments were performed.
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Here, we used multiple antibodies for Western blotting
assays and LC-MS/MS studies, which helped us to confirm that
indeed short fragments of WNK4 are present in kidney lysates
that lack a portion of the C-terminal domain (Fig. 1 and Fig. S1).

Given that alternative WNK4 transcripts that could explain
the short WNK4 variants were not observed, we tested the pos-
sibility that they could be the product of a proteolytic event.
Indeed, we observed that kidney lysates appear to possess pro-
teolytic activity toward WNK4 and that this activity produces a
band of a size similar to that of the shortest WNK4 variant
observed in vivo (Figs. 4 and 5). This phenomenon was similar
to the one characterized by Markadieu et al. (29) for the kinase
SPAK: a proteolytic event giving rise to SPAK short variants
that is observed upon incubation with kidney lysates, which was
prevented by the addition of 1,10-phenanthroline, an inhibitor
of Zn2� metalloproteases (36). It remains unclear which is the
protease responsible for the SPAK cleavage (37).

It should be noted that only one short WNK4 fragment was
produced upon incubation of recombinant WNK4 with kidney
lysates. Thus, the origin of only one of the two short WNK4
bands observed in kidney lysates may be explained by a proteo-
lytic event. The second band may be the product of an alterna-
tive transcript that we failed to identify or the product of a
proteolytic event that was not observed in the conditions
tested.

Our experiments narrowed down the location of the cleavage
site to a 41-residue-long segment of the protein (within resi-

dues 740 –781) (Fig. 5). Cleavage in this region would produce a
WNK4 fragment that would lack the C-terminal SPAK-binding
site (26) and the HQ motif that is important for WNK homo- or
heterodimerization (23, 24). The same would be true for the
second short variant of larger size observed in kidney, based on
its electrophoretic mobility. Thus, these short variants may be
unable to autophosphorylate and to phosphorylate SPAK, so
one possibility is that their generation may be a mechanism to
inactivate the pathway. Another possibility is that they may play
a role in the kinase activity-independent regulation of targets
like ENaC and ROMK (11, 12), or in the SPAK-independent
regulation of Slc12 cotransporters (26). Because no shift in the
abundance of WNK4 forms was observed in mice exposed to
low-Na� or low-K� diets, it is not yet clear whether this process
is regulated. Further research will be necessary to understand
the physiological significance of the WNK4 short variants.
Interestingly, it has been recently reported that Zn2� deficiency
in DCT cells and in mice is associated with an increase in NCC
expression and activity (38). Although the mechanism is cur-
rently unknown, one possibility is that Zn2� depletion in DCT
cells may lead to decreased WNK4 and SPAK cleavage and,
thus, NCC activation.

Finally, it has been recognized that the PP1 phosphatase is an
important regulator of the WNK-SPAK/OSR1-Slc12 pathway.
For instance, it was shown that inhibition of PP1 activity by
calyculin A prevents the activation of KCCs that is observed in
the presence of kinase-inactive WNK3 (39) and inhibits the

Figure 6. Effect of changes in dietary electrolyte intake on the abundance of renal WNK4 forms. A, WT C57Bl/6 mice were given normal Na� diet (n � 6)
or low Na� diet (n � 7) for a period of 4 days. Kidney lysates were prepared and WNK4 Western blots were performed with an antibody directed against an
N-terminal epitope (antibody A) (41). The full-length form is indicated with a black arrow. Short WNK4 variants are indicated with white arrows. n.s., nonspecific
bands. Results of quantitation of band intensities for the full-length and short forms of WNK4 are presented. Data are mean � S.E. (error bars). B, same as in A,
but mice were fed with normal or low-K� diets for 7 days (n � 6 for each group). Results of quantitation of band intensities for the full-length and short forms
of WNK4 are presented. Data are mean � S.E. *, p � 0.01 versus normal K�. No apparent shift in the relative abundance of WNK4 forms was observed with any
of these dietary manipulations. C, DCTs were enriched by COPAS (43) and then subjected to Western blot analysis. At least one of the short WNK4 fragments
was observed. NCC blot was performed to confirm DCT enrichment.
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activity of KCC4 observed in hypotonic conditions (40). Later,
Lin et al. described two motifs within WNK4 that harbor the
consensus sequence required for interaction with PP1, and they
showed that elimination of these motifs prevents WNK4 –PP1
co-immunoprecipitation (21). More recently, Frenette-Cotton
et al. (40) showed that mutation of both of these motifs prevents
WNK4’s ability to inhibit KCC4, and, thus, they proposed that
WNK4 inhibits PP1 activity, which translates into KCC4
down-regulation.

In the present work, the study of the short variants of WNK4
has led us to a more comprehensive characterization of the
putative PP1-binding sites in WNK4. By directly analyzing the
ability of the WNK4 –PP1 binding mutants to phosphorylate
SPAK and their phosphorylation levels in the presence of PP1,
we have obtained robust results showing that PP1� and PP1�
are strong regulators of WNK4 activity by promoting WNK4
dephosphorylation (Fig. 3). We also observed that only the sec-
ond KXVXF motif present in WNK4 (here termed PP1b) is
necessary for PP1-mediated regulation of WNK4. Elimination
of this site turned WNK4 into a constitutively active kinase,
suggesting that WNK4 activity depends on the balance between
phosphorylating stimuli (e.g. low intracellular chloride (14) or
increased angiotensin II (16)) and dephosphorylating stimuli
through PP1� and PP1�. Of note, these results fit well with our
previous description of a “negative signal regulatory domain” in
WNK4 that comprises the terminal 50 residues of the protein
(18).

Regarding the first KXVXF motif (PP1a), we show that it may
not function as a PP1-binding site, because elimination of this
site does not alter PP1-mediated WNK4 dephosphorylation.
Instead, mutation of this site ablates WNK4 activity, even in the
context of the high levels of WNK4 phosphorylation observed
when both sites are mutated together (Fig. 3). Thus, we hypoth-
esize that this loss of activity is due to disruption of a domain
that is functionally important. Indeed, the PP1a site lies within
a region of WNK4 that has been predicted to have a PF2-like
fold similar to the one present in SPAK and OSR1. In these
kinases, the PF2 domain constitutes the binding site for RFXV
motifs present in WNK kinases and Slc12 transporters. Thus,
although we cannot yet ascribe a particular role for this domain
in WNK4, we can argue that the PP1a motif probably does not
constitute a PP1-binding site. From this perspective, the results
of Frenette-Cotton et al. (40) acquire a different interpretation;
WNK4 is not a regulator of PP1, but instead, PP1 regulates
WNK4 activity, and the observation that the WNK4 mutant
with both putative PP1-binding sites eliminated is unable to
inhibit KCC4 may be explained by the fact that this is a mutant
that is unable to phosphorylate SPAK.

In conclusion, we have identified C-terminally truncated,
kidney-specific, short variants of the kinase WNK4. At least one
of these short variants appears to be a product of a proteolytic
event, and our experiments suggest that they both probably lack
a SPAK-binding site and an HQ motif. Thus, they are probably
inactive, and their physiological relevance remains to be deter-
mined. Finally, this work has led us to the identification of a
bona fide PP1-binding site in WNK4, which is located within
the last 12 amino acid residues of the kinase. We have shown

that PP1 regulates WNK4 phosphorylation levels and, thus,
WNK4 activity.

Experimental procedures

Mouse studies

Animal studies were approved by the animal care and use
committees of our institutions. Most studies were performed in
male WT C57BL/6 mice (age 12–16 weeks). WNK4-knockout
mice and WNK4-PHAII transgenic mice were also used
(C57BL/6 background) (4, 8). Teklad custom normal diet (con-
taining 0.49% NaCl; TD.96208) and NaCl-deficient diet
(TD.90228) were given for 4 days (8). Low-K� (0% K�) diet was
obtained from TestDiet (St. Louis, MO), whereas normal K�

was prepared by adding KCl to make a 1.2% K� diet. Mice were
given these modified diets for 7 days before being sacrificed.

Western blots

Tissues were snap-frozen in liquid nitrogen and later homog-
enized (250 mM sucrose, 10 mM triethanolamine, 1	 protease
inhibitors (Roche Applied Science), 1	 phosphatase inhibitors
(Sigma)). Protein concentration was determined by the BCA
protein assay (Pierce). Protein extracts were subjected to SDS-
PAGE and transferred to polyvinylidene difluoride membranes.
Membranes were blocked for 1 h in 10% (w/v) nonfat milk dis-
solved in TBS-Tween 20 (TBSt). Antibodies were diluted in
TBSt containing 5% (w/v) nonfat milk. Membranes were incu-
bated with primary antibodies overnight at 4 °C and with HRP-
coupled secondary antibodies at 25 °C for 1 h. Signals were
detected with enhanced chemiluminescence reagent. Immuno-
blots were developed using film.

The following antibodies were used: WNK4 (N-terminal
epitope, raised in rabbit, generated by Dr. David H. Ellison’s
group (41), antibody A); tubulin (Sigma, T5168, raised in
mouse); actin (Santa Cruz Biotechnology, Inc., sc-1616 HRP,
raised in goat); HA (Sigma, H6533, raised in mouse); FLAG
(Sigma, A8592, raised in mouse); pRRXS (Cell Signaling, 9624
(16), raised in rabbit); sheep-HRP (Jackson Immunoresearch);
and rabbit-HRP (Jackson Immunoresearch). Several antibodies
were obtained from the Medical Research Council phosphory-
lation unit at Dundee University (all are polyclonal antibodies
raised in sheep): WNK4 (C-terminal epitope, S064B (8), anti-
body B); WNK4 (N-terminal epitope, S121B (41), antibody C);
pSPAK-Ser-373 (S670B) (42); and NCC (S965B) (8). The spec-
ificity of all antibodies used has been previously tested.

COPAS

Isolation of DCT has been described previously (43). Briefly,
mice expressing enhanced GFP under the PV promoter were
anesthetized and perfused with ice-cold Krebs buffer. Kidney
cortex was finely minced before incubation in digestion solu-
tion (1 mg/ml collagenase type 1 and 2,000 units/ml hyaluron-
idase in Krebs buffer, pH 7.3) for 15 min at 37 °C. Tubules col-
lected from digestion reactions were placed on ice and sorted by
the COPAS. Each suspension of fluorescent tubules was col-
lected in a 1.5-ml Eppendorf tube, previously coated with 0.5%
(w/v) BSA in PBS/NaOH, pH 7.4. Tubules were lysed with
Laemmli buffer.
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Mass spectrometry

Mouse kidney lysates were prepared as described above. For
WNK4 immunoprecipitation, 1 mg of lysate was incubated
with 10 �g of sheep anti-WNK4 antibody (MRC Dundee
S121B) (23) and Protein A/G magnetic beads (Pierce) for 2 h at
4 °C. Beads were washed five times with a buffer containing
0.025 M Tris, pH 7.4, 0.15 M NaCl, 0.001 M EDTA, 1% Nonidet
P40, 5% glycerol. Bound proteins were eluted by incubation in
glycine buffer, pH 2, for 10 min and then prepared for SDS-
PAGE. Bands were excised from the gel and processed at the
MS and Proteomics Resource at Yale. Briefly, on a tilt table, the
gel band was washed with 1) 250 �l of 50% acetonitrile for 5
min, followed by 2) 250 �l of 50% acetonitrile containing 50 mM

NH4HCO3 for 10 –30 min, and then finally with 3) 250 �l of
50% acetonitrile containing 10 mM NH4HCO3 for 10 –30 min.
The final wash was removed, and the gel was SpeedVac-dried.
60 �l of a 1:15 dilution of a 0.1 mg/ml trypsin stock solution was
added to the gel and allowed to absorb for 10 min. An additional
volume of 10 mM NH4HCO3 was added to cover the gel pieces
and then incubated at 37 °C for 18 h. Peptides were then
extracted by adding 250 �l of 0.1% TFA, 80% acetonitrile and
shaking for 30 min. Extract was transferred to a new tube and
dried. Dried peptide pellet was dissolved in 70% formic acid,
diluted with 0.1% TFA, and finally subjected to LC-MS/MS
analysis using the LTQ Orbitrap XL that is equipped with a
Waters nanoACQUITY UPLC system and uses a Waters Sym-
metry C18 180 �m 	 20-mm trap column and a 1.7 �m, 75
�m 	 250-mm nanoACQUITY UPLC column for peptide sep-
aration. The acquired data were peak-picked and searched
using the Mascot Distiller and the Mascot search algorithm,
respectively. Protein identification was achieved using the Mas-
cot search algorithm (Matrix Science) as described (44), and
MS spectral features were searched against the SWISSPROT
Mouse database along with a user-generated WNK4 protein
database.

Cell culture

HEK293 cells (ATCC� CRL-1573) were used for transient
transfection of mWNK4-HA, FLAG-mWNK4 (16), HA-SPAK,
SPAK-FLAG (FLAG inserted in the C-terminal by FastCloning
(45)), and FLAG-PP1-�, -�, and -� (kindly provided by Dr. Jer-
emy Nichols) (46). Cells were grown to 70 – 80% confluence and
transfected with Lipofectamine 2000 (Life Technologies, Inc.).
Mutations were introduced into the WNK4 clone by site-di-
rected mutagenesis using Phusion�high-fidelity DNA polymer-
ase (New England Biolabs) and confirmed by Sanger sequenc-
ing. Deletions were performed by FastCloning (45). 48 h after
transfection, cells were lysed with a lysis buffer containing 50
mM Tris�HCl (pH 7.5), 1 mM EGTA, 1 mM EDTA, 50 mM

sodium fluoride, 5 mM sodium pyrophosphate, 1 mM sodium
orthovanadate, 1% (w/v) Nonidet P-40, 270 mM sucrose, 0.1%
(v/v) 2-mercaptoethanol, and protease inhibitors (Complete
tablets; Roche Applied Science), and protein concentration was
quantified.

In vitro proteolytic assays

Recombinant FLAG-mWNK4-HA was immunoprecipitated
using a FLAG� Immunoprecipitation Kit (FLAGIPT1, Sigma).

After washing the beads, 70 �g of kidney lysate (prepared with
lysis buffer containing 125 mM NaCl, 10% glycerol, 1 mM EGTA,
1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 10 �M leu-
peptin, 4 �M aprotinin, 10 �M pepstatin, 1% Triton X-100, 0.5%
SDS, 20 mM HEPES, pH 7.4) was added to the beads and incu-
bated for 90 min at 37 °C (final reaction volume of 30 �l in 50
mM HEPES, 140 mM NaCl, pH 7.4, with protease inhibitors as
indicated). Reactions were stopped by adding Laemmli buffer
and heating at 95 °C for 10 min. Eluates were used for Western
blotting assays.

Statistical analysis

For comparison between two groups, unpaired Student’s t
test (two-tailed) was used. For comparison between multiple
groups, analysis of variance tests were performed, followed by
Tukey post hoc tests. A difference between groups was consid-
ered significant when p � 0.05.

Na� uptake experiments

The use of X. laevis frogs was approved by our institutional
committee on animal research. NCC activity was assessed in
X. laevis oocytes microinjected with NCC cRNA alone or
together with WT WNK4 or WNK4-T1029X. Two days post-
injection, the thiazide-sensitive Na� uptake was assessed as
described previously (9). Briefly, 22Na� tracer uptake was
assessed in groups of 10 –15 oocytes. A 30-min incubation at
32 °C in a Cl�-free ND96 medium containing 1 mM ouabain, 0.1
mM amiloride, and 0.1 mM bumetanide was followed by a
60-min uptake period in a K�-free NaCl medium (40 mM NaCl,
56 mM sodium gluconate, 4.0 mM CaCl2, 1.0 mM MgCl2, and 5.0
mM HEPES, pH 7.4) containing ouabain, amiloride, bumet-
anide, and 2 �Ci of 22Na�/ml. Oocytes were washed five times
in ice-cold uptake solution to remove tracer in the extracellular
fluid. Individual oocytes were dissolved in 10% SDS, and the
tracer activity was determined for each oocyte by �-scintilla-
tion counting.
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S-1 



Figure S1. (A) Western blot of mouse kidney lysates using an antibody that recognizes an N-terminal epitope of 
WNK4 (residues 2-25 of mouse WNK4) (antibody C) (1). In addition to the band corresponding to the full-length 
WNK4, this antibody detects at least two additional bands that run between the 130 and 95 kDa marker bands. (B) 
Western blot of kidney lysates from TgWNK4PHAII mice (2) performed with the same antibody as in fig.1A. 
TgWNK4PHAII  mice show higher expression of full-length WNK4. The small-sized bands also show higher intensity. 
Results of quantitation are displayed above and below the blot for the upper and lower bands respectively. 
*P<0.001.
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Figure S2. 

 Figure S2. (A) Densitometric analysis of blots represented in figure 2F (*p<0.05 vs. WT, 
n=3). (B) NCC activity (measured as Na+ uptake in Xenopus laevis oocytes) in the 
presence of WNK4-WT and WNK4-T1029X (*p<0.05 vs. NCC, n=3).  
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Figure S3. 

 Figure S3. The effect of  PP1 co-expression on WNK4 phosphorylation levels is  dependent on PP1 
catalytic activity. HEK293 cells were cotransfected with WNK4 and wild type PP1α or the catalytically 
inactive mutant PP1α-H248K.  Forty eight hours post-transfections cells were lysed and WNK4 was 
immunoprecipitated in order to analyze WNK4 phosphorylation  at RRXS sites. N=6. 
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Figure S4. 
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Figure S4.  Wnk4 transcript assembly from published RNA-seq data. C57Bl/6 mouse kidney RNA-seq data was obtained from GSM2095449 to 
52 (4 replicates, dataset1)(3) and GSM2141862 to 64 (3 replicates, dataset 2) as raw data. Fastq files were mapped to the mouse genome 
(mm10) with HISAT2 (Galaxy Version 2.0.5.2) using the default settings.  After mapping, the transcripts were assembled using String Tie 
(Galaxy Version 1.3.3) without GFF/GTF guide to obtain all the potential transcripts (String Tie assembled transcripts) for each replicate of the 
2 datasets or for the combined .bam files of each dataset (dataset 1 and 2). After the first assembly, String Tie merge transcripts (Galaxy 
version 1.3.3) were analysed against the UCSC Known Genes dataset to identify additional transcripts, using each dataset separately or the 
combination of both (All datasets). All analysis were done using the Galaxy platform at https://usegalaxy.org/. Each blue line denotes a 
predicted transcript and blue boxes indicate exons. 
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Table S1. LC-MS/MS results for full-length WNK4. 

Start End Peptide sequence Score M/Z 
Times 

observed 
102 115 K.EPPEGTWMGAAPVK.A 41.54 735.3625 2 
116 134 K.AVDSACPELTGSSGGPGSR.E + Propionamide (C) 75.13 909.9219 2 
150 169 R.EQEEKEDTETQAVATSPDGR.Y 23.67 740.6697 2 
155 169 K.EDTETQAVATSPDGR.Y 54.05 788.8577 2 
173 179 K.FDIEIGR.G 53.97 425.2275 3 
215 223 R.FSEEVEMLK.G + Oxidation (M) 59.42 564.2681 4 
224 232 K.GLQHPNIVR.F 36.62 517.2992 1 
316 325 K.IGDLGLATLK.R 77.8 500.8065 3 
332 348 K.SVIGTPEFMAPEMYEEK.Y 51.83 979.456 1 
384 396 R.KVTSGTKPNSFYK.V 36.4 728.8941 2 
385 396 K.VTSGTKPNSFYK.V 53.4 664.8503 1 
397 403 K.VKMPEVK.E + Oxidation (M) 23.48 423.741 1 
404 411 K.EIIEGCIR.T 13.59 466.7385 1 
434 451 R.GVHVELAEEDDGEKPGLK.L 76.1 641.3215 5 
467 479 R.DNQAIEFLFQLGR.D 46.71 775.9019 2 
627 657 R.SGPGSDFSPGDSYASDAASGLSDMGEGGQMR.K 16.74 998.4139 2 
674 683 R.VTSVSDQSDR.V 69.74 547.2603 2 
701 726 R.FDLDGDSPEEIAAAMVYNEFILPSER.D 33.13 1464.6863 1 
740 745 R.VETLLK.R 28.5 351.7238 1 
747 780 R.DAGPPEAAEDALSPQEEPAALPALPGPPNAEPQR.S 28.66 1134.885 1 
781 787 R.SISPEQR.S + Phospho (ST) 20.41 448.6959 1 
971 981 R.NPAQPLLGDAR.L 44.27 576.3124 3 
982 996 R.LAPISEEGKPQLVGR.F 77.23 531.9731 3 
1004 1019 K.EPAEPPLQPASPTLSR.S + Phospho (ST) 25.37 590.6238 1 
1055 1067 R.AAEGLGVAVDDEK.D 26.37 637.3186 2 
1124 1136 K.HLSEVEALQTLQK.K 13.68 499.2763 1 
1138 1145 K.EIEDLYSR.L 36.67 512.7514 2 
1184 1193 R.SDLPGPGIMR.R 37.92 521.7718 2 
1212 1221 K.GVTFAGDIGR.M 68.91 496.7627 3 

WNK4 was immunoprecipitated from kidney lysates and separated by SDS-PAGE. Observed peptides for the 
excised gel fragment containing the full-length WNK4 are presented. Only identified peptides with score higher 
than homology score are presented. Score, MASCOT score. Peptide sequences are numbered according to 
position in mouse WNK4.  
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Table S2. LC-MS/MS results for the short forms of WNK4. 

Start End Peptide sequence Score M/Z 
Times 

observed 
6 35 R.NTETGVPMSQTEADLALRPSPALTSTGPTR.L 54.68 1033.5199 2 
36 42 R.LGPPPRR.V 28.76 396.7452 1 
102 115 K.EPPEGTWMGAAPVK.A 59.13 735.3626 2 
116 134 K.AVDSACPELTGSSGGPGSR.E + Propionamide (C) 98.58 909.9187 4 
135 145 R.EPPRVPDAAAR.E 22.43 589.817 1 
149 169 R.REQEEKEDTETQAVATSPDGR.Y 45.2 792.7024 2 
150 169 R.EQEEKEDTETQAVATSPDGR.Y 52 740.6684 4 
155 169 K.EDTETQAVATSPDGR.Y 66.11 788.8591 4 
173 179 K.FDIEIGR.G 55.12 425.2273 5 
215 223 R.FSEEVEMLK.G 71.5 556.2718 5 
224 232 K.GLQHPNIVR.F 32.92 345.2017 2 
284 291 R.GLHFLHSR.V 24.51 483.7671 1 
292 298 R.VPPILHR.D 29.96 416.2665 1 
316 325 K.IGDLGLATLK.R 94.68 500.8064 5 
332 348 K.SVIGTPEFMAPEMYEEK.Y 75.08 979.4506 4 
384 396 R.KVTSGTKPNSFYK.V 52.91 728.8919 3 
397 403 K.VKMPEVK.E + Oxidation (M) 39.54 423.741 1 
404 411 K.EIIEGCIR.T 28.05 466.7506 3 
434 451 R.GVHVELAEEDDGEKPGLK.L 70.43 961.4802 4 
467 479 R.DNQAIEFLFQLGR.D 95.12 775.9018 2 
474 479 F.LFQLGR.D 26.87 367.2215 1 
627 657 R.SGPGSDFSPGDSYASDAASGLSDMGEGGQMR.K 59.19 998.4111 2 
674 683 R.VTSVSDQSDR.V 67.49 547.2598 1 
701 726 R.FDLDGDSPEEIAAAMVYNEFILPSER.D 38.07 1464.6791 1 
733 739 R.IREIIQR.V 36.6 464.2902 1 
735 745 R.EIIQRVETLLK.R + Phospho (ST) 9.41 711.3853 1 
740 745 R.VETLLK.R 42.26 351.7232 2 
747 780 R.DAGPPEAAEDALSPQEEPAALPALPGPPNAEPQR.S 23.87 1134.8888 1 
781 787 R.SISPEQR.S + Phospho (ST) 23.7 448.6967 1 

WNK4 was immunoprecipitated from kidney lysates and separated by SDS-PAGE. Observed peptides for the 
excised gel fragment containing the short forms of WNK4 are presented. Only identified peptides with score 
higher than homology score are presented. Score, MASCOT score. Peptide sequences are numbered according to 
position in mouse WNK4.  
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Table S3. Primers used for RACE 3’ assay. 

Forward primer Reverse primer (name: sequence) 
RT-PCR QT: 

CCAGTGAGCAGAGTGACGAGGACTCGAGATGCATCTTTTTTTTTTTTTTTTT 
PCR1 GSP1: 

TCAgACCCTgCCCTTCAg
Q0: CCAGTGAGCAGAGTGACG 

PCR2 
(nested) 

GSP2 
TGGGGGGTTACCATCCAG

QI: GAGGACTCGAGATGCATC

Procedure followed was based on the protocol described by Scotto-Lavino, E., et al. (4). GSP primers are 
gene specific primers that align in WNK4 sequence. Q primers were designed to bind at the 3’ end of the 
mRNA (Qt) and cDNA molecules (Q0 and QI). 
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La segunda mitad de los resultados se anexa a continuación, en la forma de un 
manuscrito que está próximo a enviarse al proceso de revisión en una revista de 
nefrología. A continuación presento un resumen sobre esta parte del trabajo. 
 
Una disminución en la ingesta de K+ promueve la activación del cotransportador NCC, 
cuya fosforilación y actividad dependen de la cinasa WNK4. La actividad de WNK4 
puede ser inhibida por unión directa de Cl- a su dominio cinasa. La baja [K+]e activa a 
NCC al disminuir [Cl-] intracelular, promoviendo la disociación del Cl- de WNK4. Sin 
embargo, la señalización mediada por WNK4 también puede ser modulada por su 
fosforilación de motivos RRxS o por su degradación por el complejo de ligasa de 
ubiquitina KLHL3/CUL3. Se desconoce la participación de estos mecanismos en la 
regulación de NCC por [K+]e. En este trabajo usamos modelos murinos, células HEK293 
y rebanadas de riñón de ratón para evaluar el efecto de [K+]e y [Cl-] intracelular en la 
fosforilación de WNK4, abundancia de WNK4 en el riñón y su localización subcelular. 
La disminución de [K+]e promovió la fosforilación de WNK4 en la Ser64 y Ser1196 en un 
modelo murino de hipokalemia, en células HEK293 transfectadas con WNK4 y en 
rebanadas de riñón de ratón. Estos efectos pueden ser secundarios a la disminución de 
[Cl-] intracelular, pues reducir este parámetro modificando el medio o con compuestos 
farmacológicos en células HEK293 incrementó la fosforilación de WNK4 en estos sitios. 
Asimismo, la actividad de KLHL3, medida como abundancia de WNK4 en células 
HEK293, se vio disminuida al reducir [Cl-] intracelular. Esto podría explicar 
observaciones que hicimos en ratones con una función afectada de NCC, como los 
ratones WNK4-KO o ratones silvestres administrados de manera aguda con tiazida, 
donde observamos un aumento en la abundancia de KS-WNK1, otro miembro de la 
familia también presente en el DCT y sensible a degradación mediada por KLHL3. 
Finalmente, la generación y estudio del ratón transgénico WNK4-L319F, el cual tiene 
una WNK4 incapaz de unir Cl-, nos permitió observar que existen mecanismos 
adicionales para la activación de NCC ante hipokalemia, pues estos ratones sí son 
capaces de estimular la fosforilación de NCC después de consumir una dieta deficiente 
en K+ por 7 días. En conclusión, nuestros datos sugieren que múltiples y redundantes 
mecanismos son responsables de la activación de NCC ante una disminución en [K+]e. 
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ABSTRACT  

Background 

Low K+ intake activates the renal NaCl cotransporter, NCC, whose phosphorylation and activity 
depend on the With-No-Lysine kinase WNK4. WNK4 is inhibited by Cl- binding to its kinase domain. 
Low extracellular [K+] ([K+]e) activates NCC by decreasing intracellular [Cl-] ([Cl-]i) and promoting Cl- 
dissociation from WNK4. However, WNK4 signaling is also modulated by phosphorylation in RRxS 
motifs or by its degradation regulated by the KLHL3/CUL3 ubiquitin ligase complex. It is unknown if 
these mechanisms participate in NCC regulation by [K+]e. 

Methods 

We used HEK293 cells, kidney slices, and mouse models to evaluate the effect of low [K+]e and [Cl-]i 
on WNK4 phosphorylation, renal WNK abundance, and subcellular localization.  

Results 

Decreased [K+]e promoted WNK4 phosphorylation at S64 and S1196 in in vivo, in vitro, and ex vivo 
models. These effects might be secondary to [Cl-]i depletion, as reduction of [Cl-]i  in HEK293 cells 
increased WNK4-RRxS phosphorylation. Moreover, pWNK4-S1196 levels were increased in Kir5.1-/- 
mice, which presumably have decreased distal convoluted tubule (DCT) [Cl-]i. Similarly, KLHL3 
activity was modulated by changes in [K+]e and [Cl-]i in HEK293. WNK4-/- mice and mice acutely 
treated with hydrochlorothiazide showed higher levels of KS-WNK1 protein, probably due to 
reduced KLHL3-targeted degradation as a response to reduced [Cl-]i. Finally, upregulation of NCC in 
response to low K+ diet was observed in mice harboring a Cl--insensitive WNK4 (L319F), suggesting 
that in addition to Cl- sensing by WNK4, other mechanisms participate in NCC upregulation.  

Conclusion 

Our data suggests that multiple [Cl-]i-regulated mechanisms are responsible for NCC upregulation of 
by low [K+]e. 

 

 

 

 

 

 

 

 

 

 



SIGNIFICANCE STATEMENT  

Modulation of the NaCl cotransporter (NCC) activity by dietary K+ explain, at least in part, the inverse 
relationship between K+ ingestion and blood pressure levels. Here we describe that, in addition to 
the accepted mechanism mediating NCC activation by low extracellular [K+] ([K+]e), which involves 
relief of WNK4 kinase inhibition by Cl-, alternative mechanisms are at play. These may include 
modulation of WNK4 activity by phosphorylation of sites within its regulatory domains, and 
modulation of WNK4/KS-WNK1 degradation by the KLHL3-CUL3 E3 ubiquitin ligase, through 
phosphorylation of KLHL3’s substrate binding domain. Our data suggest that [K+]e-induced changes 
in [Cl-]i mediate activation of these alternative pathways, hinting that unidentified Cl- sensitive 
molecules may exist that are relevant for distal convoluted tubule physiology. 

 

  



INTRODUCTION  

Recent studies have shown an inverse correlation between K+ consumption and blood pressure 
levels in humans1,2. Lower K+ consumption has been linked to higher blood pressure1 and higher risk 
of cardiovascular events3. These effects are probably secondary to renal Na+ retention under low K+ 
intake, according with the central role of the kidneys for the long term regulation of blood pressure4. 
In mice, dietary K+ restriction causes a salt-sensitive increase in blood pressure5,6, that is not 
observed in mice deficient in the thiazide-sensitive Na+:Cl- cotransporter, NCC, suggesting that NCC 
play a role in this phenomenon6. 

NCC constitutes the major Na+ pathway in the apical membrane of the distal convoluted tubule 
(DCT). The DCT reabsorbs 5-10% of the filtered Na+, whereas no net K+ reabsorption or secretion 
occur within this segment7. Nevertheless, NCC activity influences renal K+ excretion by affecting the 
activity of the K+ secretory mechanisms that operate in the aldosterone-sensitive distal nephron 
(ASDN)8.  The role of NCC in maintaining K+ homeostasis is evidenced by the hypokalemia presented 
in Gitelman syndrome, caused by loss of function mutations in the gene encoding NCC (SLC12A3)9. 
On the other hand, Familial Hyperkalemic Hypertension (FHHt) is caused by mutations in genes that 
regulate NCC function, such as WNK1, WNK410, KLHL3, and CUL3 11,12. The FHHt phenotype is driven 
primarily by overactivation of NCC, which causes increased salt retention by the DCT and decreased 
K+ secretion by the ASDN 13,14. 

The activity of NCC is positively regulated by phosphorylation in several sites within its amino-
terminal domain15, by the STE20/SPS1-related Proline-Alanine-rich Kinase (SPAK) and the Oxidative 
Stress-Responsive 1 kinase (OSR1)16. Both kinases are substrates of the With-No-Lysine (K) (WNK) 
family of kinases17. While this family comprises four members, WNK4 is the major regulator of 
NCC18,19, and it is responsible for its activation by different stimuli20. 

NCC activity is highly sensitive to subtle changes in plasma K+ concentration21–23. Basolateral 
Kir4.1/Kir5.1 heterotetrameric K+ channels in the DCT, have been described as the “potassium 
sensor”, since small decreases in extracellular K+ concentration ([K+]e) promote K+ exit through these 
channels, and thus, hyperpolarization of the basolateral membrane, while increases in [K+]e cause 
depolarization 24,25. These changes in cell membrane potential affect the driving force for basolateral 
Cl- efflux, mainly through the ClC-Kb channels 26. Thus, lower [K+]e promotes hyperpolarization, 
increasing Cl- efflux, and reducing intracellular Cl- concentration ([Cl-]i). Interestingly, the activity of 
WNK4 has been shown to be highly sensitive to [Cl-]27,28, given that a Cl- ion can bind to the active 
site of the enzyme that stabilizes an inactive conformation, preventing autophosphorylation and 
activation 27,29. Thus, in the setting of low [K+]e, the reduction in [Cl-]i promotes Cl- dissociation and 
activation of the WNK4-SPAK/OSR1-NCC pathway.  

An additional mechanism for low [K+]e-mediated activation of the WNK4-SPAK/OSR1-NCC pathway 
has been proposed by Ishizawa et al. 30 that involves modulation of the activity of the CUL3-KLHL3 
E3 complex that regulates WNK4 ubiquitylation and degradation 31,32. Administration of a low K+ diet 
to mice promoted an increase in KLHL3 phosphorylation at a PKC-PKA consensus site (RRxS) located 
within the substrate binding domain of the protein. Previously, Shibata et al. had shown that 
phosphorylation of this site prevents KLHL3-targeted degradation of WNK4 in cultured cells33. 
Accordingly, Ishizawa et al. also observed higher renal WNK4 levels in mice maintained on low K+ 
diet.  



Finally, Cl- binding is not the only described mechanism for the regulation of WNK4 catalytic activity. 
Its activity can also be regulated by phosphorylation of sites located within the regulatory amino- 
and carboxy-terminal domains (Ser64 and Ser1196, here referred to as RRxS sites in allusion to the 
primary sequence that encompasses the phosphorylated residue)34. Phosphorylation of these sites 
in vitro and in cultured cells can be mediated by protein kinases A (PKA) and C (PKC). 
Phosphoablative mutations of these sites drastically reduce kinase activity even in the context of 
impaired Cl- binding, and phosphorylation of these sites is necessary to achieve maximal activation 
of the Cl--insensitive mutant (L319F)34.   

Given that WNK4 is necessary for NCC activation by low K+ intake23,35, and that phosphorylation of 
its RRxS motifs is essential for full kinase activation, the main goal of this study was to assess the 
importance of these sites for the modulation of NCC by K+. In addition, given the similarities that 
exist between the regulation of KLHL3 activity and WNK4 activity by phosphorylation at RRxS sites, 
we began to investigate whether the molecular mechanisms involved in the regulation of WNK4 by 
RRxS phosphorylation in response to low [K+]e play also a role in the regulation of KLHL3 by low [K+]e.  

 

RESULTS 

WNK4 phosphorylation at S64 and S1196 increases in kidneys of mice maintained on a low K+ 
diet.  

In kidneys of mice placed on a low K+ diet for 7 days, in addition to the expected increases in WNK4, 
NCC, and pNCC levels (Figure 1A-B), the radio of pS64 and pS1196/total WNK4 increased, suggesting 
that the increase in phosphorylation was not solely the consequence of increased protein 
expression.  

In the DCTs of mice on NKD very low or undetectable signal was observed with the WNK4, pWNK4-
S64, and pWNK4-S1196 antibodies by immunofluorescent staining (Figure 1C-H). In contrast, WNK 
bodies36 were observed in DCT cells of mice on LKD with all three antibodies. Thus, WNK bodies that 
are formed in DCT cells in response to LKD 36,37 contain phosphorylated WNK4 at RRxS sites. 

Low [K+]e and intracellular Cl- depletion promote WNK4 phosphorylation at S64 and S1196 in 
HEK293 cells. 

To test whether changes in [K+]e can directly modulate WNK4-RRxS phosphorylation we used WNK4-
transfected HEK293 cells. Phosphorylation at S64 and S1196 increased after incubation of cells on a 
low K+ medium (LKM),but did not decrease after incubation on a high K+ medium (Figure 2A-B). 
Terker et al. showed that incubation of these cells in LKM decreased [Cl-]i. Thus, tested whether the 
increase in WNK4-RRxS phosphorylation could be stimulated by a reduction in [Cl-]i. Incubation in 
hypotonic low Cl- (HLC) medium15,38 for two hours increased pWNK4-S64 and pWNK4-S1196 levels 
(Figure 2C-D). As an alternative maneuver to reduce [Cl-]i, we used N-ethylmaleimide (NEM). NEM 
is a known activator of K+:Cl- cotransporters (KCCs) and inhibitor of Na+-dependent Cl- cotransporters 
(N(K)CCs), 39 that is known to  reduce [Cl-]i 

40. Addition of NEM also stimulated an increase in pWNK4-
S1196 (Figure 2E-F). 



Reasoning that phosphorylation of S64 and S1196 could be stimulated, directly or indirectly, by 
increased WNK activity under low [Cl-]i, we tested whether the the specific WNK inhibitor WNK46341 
could prevent the stimulation of WNK4-RRxS phosphorylation by LKM . Surprisingly, WNK463 
increases S1196 phosphorylation, regardless of the [K+]e (Figure 2G-H). Like NEM, WNK463 
decreases endogenous SPAK activity, and thus, inhibits NKCC1 and increases KCC activity, leading to 
decreased [Cl-]i. Thus, three different maneuvers that reduce [Cl-]i, increased pWNK4-RRXS levels, 
suggesting that WNK4-RRXS phosphorylation increases in response to [Cl-]i depletion. It is thus likely 
that the known LKM-induced [Cl-]i depletion6 was responsible for increased WNK4-RRXS 
phosphorylation under this condition.    

Changes in extracellular [K+] directly modulate levels of WNK4 S64 and S1196 in kidney  

WNK4-S64 and S1196 phosphorylation was directly modulated by [K+]e in the kidney slices ex vivo 
system42,43. Higher pWNK4-S64 (Figure 3A-B) and pWNK4-S1196 levels (Figure 3C-D) were observed 
in freshly prepared kidney slices incubated in a low [K+] solution than in those on a normal [K+] 
solution. Higher pNCC levels were also observed as previously reported42. No significant differences 
in total WNK4 or NCC levels were observed.  

Kir5.1-/- mice present higher levels of NCC expression, phosphorylation, and activity44. Their DCT cells 
have higher basolateral K+ conductance and a more negative membrane potential, which are 
expected to affect [Cl-]i. These parameters, as well as the high pNCC levels are not normalized by 
high K+ diet, which does normalize plasma [K+]. Thus, we investigated pWNK4-RRxS levels in these 
mice. As shown in Figure 3E-F, renal levels of WNK4 were slightly higher, although not significantly 
different in Kir5.1-/- mice. However, the pWNK4-S1196/WNK4 ratio was significantly higher. Thus, 
membrane potential variations in DCT cells that are expected to reduce the [Cl-]i can lead to 
increases in pWNK4-S1196 levels.  

Changes in [Cl-]i can modulate KLHL3-CUL3 E3 activity and therefore WNK4 and KS-WNK1 levels 

Mice maintained on a LKD have higher phosphorylation levels of KLHL3 at the S433 site of the 
substrate binding domain30 that prevents interaction with WNK4 and decreases KLHL3-targeted 
degradation33. Accordingly, these mice display higher renal WNK4 levels than mice maintained on 
NKD. Given that the KLHL3-S433 site is similar to the WNK-RRxS sites 30,33,34,45, we decided to 
investigate whether KLHL3-targeted degradation of WNK kinases is modulated by [Cl-]i. In the 
absence of KLHL3, WNK4 levels did not vary among cells incubated in NKM or LKM. However, in 
KLHL3 transfected-cells, WNK4 levels were ~2-fold higher in LKM-incubated cells (Figure 4A-B). HLC 
medium, known to induce [Cl-]i depletion, produced a 42 % increase in WNK4 levels, in the absence 
of exogenous KLHL3, and a 986 % increase in KLHL3-overexpressing cells (Figure 4C-D). Thus, KLHL3-
targeted degradation of WNK4 was clearly modulated in response to changes in [Cl-]i in this cell 
model.  

Thomson et al. have recently shown that WNK4-/- mice have large WNK bodies in the DCT that are 
still observed when plasma [K+] levels are corrected by a high K+ diet. We reasoned that WNK4-/- 
mice may have higher levels of KS-WNK1 protein that are driving the formation of WNK bodies given 
that the formation of these structures is dependent on the presence of this protein36. As shown in 
Figure 4E, this was indeed the case. Because KS-WNK1 is very sensitive to KLHL3-targeted 
degradation46,47 and expression  of KS-WNK1 and KLHL3 is restricted to the DCT12,48,49, the level of 



KS-WNK1 expression is good indicator of KLHL3-CUL3 E3 activity. We thus hypothesized that low [Cl-

]i in the DCTs of WNK4-/- mice may be responsible for the high KS-WNK1 levels. to investigate this 
hypothesis, we administered thiazides to mice, reasoning that this would lower [Cl-]i of DCT cells as 
NCC is the mayor pathway for Cl- entry. Supporting this, a mathematical model of the DCT predicts 
that blockade of 99 % of NCC function would lead to a change in [Cl-]i from 18.5 mM at baseline 
conditions to 12.1 mM (A. Weinstein personal communication: unpublished from the calculations 
in Weinstein, 201850). After a 12-hour treatment period, plasma [K+] was similar among thiazide-
treated and vehicle treated mice, but higher pNCC levels (likely due to intracellular Cl- depletion) 
were observed in the hydrochlorothiazide group. Moreover, slightly increased KS-WNK1 levels were 
observed by Western blot (Figure 4F) and WNK bodies were detected with the panWNK1 and WNK4 
antibodies (Figure 4G-H). 

WNK4L319F/L319F mice can still upregulate NCC phosphorylation in response to low K+ diet, 
suggesting that alternative pathways participate in this modulation. 

The L319F mutation that affects the Cl- binding site of WNK4 (L322F in human WNK4) has been 
shown to promote constitutive activation of the kinase due to inability to bind Cl-34,51. We generated 
a mouse model carrying the WNK4-L319F mutation to assess the physiological consequences of such 
mutation, as well as the ability of these mice to respond to dietary K+ restriction (Supplemental 
Figure 1). WNK4L319F/L319F (in C57Bl/6 background) mice presented higher NCC and pNCC levels 
(Figure 5). Although no significant electrolytic alterations were observed, there was a tendency 
towards higher plasma [K+] in the knockin mice (Table 1). Of note, when evaluated in a different 
genetic background (mixed B6-129/SV) higher pNCC, pSPAK/OSR1, and plasma [K+] levels were 
observed (Supplemental Figure 2). Interestingly, upregulation of pNCC, NCC, and pSPAK in response 
to LKD was observed in both wild type and WNK4L319F/L319F mice, suggesting that the relief of WNK4 
inhibition by Cl- is not the only mechanism behind NCC activation in response to reductions in [K+]e 

(Figure 6B, C, F). We propose that modulation of WNK4 activity by phosphorylation of RRxS sites 
and modulation of WNKs protein levels by KLHL3 may be part of such mechanisms. Supporting this, 
in both wild type and WNK4L319F/L319F mice, WNK4 and KS-WNK1 protein levels, as well as WNK4 
phosphorylation levels at S64 and S1196 increased with LKD (Figure 6D and E). 

Protein kinase C activity may be involved in WNK4-S64 and -S1196 phosphorylation in response 
to intracellular Cl- depletion 

Given that WNK4-RRxS sites can be phosphorylated by PKC and PKA in in vitro kinase assays, we 
tested whether these kinases are involved in the phosphorylation of S64 and S1196 in response to 
[Cl-]i depletion. Pre-incubation of WNK4-transfected HEK293 cells with the PKC inhibitor 
Bisindolylmaleimide I (BIM) partially prevented the increase in phosphorylation of S64 and S1196 
that occurs upon incubation with HLC medium (Figure 7A, B) and a ~40 % increase in endogenous 
PKC activity was observed in cells incubated in HLC (Figure 7C). No difference was observed in 
intracellular cAMP levels (Figure 7C), arguing against the role of the cAMP-regulated PKA in WNK4 
phosphorylation under the tested conditions.  

Proteomic and transcriptomic studies suggests that PKC delta is the more abundant PKC isoform in 
the DCTs of mouse and rat49,52. Reported levels for other PKC isoforms are low, suggesting that these 
isoforms may not be present. However, a report by Sterling et al. showed that renal levels of PKC 
epsilon are greatly increased in mice on LKD53. Thus, expression of this isoform may be induced in 



the DCT under this condition. Here, we observed a higher expression of both PKCd and PKCe on mice 
on LKD (Figure 7D-E). However, the increase in PKCe expression was much lower than the previously 
reported. Unfortunately, we were unable to detect specific signal in immunofluorescent-labeled 
kidneys. Future experiments will be necessary to confirm protein expression of these isoforms in 
the DCT. We also tested the ability of PKCd to promote the phosphorylation of WNK4-S64 and S1196 
sites in HEK293 cells. A robust increase in phosphorylation levels was observed in cells with 
exogenous expression of PKCd (Figure 7F-G).  

 

DISCUSSION 

In the present work we show that decreased [K+]e promotes WNK4 phosphorylation at S64 and 
S1196 and modulates KLHL3 activity, and therefore, WNK430 and KS-WNK147 abundance. In addition, 
our data suggest that low [K+]e-induced reductions in DCT [Cl-]i mediate these effects. We thus 
propose that modulation of WNK4 activity by direct Cl- binding is not the sole mechanism for 
WNK4/NCC regulation in response to low [K+]e and that stimulation of WNK4 activity due to 
increased WNK4 and KS-WNK1 abundance, as well as increased WNK4-RRxS phosphorylation are 
also relevant. These conclusions are supported by the following observations. 

First, an increase was observed in phosphorylation levels of WNK4 at the S64 and S1196 sites in 
mice maintained on a LKD, and this effect occurred in response to direct sensing of [K+]e by DCT cells 
since it was also observed in kidney slices and WNK4-transfected HEK293 cells incubated in a LKM. 
Additionally, in HEK293 cells, three different maneuvers that promote [Cl-]i depletion stimulated the 
phosphorylation of WNK4 S64 and S1196. Thus, the [Cl-]i depletion that occurs in response to 
incubation in LKM in these cells6 probably mediated the increases observed in WNK4 S64 and S1196 
phosphorylation under this condition as well. Supporting that DCT [Cl-]i depletion may be behind the 
increased WNK4-RRxS phosphorylation observed in mice on LKD, increased levels of pWNK4-S1196 
were observed in Kir5.1 knockout mice that have been shown to have higher DCT basolateral K+ 
conductance and hyperpolarized membranes that are expected to result in reductions in [Cl-]i 44. 

Experiments performed in HEK293 cells suggested that [Cl-]i depletion also mediates the regulation 
of  KLHL3-CUL3 E3 activity towards WNKs that promote changes in WNK4 and KS-WNK1 in mice on 
LKD30,47. According to Ishizawa et al. phosphorylation of the substrate binding domain of KLHL3, that 
prevents WNK binding, increases in HEK293 cells incubated in LKM and in mice maintained on LKD 
30. As discussed above, KS-WNK1 protein levels in the kidney are a good indicator of the activity level 
of the KLHL3-CUL3 E3 complex12,48,49,46,47. We observed that WNK4 knockout mice and mice acutely 
treated with thiazides had higher levels of KS-WNK1 and this increase may have been due to the 
inhibition of KLHL3-CUL3 E3 activity that occurs in response to the reduction in DCT [Cl-]i expected 
as a result of the low NCC activity.  

The high KS-WNK1 levels observed in WNK4 knockout mice that also present large WNK bodies in 
their DCT adds up to the existing evidence suggesting that the induction of KS-WNK1 expression 
promotes the formation of these structures. This evidence includes the observation that in other 
models, like mice on LKD and KLHL3-R528H knockin mice, high KS-WNK1 protein levels correlate 
with the observation of WNK bodies 36,37,47. Moreover, absence of WNK bodies in KS-WNK1 knockout 



mice on LKD suggest that this protein plays a key scaffolding role within these structures 36. Thus, 
observation of WNK bodies may serve as a surrogate for detection of KS-WNK1 induction.  

WNK4’s inhibition by direct Cl- binding is the currently accepted mechanism by which NCC 
phosphorylation is regulated in response to changes in [K+]e.. Direct evidence supporting this 
mechanism came with the generation of WNK4-L319F,L321F mice, which present an FHHt-like 
phenotype, with the inability to upregulate NCC by low K+ intake55. Several differences exist between 
these mice and the WNK4-L319F presented in this work (Figure 5, Table 1), as our mice did not 
display for example elevated plasma [K+] or [Cl-]. This might be due to differences in diet composition 
or genetic background, as suggested by our observation that the WNK4-L319F mutation in a mixed 
B6-129/Sv background did result in mild hyperkalemia. . The contribution of L321F is probably 
negligible, as it has been shown that mutation of this site’s equivalent in WNK1 does not alter 
kinase’s activity29, and WNK4-L319F and WNK4-L319F/L321F have similar effects in X. laevis 
oocytes27. 

The fact that we observed pNCC upregulation by LKD in WNK4-L319F mice (Figure 6) could be 
related to the magnitude of the fall in plasma [K+], which can in turn be due to the duration of the 
dietary regime (4 days vs. 7 days). In the report by Chen et al., WNK4-L319F,L321F mice still 
displayed higher plasma [K+] when compared to WT mice when kept on LKD. Anyhow, our 
experiments do not discard that direct binding of Cl- to WNK4 is one of the key mechanisms involved 
in NCC regulation by K+, but support the idea that additional mechanisms, like the ones described 
above are also physiologically relevant. The relevance of each of these mechanisms may depend on 
the temporal length of the physiological challenge.  

As for the kinase responsible for WNK4 phosphorylation at RRxS sites by low [Cl-]i, we present in 
vitro evidence suggesting that a PKC isoform might be involved (Figures 7A and 7C), while PKA 
activation seems unlikely since cAMP levels are not altered (Figure 7D). We show that PKCδ and 
PKCε abundance is increased by LKD in total kidney samples, but further research will be necessary 
to test if these proteins are indeed involved in the modulation of the WNK4-NCC pathway in the 
DCT. 

In summary, this work shows that multiple redundant mechanisms are involved in the activation of 
WNK4-NCC pathway in the DCT elicited by low [K+]e. Moreover, these pathways seem to be 
modulated by [Cl-]i, which plays a central role in the ion-sensitive signaling of DCT cells (Figure 8). It 
is noteworthy that, our data suggest that yet undescribed Cl- sensitive molecules exist that 
participate in this physiological phenomenon. 

 

METHODS 

Mice studies 

Animal studies were approved by the animal care and use committee of our institution. Male wild 
type mice or WNK4-L319F mice (C57BL/6 genetic background), 12–16 week-old, were used. Only for 
the indicated experiment, mice on mixed B6-129/Sv background were used. Low K+ diet (LKD, 0% 
K+) was obtained from Research Diets, Inc. (New Brunswick, NJ), and normal K+ diet (NKD) was 
prepared by adding KCl to achieve a final concentration of 1.2 % of K+. In all experiments involving 



LKD, mice were given these modified diets for 7 days before being sacrificed. Blood samples were 
obtained through cardiac puncture under isoflurane anesthesia. Kidneys were snap frozen in liquid 
N2 and then lysed with a buffer containing:  250 mM sucrose, 10 mM triethanolamine, 50 mM 
sodium fluoride, 5 mM sodium pyrophosphate, 1 mM sodium orthovanadate, and protease 
inhibitors (Complete tablets (Roche Applied Science), 10 mM 1,10-phenanthroline and 1 µg/mL 
pepstatin). Plasma electrolyte concentration was measured by iSTAT by loading whole blood into a 
EG6+ cartridge (Abbott). WNK4-/-18, Kir5.1-/-44 mice have been previously described. 

Generation of WNK4-L319F mice 

A mouse bearing the Leu319Phe mutation in the Wnk4 gene was generated using CRISPR/Cas9. To 
increase the DNA break efficiency, two overlapping guide RNAs located within exon 3 of the Wnk4 
gene were used. Each guide RNA, consisted of a 20-base DNA stretch (GCTTGAGCGTGGCCAGTCCG 
and AAAGGAGGCGCGCTTGAGCG, boxed in Supplemental Figure 1A) directly preceding NGG as 
proto-spacer adjacent motifs. Each guide RNA was selected based on high cutting prediction and 
relatively low possibility of off target event. Cas9 was targeted to within the Gly320 and Leu324 
codons. A single strand DNA oligonucleotide consisting of a 12 base repair core fragment and 71-
base 5’ and 109-base 3’ flanking homology arms was used for repair. As shown in Supplemental 
Figure 1B, mutations were introduced to substitute Leu319 with a Phe residue. Additional silent 
mutations were introduced to protect the repaired DNA from sgRNA-mediated cas9 retargeting, 
and to introduce a unique NheI restriction site for genotyping purposes. The two guide RNAs, repair 
DNA, and recombinant Cas9 were then mixed and injected in 289 mouse embryos isolated from 
pregnant B6:D2 females. The injection was followed by the transfers of embryos in pseudo-pregnant 
females, resulting in the birth of 29 pups. Out of 29 pups genotyped, 9 pups were wild-types, 14 
pups had non-homologous end joining (NHEJ) mutations, and 6 pups carried the desired mutation 
in one allele and NHEJs in the other allele. After separating the correct allele from the undesired 
allele by breeding and genotyping, two separate lines (#5 and #12) were established and 
backcrossed to C57BL6/J mice for 5 generations to eliminate possible off target events. Homozygote 
animals were then generated and line #5 was expanded and studied. 

Western Blot 

Protein concentration of tissue or cell lysates was determined by the BCA protein assay (Pierce). 
Laemmli buffer was added to protein extracts, and they were heated to 95°C for 5 minutes. Samples 
were then subjected to SDS-PAGE and transferred to polyvinylidene difluoride (PVDF) membranes. 
Membranes were blocked for 1 h in 10% (w/v) non-fat milk dissolved in TBS- 0.1%Tween 20 (TBST). 
Antibodies were diluted in TBST containing 5% (w/v) non-fat milk. Membranes were incubated with 
primary antibodies overnight at 4°C and with HRP-coupled secondary antibodies at RT for 1 h. 
Signals were detected with enhanced chemiluminescence reagent. Immunoblots were developed 
using radiographic film. 

Antibodies 

Information of the antibodies used in this study is provided in supplementary table 1. 

Immunofluorescence 

Mice were anesthetized with isoflurane and perfused with 20 mL of PBS and then with 20 mL of 4 % 
(w/v) paraformaldehyde (PFA) in PBS. Kidneys were harvested and incubated for 3 hours in 4 % PFA, 
then switched to 30 % (w/v) sucrose in PBS and incubated overnight at 4°C. Tissues were then 
mounted in OCT (Tissue-Tek) and 5 µm sections were cut and stored at -80°C until use. For 



immunostaining, sections were washed three times with TBST. Blocking was performed with 10 % 
(w/v) BSA diluted in TBST for 30 minutes at room temperature, before sequential incubation with 
primary and secondary antibodies. Antibodies were diluted in in TBST with 5% (w/v) BSA. Imaging 
was performed using a LSM710-DUO confocal microscope (Carl Zeiss, Jena, Germany). 
Representative images are shown. 

Cells 

HEK293 cells (ATCC® CRL-1573) were transiently transfected with mWNK4-HA34, hKLHL3-FLAG33, or 
PKCδ-HA (gift from Dr. Bernard Weinstein (Addgene #16386; http://n2t.net/addgene:16386; 
RRID:Addgene_16386))56. Cells were grown to 70–80 % confluence and transfected with 
Lipofectamine 2000 (Life Technologies, Inc.). Forty-eight hours after transfection, cells were lysed 
with a lysis buffer containing 50 mM Tris-HCl (pH 7.5), 1 mM EGTA, 1 mM EDTA, 50 mM sodium 
fluoride, 5 mM sodium pyrophosphate, 1 mM sodium orthovanadate, 1% (w/v) IGEPAL CA-630, 270 
mM sucrose, 0.1% (v/v) 2-mercaptoethanol, and protease inhibitors (Complete tablets (Roche 
Applied Science), 10mM 1,10-phenanthroline and 1µg/mL pepstatin). 

Modified media and small molecules used in HEK293 cells 

Cells were incubated with different media for 16 hours before cell lysis to assess the effect of 
extracellular K+ concentration. The media used were the following: Low K+ media (LKM): (135 mM 
NaCl, 1 mM KCl, 0.5 mM CaCl2, 0.5 mM MgCl2, 0.5 mM Na2HPO4, 0.5 mM Na2SO4, 15 mM HEPES, 
27.75 mM glucose, 18 mM sucrose, pH 7.4); normal K+ media (NKM): (same as LKM except 5 mM 
KCl and 10mM sucrose to adjust osmolarity), or high K+ media (HKM): (same as LKM except 10 mM 
KCl and no sucrose). Additionally, the effect of intracellular Cl- depletion was assessed by incubating 
cells for 2 hours with a hypotonic low Cl- media with normal K+ (HLC): (67.5 mM Na-gluconate, 5 mM 
K-gluconate, 0.5 mM CaCl2, 0.5 mM MgCl2, 0.5 mM Na2HPO4, 0.5 mM Na2SO4, 7.5 mM HEPES, 27.75 
mM glucose, pH 7.4; modified from Vitari et al.17). In the indicated experiments, cells were 
preincubated with WNK463 (10µM, gift from Dario Alessi) or BIM (4µM, Cell Signaling Technology) 
for 15 minutes before and during the maneuver (incubation in media with different K+ content or 
HLC). Stimulation with NEM (100µM, Sigma) was performed for 30 minutes before cell lysis. 

Ex vivo kidney slices 

12–16-week-old male C57BL/6 mice were anesthetized with isoflurane and then perfused with 20 
mL of a modified Ringer media with high K+ (93.5 mM NaCl; 25 mM NaHCO3; 10 mM KCl; 1mM 
NaH2PO4; 2.5 mM CaCl2; 1.8 mM MgCl2; 25 mM glucose). Kidneys were collected and placed in the 
same solution. Then, 250 μm slices were cut using a vibratome (PELCO easiSlicer™). Slices were 
incubated at 30.5°C for 30 minutes in the same solution and then switched for another 60 minutes 
to control Ringer media (98.5 mM NaCl; 25 mM NaHCO3; 5 mM KCl; 1mM NaH2PO4; 2.5 mM CaCl2; 
1.8 mM MgCl2; 25 mM glucose) or to low K+ Ringer media (the same as control except for 102.5 mM 
NaCl and 1 mM KCl). At the end of the experiment, slices were frozen with liquid N2 and later 
homogenized as described above for whole mouse kidneys. 

PKC activity assay 

WNK4-transfected HEK293 cells lysates were used with the PKC Kinase Activity Assay Kit (ab139437), 
following manufacturer’s instructions. 

cAMP measurement 



WNK4-transfected HEK293 cells were incubated with NKM or HLC for 2 hours (or DMSO or Forskolin 
(30µM, Cell Signaling) for 30 minutes as controls in the presence of 125 µM 3-isobutyl-1-
methylxanthine (IBMX) (Sigma). After this, cells were frozen at -70ºC for 24 hours. The content of 
each well was recovered and placed in new tubes that were heated at 95ºC for 3 minutes. cAMP 
quantification was analyzed by radioimmunoassay (RIA) using 2-O-monosuccinyl cAMP 
tyrosylmethyl ester cAMP (Sigma) marked with NaI125 by chloramine-T. cAMP standards and samples 
were previously acetylated and diluted in sodium acetate 5mM pH 4.75. The cAMP antibody used 
was Merck-Millipore Cat. 116820 at a final dilution of 1:3000. All samples were analyzed by duplicate 
and the sensibility of the assay was 4fmol/tube 57. 

Statistical analysis 

All values are expressed as mean ± SEM. For comparison between two groups, unpaired Student’s 
t-test (two-tailed) was used. For comparison between multiple groups, analysis of variance tests was 
performed, followed by Tukey post hoc tests. A difference between groups was considered 
significant when p<0.05. 
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FIGURE LEGENDS 

 

Figure 1. WNK4 phosphorylation at S64 and S1196 is stimulated by low K+ intake. (A) Representative 
immunoblots of total kidney proteins of mice maintained on normal K+ diet (NKD) or low K+ diet 
(LKD) for 7 days. Mean plasma [K+] values for each group are shown on top of the blots. B) Results 
of the densitometric analysis of the blots represented in A show that WNK4 phosphorylation levels 
at S64 and S1196 are higher in mice on LKD even after normalization to total WNK4 levels. Ratio 
values obtained for mice on NKD were normalized to 100%. Bars represent mean and error bars 
represent SEM. For statistical analysis, student t tests were performed. *p<0.01, **p<0.005, 
***p<0.001, ****p<0.0001, n= 6 per group. (C-H) Immunofluorescent labeling of kidney slices from 
mice maintained on NKD or LKD was performed to detect changes that occur within DCT cells 
(identified by NCC labeling). WNK bodies were detected in DCT cells of mice maintained in LKD with 
the pWNK4-S64 (C), pS1196 (E), and WNK4 (G) antibodies, but were not detected in kidney slices 
from mice in NKD with these same antibodies (D, F, H). 

Figure 2. Decreases in extracellular [K+] and intracellular [Cl-]i stimulate WNK4-RRxS phosphorylation 
in HEK293 cells. (A) Representative immunoblots of WNK4-transfected HEK293 cells incubated on 
media containing 1mM K+, 5mM K+, or 10mM K+ (LKM, NKM, or HKM, respectively). (B) 
Densitometric analysis of pWNK4-S64/WNK4 and pWNK4-S1196/WNK4 from at least 5 independent 
experiments show a statistically significant increase in S64 an S1196 WNK4 phosphorylation in cells 
incubated in LKM. Values for NKM group were normalized to 100 % and other groups were 
normalized accordingly. pSPAK levels were also altered as previously shown6. (C) Representative 
immunoblots of WNK4-transfected HEK293 cells incubated in NKM or hypotonic low Cl- medium 
(HLC). (D) Densitometric analysis of the blots represented in C. At least 6 independent experiments 
were performed. Increased pWNK4-S64/WNK4 and pWNK4-S1196/WNK4 levels were observed in 
cells incubated in HLC medium. (E) Immunoblots of cells stimulated with N-ethylmaleimide (NEM, 
100µM) for 30 minutes. (F) Results of quantitation, including data from at least 6 independent 
experiments. NEM stimulation decreases SPAK phosphorylation, as previously reported40, but 
increases WNK4-S1196 phosphorylation. (G) Immunoblots of cells incubated in LKM, NKM, or HKM 
in the absence or presence of WNK463 (10µM). (H) Results of quantitation, including data from at 
least 4 experiments. All data are mean ± SEM. *p < 0.05, **p <0.005, *** p<0.001, ****p <0.0005. 

Figure 3. WNK4 S64 and S1196 phosphorylation is directly modulated by [K+]e in the kidney. (A) 
Representative immunoblots showing the levels of pWNK4-S64, WNK4, pNCC, and NCC of kidney 
slices incubated in normal K+ (1 mM) and low K+ (5 mM) containing buffers. (B) Results of 
quantitation of pWNK4 and pNCC levels normalized to total protein levels. Ratio values for low K+ 
samples were normalized to those observed on normal K+ samples (100 %). (C) Same as in A, but 
pWNK4-S1196 levels were analyzed. (D) Results of quantitation of blots represented in (C). (F) 
Representative immunoblots of total kidney protein samples from Kir5.1+/+ and Kir5.1-/- mice. (G) 
Results of quantitation show statistically significant higher pWNK4-S1196/WNK4 levels in Kir5.1-/- 

mice. Data are mean ± SEM, *p <0.05, **p <0.005, *** p <0.001, ****p < 0.0001. 

Figure 4. KLHL3-targeted degradation of WNK kinases is modulated by [Cl-]i. (A) HEK293 cells were 
cotransfected with WNK4 plus empty vector or WNK4 plus KLHL3. After stimulation for 16 hours 
with the indicated media, cells were lysed and immunoblots were performed. (B) Results of 



quantitation of blots represented in (A) show that WNK4 levels are only modulated in response to 
changes in [K+]e when KLHL3 is overexpressed. Bar graphs represent WNK4/Actin values observed 
in LKM, normalized to those observed in NKM. (C) Same as in A, but cells were stimulated with NKM 
or HLC medium. (D) Densitometric analysis shows that the upregulation of WNK4 expression 
observed in response to stimulation with HLC medium, is significantly higher in the presence of 
KLHL3. (E) Immunoblot analysis of kidney proteins from WNK4-/- mice and wild type littermates. The 
panWNK1 antibody used was previously shown to recognize a band corresponding to KS-WNK1 at 
the indicated height (black arrow) in immunoblots47. (F) Representative immunoblots of kidney 
proteins from mice treated with vehicle or hydrochlorothiazide (60mg/kg body weight) for 12 hours. 
Mean plasma [K+] values  for each group are indicated above. (G-H) Immunofluorescent staining of 
kidney slices from thiazide-treated mice (same animals analyzed in F). Thiazide treatment induces 
the formation of WNK bodies (detected with the WNK1 and WNK4 antibodies) in DCT cells (NCC 
positive) (white arrows). Data are mean ± SEM. *p<0.05, **p<0.0001 

Figure 5. Analysis of NCC, pNCC and WNK4 abundance in the kidney from WT and WNK4L319F/L319F 
mice at baseline conditions. Representative immunoblots of NCC, pNCC (A) and WNK4 (B) 
performed with total kidney lysates of wild type and WNK4L319F/L319F mice. Quantitative analysis of 
pNCC/Actin (C), NCC/Actin (D) and WNK4/Coomassie (E) levels observed in immunoblots 
represented in A. Values observed in wild type mice were normalized to 100%. Data are mean ± 
SEM. *p<0.05, **p<0.005. 

Figure 6. Low [K+]e-induced upregulation of NCC is observed in WNK4L319F/L319F. (A) WNK4L319F/L319F 
mice were placed on a normal or K+ deficient diet for 7 days. No significant differences were 
observed in plasma [K+] among wild type and knockin mice maintained on normal K+ diet. In both 
genotypes, administration of a K+ deficient diet produced similar reductions in plasma [K+]. (B) 
Representative immunoblots performed with total kidney lysates of wild type and WNK4L319F/L319F 
mice on normal and K+ deficient diets. (C) Quantitative analysis of pNCC/actin and NCC/actin levels 
observed in immunoblots represented in B. Values observed in wild type mice on normal K+ diet 
were normalized to 100% and other groups were normalized accordingly. (D) Quantitative analysis 
of KS-WNK1/Coomassie and WNK4/actin levels. (E) Quantitative analysis of pWNK4-S64/actin and 
pWNK4-S1196/actin levels. (F) Quantitative analysis of pSPAK/actin levels. Data are mean ± SEM, *p 
< 0.05, **p < 0.01, *** p < 0.001, ****p < 0.0001 vs control. 

Figure 7. Possible role for PKC in [Cl-]i depletion-induced WNK4-S64 and S1196 phosphorylation. (A) 
Immunoblots showing that PKC inhibition with Bisindoylmaleimide I (BIM) prevents the stimulation 
of WNK4 phosphorylation at S64 and S1196 by [Cl-]I depletion in HEK293 cells. (B) Densitometric 
analysis of pWNK4-S64/WNK4 and pWNK4-S1196/WNK4 from at least 4 independent experiments. 
(C) Endogenous PKC activity levels determined by ELISA of HEK293 cells incubated in HLC, 
normalized to levels observed in NKM. Data form 3 independent experiments is included. (D) 
Intracellular [cAMP] levels assessed by RIA, of cells incubated on control or HLC medium. Forskolin-
stimulated cells were used as a positive control of a maneuver that is known to increase [cAMP] 
levels. Three independent experiments were performed. (D) PKCδ and PKCε levels, assessed by 
immunoblot, of kidneys of mice maintained on NKD or LKD for 7 days. (E) Results of quantitation of 
blots represented in D. n= 6 per group. (F) Representative immunoblots showing the effect of PKCδ 
expression on WNK4-S64 and S1196 phosphorylation in HEK293 cells. (G) Results of quantitation of 
blots represented in F. n=6 per group. All data are mean ± SEM, *p <0.05, **p <0.0001. 



Figure 8. Proposed model of the mechanisms that contribute to NCC’s activation during 
hypokalemia. With a decrease in plasma [K+], there is an increase in Cl- efflux in the basolateral 
membrane of the DCT. This leads to the activation of WNK4 by different mechanisms: a reduction 
in direct Cl- binding to WNK4 increases its transautophosphorylation at its T-loop. Moreover, the 
activation of a kinase that may belong to the PKC family, increases the phosphorylation of WNK4 at 
its RRxS motifs, also promoting the increase in catalytic activity. Finally, KLHL3 phosphorylation at 
its RRxS site decreases KLHL3-targeted degradation of WNKs, leading to increased abundance of 
WNK4 and KS-WNK1 in the DCT. 

 



Table 1. Plasma biochemistry of WNK4+/+ and WNK4L319F/L319F 
 
 WNK4+/+ WNK4L319F/L319F p value 
Body weight (g) 27.84 ± 0.57, n=11 

 
27.3 ± 1.13, n=8 
 

0.6524 
 

Plasma [Na+] 
(mmol/L) 

147.4 ± 0.38, n=13 146.8 ± 0.46, n=9 
 

0.3260 
 

Plasma [K+] 
(mmol/L) 

4.33 ± 0.08, n=13 
 

4.58 ± 0.11, n=9 
 

0.0738 
 

Plasma [Cl-] 
(mmol/L) 

120.8 ± 0.9, n=13 
 

121.1 ± 0.95, n=9 
 

0.8451 
 

Plasma [Mg2+] 
(mg/dL) 

1.743 ± 0.02, n=9 1.759 ± 0.06, n=8 0.7947 
 

Plasma [BUN] 
(mgl/dL) 

24.08 ± 0.66, n=12 
 

21 ± 0.85, n=9 
 

0.0088 
 

Plasma 
[Creatinine] 
(mg/dL) 

0.1082 ± 0.01, n=11 0.0775 ± 0.01, n=8 0.1435 
 

Hematocrit (%) 41.45 ± 0.43, n=11 41.75 ± 0.41, n=8 0.6395 
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FIGURE S1. Generation of WNK4-L319F and genotyping 
 

 
 
 

Figure S1. A) Schematic representation of CRISPR/Cas9 and its RNA guides (boxed) targeting 
exon 3 of Wnk4 as described in Methods. B) Repaired allele with substitution of Leu319 codon 
to Phe. Additional silent mutations introduced an NheI restriction site (boxed) for genotyping. 
C) Confirmation by Sanger sequencing of PCR products (Primers: 5’-
TCTCCCTAGATCAATAGCTCTG-3’ and 5’-AGAGGTGGTGGCAAGGATGG-3’) of WT, heterozygous, 
and homozygous WNK4-L319F mice. D) Genotyping was done by digesting PCR products with 
NheI and analyzing them in agarose gels. Undigested DNA (414 bp) corresponded to products 
amplified from WT allele, while products amplified from the L319F allele were cut into fragments 
of 266 bp and 148 bp. 
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FIGURE S2. Plasma [K+] and NCC analysis of WNK4-L319F mice in a mixed B6-129/Sv 
genetic background 
 

 

Figure S2. Heterozygous WNK4-L319F mice in a C57BL/6 background were crossed with 129/Sv 
mice for 2 generations, and then heterozygous WNK4-L319F mice in this mixed B6-129/Sv 
genetic background were crossed with each other to obtain WT and homozygous WNK4-L319F 
(KI) mice. KI mice presented higher plasma [K+] when compared to WT mice (A). Analysis of NCC, 
pNCC and pSPAK in kidney lysates by Western Blot (B). Quantitative analysis of pNCC/Coomassie 
(C), NCC/Coomassie (D) and pSPAK/Coomassie (E) levels observed in immunoblots represented 
in B. Values observed in wild type mice were normalized to 100%. Data are mean ± SEM. 
*p<0.05, **p<0.005. In these mice, we analyzed Ser91 phosphorylation of NCC, given that it has 
been reported that other NCC phosphoantibodies recognize NKCC2 unspecifically in 129/Sv 
mice(1). In contrast, NCC Ser91 is not conserved in NKCCs and has been shown to be positively 
regulated by SPAK (2). 

 

 

 

 



TABLE S1. Antibodies used for Western blot and immunofluorescent staining 

Antibody Concentration (Western Blot) Source Reference 
pWNK4-S64 1:100 (WB and IF) Lifton Lab (3) 
pWNK4-S1196 1:2000 (cell samples) (WB) Lifton Lab (3) 
pWNK4-S1196 1:1000 (kidney samples; WB 

and IF)  
Ellison Lab (4) 

WNK4 1:5000 (WB) 
1:1000 (IF) 

Ellison Lab (5) 

pNCC 3P 3 µg/ml (WB) S108B, MRC, Dundee (6) 
pNCC S91 3 µg/ml (WB) S996B, MRC, Dundee (2) 
NCC 1:5000 (WB) Ellison lab (4) 
NCC 1:100 (IF) S965B, MRC, Dundee (6) 
pSPAK S373 3 µg/ml (WB) S670B, MRC, Dundee (7) 
WNK1 1:3000 (WB) Bethyl A301-515A (8) 
PKCδ 1:2000 (WB) 610398 BD Transduction Lab (9) 
PKCε 1:2000 (WB) 610085 BD Transduction Lab (10) 

 
HRP coupled antibodies 
  

 Concentration Source 
Actin-HRP 1:10000 Santa Cruz 
HA-HRP 1:1000 Sigma 
FLAG-HRP 1:5000 Sigma 
Rabbit-HRP 1:15000 Jackson Immunoresearch 
Sheep-HRP 1:15000 Jackson Immunoresearch 
Mouse-HRP 1:2500 Jackson Immunoresearch 

 
Alexa coupled antibodies 
 

 Concentration Source 
Rabbit-Alexa 594 1:400 Thermo Scientific 
Sheep-Alexa 488 1:400 Thermo Scientific 
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8. DISCUSIÓN Y CONCLUSIONES 
 
La descripción de variantes cortas de la cinasa WNK4 puede ser de importancia para el 
entendimiento de los mecanismos finos de regulación de su vía de señalización. Es de 
llamar la atención que las variantes únicamente se encontraron en riñón, órgano en el 
cual la cinasa WNK4 juega un papel preponderante. A pesar de que WNK4 se expresa 
en distintos tejidos(114), es notable que las alteraciones fenotípicas de los ratones con 
ausencia(41), o ganancia de función de WNK4(44), son únicamente de origen renal.  
 
La estructura del gen de WNK4 ya ha sido descrita con anterioridad. Contiene 19 exones 
y 18 intrones, tanto en ratón como en humano(28). Ensayos experimentales sólo han 
sido capaces de detectar el mRNA que contiene los 19 exones. Esto ha sido corroborado 
en nuestro trabajo en donde se hizo un análisis de posibles isoformas no descritas 
basándonos en datos ya publicados de RNA-seq de riñón de ratón, en el cual no 
hallamos información suficiente que respaldara la existencia de transcritos alternativos. 
En un estudio reciente de RNA-seq de túbulos microdisecados de nefrona de ratón en 
donde se hizo un análisis profundo sobre splicing alternativo tampoco se encontró 
evidencia de transcritos alternativos del gen Wnk4(38). 
 
Posteriormente, encontramos que un corte proteolítico es capaz de generar estas 
variantes de WNK4 de menor tamaño. Previamente, se ha descrito que SPAK sufre una 
modificación similar(115), aunque hasta el momento no existe evidencia contundente 
sobre la identidad de la proteasa específica responsable de dicho corte(116). Si ambas 
cinasas WNK4 y SPAK son reguladas por proteasas similares en determinada 
condición, eso queda por determinarse y será un proyecto interesante en el futuro. 
 
Los experimentos en donde comparamos la movilidad electroforética de distintas 
proteínas truncas recombinantes de WNK4 contra las isoformas encontradas in vivo, 
sugieren que éstas carecen de sitio de unión a SPAK, por lo que probablemente serían 
una forma de inhibición de la vía WNK4/SPAK. La determinación de un segmento de 41 
residuos (del aminoácido 740 al 781 de WNK4 de ratón) como el probable sitio de corte 
apunta en la misma dirección.  
 
Otra vertiente interesante estudiada en este trabajo, es la confirmación de un sitio de 
unión a la proteína fosfatasa 1 (PP1) en los últimos residuos de WNK4. Mientras que la 
presencia de un sitio consenso ([RK]-X(0,1)-[VI]-{P}-[FW]) puede sugerir que cierta 
proteína puede entablar una interacción con PP1, se necesita evidencia experimental 
para validar dicha predicción. Esto porque esta secuencia consenso tiene una baja 
especificidad (pues ocurre aleatoriamente en un cuarto de todas las proteínas) a pesar 
de su alta sensibilidad(56). WNK4 tiene dos de estos sitios, el primero se ubica en el 
dominio PF2-like’ y el segundo en los últimos 12 residuos de WNK4. Al mutar uno u otro 
de estos sitios, observamos efectos diferentes, pues mutar el primero provoca la pérdida 
de función de la proteína, mientras que mutar el segundo promueve la fosforilación y 
activación de la cinasa WNK4. 
 
En cuanto al primer sitio consenso, esta evidencia sugiere que no se trata de un sitio de 
unión a PP1. En cambio, dichos residuos podrían ser importantes para el plegamiento 
y/o función del dominio PF2-like’(47). Además, este sitio se encuentra conservado en 
los distintos miembros de la familia, y ensayos de ‘pull-down’ de este sitio tanto de WNK1 
como de WNK4 no muestran interacción con la subunidad catalítica de PP1(56). Al 
encontrar y validar al segundo de estos sitios como sitio fidedigno de unión a PP1, este 
trabajo establece al dominio C-terminal como un segmento de regulación negativa de la 
actividad de la cinasa WNK4. Esto es congruente con observaciones previas en un 
modelo de ovocitos de X. laevis(117). 
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El análisis a detalle de los sitios o dominios con función reguladora ubicados en el 
dominio C-terminal de WNK4 ha despertado el interés de estudiar su contribución a la 
fisiología renal. Se han generado modelos transgénicos de ratones con codones de paro 
prematuros en posiciones estratégicas de WNK4 (Figura 11), con el fin de evaluar las 
propiedades del extremo C-terminal (como el sitio de unión a PP1) o el sitio de unión a 
SPAK. De especial interés éste último, pues se han descrito pacientes en la medicina 
veterinaria con mutaciones de tipo sin sentido que producirían una WNK4 trunca sin sitio 
de unión a SPAK. Estos gatos birmanos se presentan en la clínica con Parálisis 
hipokalémica periódica felina(118). Por lo tanto, será interesante observar si existe una 
relación causal entre estas mutaciones en WNK4 y el fenotipo de estos animales. 
 
 

 
Figura 11. Representación esquemática de la WNK4 modificada en modelos murinos 
próximos a estudiarse en el laboratorio y en colaboración con otros grupos. 
 
En cuanto a la segunda mitad del proyecto, demostramos que distintos mecanismos 
están involucrados en la activación de NCC en respuesta a hipokalemia. En primer lugar, 
encontramos que la fosforilación de WNK4 en la Ser64 y la Ser1196 aumenta en 
respuesta a menor [K+]e, en modelos in vivo, in vitro y ex vivo. En el caso del ratón, este 
proceso parece darse en el DCT, dado que los WNK bodies observados en estas células 
incluyen WNK4 fosforilada en estos dos residuos. Esto pudiera contribuir a la activación 
de la vía de señalización WNK4-SPAK/OSR1-NCC en estas condiciones. 
 
Dado que una disminución en la [K+]e promueve una reducción en [Cl-]i, estudiamos si 
la fosforilación de WNK4 en la Ser64 y Ser1196 también estaban reguladas de esta 
manera. Distintas maniobras cuyo efecto demostrado es la disminución de [Cl-]i 
promovieron el aumento de la fosforilación de WNK4 en estos sitios. De manera 
interesante, este efecto es independiente de las cinasas WNK mismas, dado que su 
inhibición farmacológica más bien aumenta la fosforilación de WNK4. Esto podría 
explicarse por el efecto del inhibidor WNK463 en la disrupción de la fosforilación de 
SPAK/OSR1, lo cual promovería la inhibición de la entrada de Cl- a la célula mediante 
NKCC1 y la activación de su salida a través los cotransportadores de K+/Cl-, KCCs(8, 
36). Esto sería un ejemplo de una interrupción de un asa de retroalimentación negativa 
que modula la fosforilación y actividad de WNK4. 
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La regulación de la actividad de KLHL3, y por lo tanto de la degradación de las WNKs, 
depende al menos en parte de la fosforilación de KLHL3 en la Ser433. Este residuo tiene 
un sitio consenso similar a la Ser64 y Ser1196 de WNK4 (motivos RRxS) y se ha 
demostrado que pueden fosforilarse por las mismas cinasas(53, 63, 119). Al igual que 
la fosforilación de WNK4, encontramos que la actividad de KLHL3 puede modularse por 
[Cl-]i, lo cual puede repercutir en la cantidad total de WNK4 y KS-WNK1. 
 
El estudio de los ratones WNK4-L319F nos permitió encontrar que existen mecanismos 
adicionales a la unión del Cl- a WNK4 para la regulación de NCC en hipokalemia. Sin 
embargo, es importante puntualizar algunas diferencias que encontramos con el estudio 
previo de un ratón con una WNK4 insensible a Cl-. En primer lugar, no observamos 
diferencias claras en los electrolitos plasmáticos entre ratones WNK4 WT y WNK4-
L319F, mientras que en el estudio por Chen y colaboradores se demostró que los 
ratones WNK4-L319F/L321F tienen mayores niveles de K+ y Cl- en plasma, comparados 
con ratones WT. Esto puede deberse a diferentes factores, como el fondo genético, la 
composición de la dieta o la recolección de muestras. Otra diferencia es que Chen et al. 
realizaron la mutación de dos sitios (L319F y L321F) en comparación con nuestro 
informe en el cual sólo se mutó la L319F. Sin embargo, estudios in vitro sugieren que la 
mutación L319F es suficiente para disminuir la afinidad por Cl- y aumentar 
considerablemente la actividad de las cinasas WNK1(57) y WNK4(58, 59). 
 
No es necesariamente sorprendente que los ratones WNK4-L319F no tengan un 
fenotipo evidente en comparación con los ratones WT. Estimaciones de la [Cl-]i en el 
DCT son bajas (alrededor de 7mM)(60), por lo que el efecto de ganancia de función de 
WNK4 puede ser más modesto en comparación a lo observado en modelos de 
sobreexpresión en cultivo celular. Además, existen mecanismos compensatorios que 
pudieran evitar un aumento considerable de la vía WNK4-NCC. Uno de ellos pudiera 
ser la acción de fosfatasas. Inhibidores de la calcineurina, como el tacrolimus, se han 
asociado a un aumento en la fosforilación de NCC(120), por lo que esta pudiera ser una 
buena estrategia para abordar esta pregunta. Asimismo, será interesante analizar en el 
futuro a más detalle el fenotipo de estos ratones, tanto en su respuesta de NCC ante 
distintos estímulos fisiológicos (como ingesta de K+, consumo de NaCl u hormonas) 
como en otros segmentos de la nefrona o en otros tejidos. 
 
Aunque encontramos que la inhibición farmacológica de PKC tiene un efecto sobre la 
fosforilación de WNK4 en células HEK293, la identidad de la cinasa responsable de los 
hallazgos in vivo aún es desconocida. Si bien en este trabajo proporcionamos una 
correlación con el aumento en la abundancia de PKCδ y PKCε en los riñones de ratones 
hipokalémicos, hacen falta experimentos que estudien una relación causal entre estas 
cinasas y WNK4.  
 
En conclusión, este trabajo muestra que múltiples y redundantes mecanismos están 
involucrados en la activación de la vía WNK4-NCC en el DCT por una disminución en 
[K+]e. Además, este proceso parece ser modulado por la [Cl-]i, la cual juega un papel 
central en la señalización sensible a iones en las células del DCT. Nuestra información 
sugiere la existencia de moléculas con sensibilidad a Cl- no descritas que participan en 
este fenómeno fisiológico. 
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10. APÉNDICE 
 
Además del artículo ya publicado en Journal of Biological Chemistry, y el 
manuscrito que está próximo a enviarse, durante mi doctorado tuve la 
oportunidad de publicar otros artículos de revisión sobre el tema y de colaborar 
como co-autor en distintos trabajos de la Unidad de Fisiología Molecular. Estos 
se presentan a continuación. 
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Abstract

It has been well documented that the amount of potassium in the diet is associated
with blood pressure levels in the population: the higher the potassium consumption,
the lower the blood pressure and the cardiovascular mortality. In the last few years cer-
tain mechanisms for potassium regulation of salt reabsorption in the kidney have been
elucidated at the molecular level. In this work we discuss the evidence demonstrating
the relationship between potassium intake and blood pressure levels in human
populations and in animal models, as well as the experimental data that reveal the
effects of potassium on transepithelial Na+ reabsorption in different nephron segments.
We also discuss the physiological relevance of K+-induced natriuresis, and finally, we
focus on the molecular mechanisms by which extracellular potassium modulates the
activity of the renal NaCl cotransporter, which is the mechanism that has been best dis-
sected so far.
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Abbreviations
ASDN aldosterone-sensitive distal nephron

BK Maxi-K channel

[Cl2]I intracellular chloride concentration

CCD cortical collecting duct

CNT connecting tubule

CUL3 Cullin 3

DCT distal convoluted tubule

ENaC epithelial Na+ channel

FHHt familial hyperkalemic hypertension

[K+]e extracellular potassium concentration

KIR inward rectifier K+ channel

KLHL3 kelch like family member 3

NCC Na+:Cl� cotransporter

NKCC Na+:K+:2Cl� cotransporter

OSR1 oxidative stress-responsive 1 protein

ROMK renal outer medullary K+ channel

SPAK Ste20/SPS1-related proline-alanine rich kinase

TAL thick ascending limb of Henle’s loop

WHO World Health Organization

WNK with no lysine (K) kinase

1. Evidences of the impact of dietary potassium
intake on blood pressure levels

Hypertension affects>1 billion people around the world and it is one

of the leading risk factors for cardiovascular disease and death (Mente et al.,

2014). Although it has been thoroughly documented that sodium intake

plays a determinant role in the pathogenesis of hypertension, potassium

content in the diet might be as important as sodium in the regulation of

blood pressure.

Compared to ancient diets, the current typical Western diet has a rela-

tively low potassium content (�54mmol or 2.1g/day) and a high sodium

content (�214mmol or 4.9g/day) (Mente et al., 2014). For example,

individuals from the Yanomamo tribe in South America have a diet rich

in potassium (�150mmol or 5.9g/day) (Oliver, Cohen, & Neel, 1975),

with a potassium content well above the one recommended by the World

Health Organization (WHO) in order to lower the risk of cardiovascular

disease (at least 90mmol or 3.5g/day) (WHO, 2012b). In contrast, sodium

intake of Yanomamo Indians averages (�1mmol or 0.023g/day), while

WHO recommends ingesting <86mmol or 2g/day (WHO, 2012a). It is
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possible that the lower prevalence of hypertension in these isolated commu-

nities is the result of the low Na+:K+ ratio in their diet, as it has been shown

that this parameter has a stronger correlation with blood pressure than

potassium or sodium intakes alone (Dahl, Leitl, & Heine, 1972; Khaw &

Barrett-Connor, 1988; Mente et al., 2014) (Fig. 1).

Several basic, clinical and epidemiological studies have highlighted the

inverse relationship between potassium consumption and blood pressure

levels. In 1928, Addison reported that potassium salts could alleviate elevated

blood pressure in hypertensive patients (Addison, 1928), and this finding was

confirmed by subsequent reports by different groups (Kempner, 1974;

Mcquarrie, Thompson, & Anderson, 1935; Meneely, Ball, & Youmans,

1957; Priddle, 1931). It has been shown that lowering potassium content

in the diet increases blood pressure levels in patients with primary hyperten-

sion (Krishna & Kapoor, 1991). Additionally, part of the hypotensive prop-

erties of the dietary approaches to stop hypertension (DASH) diet has been

attributed to the high content of potassium in such diet (Sacks et al., 2001).

Interestingly, potassium depletion may also be involved in the pathogenesis

of secondary hypertension caused bymineralocorticoid excess such as primary

aldosteronism, as suggested by a rat model where potassium supplementation

prevented the increase in blood pressure caused by deoxycorticosterone ace-

tate (DOCA)-salt treatment (Fujita & Sato, 1983). This might also be true in

Fig. 1 The ratio of Na+:K+ contained in diets from different cultures and its relationship
to blood pressure. Yanomamo Indians have a diet with an exceptionally low Na+:K+ ratio
and it is likely that the lowmean arterial pressure observed in those individuals is related
to this variable. On the other hand, individuals from civilized environments, such as the
ones included in the PURE cohort (Mente et al., 2014), have diets with very high Na+:K+

ratios, even higher than the maximum values recommended by the WHO, and it is pos-
sible that this is an important factor contributing to the high prevalence of hypertension
around the world.
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humans, as it has been shown that potassium supplementation (�42mmol or

3.1gK+/day) reduces sodium retention in healthy volunteers that were

administered fludrocortisone for 10days (Krishna & Kapoor, 1993).

More recent studies published in the New England Journal of Medicine,

where a large and heterogeneous cohort of >100,000 individuals was ana-

lyzed as part of the Prospective Urban Rural Epidemiology (PURE) study,

showed that potassium excretion (measured as a surrogate for potassium

intake) is negatively correlated with risk of major cardiovascular events

(O’Donnell et al., 2014) and it is possible that this effect is related to the fact

that, in this same cohort, higher potassium excretion is related to lower

blood pressure levels, independently to the effect of sodium intake

(Mente et al., 2014). A recent meta-analysis also showed a significant effect

of potassium supplementation on lowering systolic and diastolic blood pres-

sure, and it has been suggested that potassium could serve as an adjuvant anti-

hypertensive agent for patients with essential hypertension (Poorolajal

et al., 2017).

The kidney is one of the major organs responsible for both potassium

and blood pressure homeostasis. Ninety percent of the ingested K+ is

excreted in the urine, while the remaining 10% is excreted along with

the stool. Accordingly, renal failure is often associated with hyperkalemia

(Zacchia, Abategiovanni, Stratigis, & Capasso, 2016). The kidney also plays

a determinant role in the long-term regulation of blood pressure, and it has

been proposed that defective sodium handling by the kidney is a pathogenic

hallmark of hypertension (Guyton, 1991). Supporting this concept, all the

monogenic forms of hypertension described so far affect, directly or indi-

rectly, sodium reabsorption by the kidney (Lifton, Gharavi, Geller, &

Hughes, 2001). Additionally, normotensive kidney transplant recipients

whose donor had a familial history of hypertension have a higher probability

to develop hypertension later in life (Guidi et al., 1996; Guidi, Cozzi,

Minetti, & Bianchi, 1998), and it has been shown that angiotensin II requires

the presence of its receptor specifically in the kidney in order to cause hyper-

tension and cardiac hypertrophy (Crowley et al., 2006). The mechanisms

linking altered sodium handling by the kidney to hypertension and other

mechanisms explaining the “salt-sensitivity” of hypertension have been thor-

oughly reviewed elsewhere (Lifton et al., 2001; Salt, 2015, complete issue).

Recent evidence has shown that renal handling of sodium, and therefore

blood pressure, is directly affected by potassium intake. In this review, we

focus on classic micropuncture and microperfusion studies that shed light

on the effect of potassium on renal sodium handling by different nephron
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segments, and in more recent genetic and molecular studies that have

brought attention to the WNK4-SPAK-NCC signaling pathway in the dis-

tal convoluted tubule as an important player in the regulation of blood pres-

sure by potassium.

2. Natriuretic and diuretic effects of potassium; nephron
segments involved in the natriuretic effect of high
potassium intake

The diuretic effect of potassium salts is not new knowledge. In 1935,

Keith and Binger wrote: “For two centuries certain potassium salts have

been employed as diuretics in clinical medicine” (Keith & Binger, 1935).

They go on to cite the works of several physicians who administered potas-

sium salts in large doses that produced diuresis and satisfactory outcomes in

patients with edema. In their 1935 work, Keith and Binger analyzed the

diuretic effect in normal individuals and edematous patients of potassium

chloride, bicarbonate, nitrate, acetate, and citrate, and showed that all potas-

sium salts produced diuresis, with the greater effect produced by potassium

nitrate, followed by potassium chloride. A sudden decrease in water excre-

tion was reported after discontinuing administration of the salt (Keith &

Binger, 1935). The observed diuresis has been shown to be accompanied

by increased rates of sodium and chloride excretion (Kahn & Bohrer, 1967).

In animal models, administration of large amounts of potassium salts has

allowed to observe dramatic effects of potassium on diuresis. In these studies,

the administered high potassium diets usually contain 5–10 times the

amount of K+ contained in the “control” diets. With a diet containing five

times more K+, urinary volumes more than doubled (�2.5�) (Castaneda-

Bueno et al., 2014). With diets containing 10 times more K+, urinary vol-

umes observed were 4–6 times larger than those observed with the control

diets (Cheng, Truong, Baum, & Huang, 2012; O’Reilly et al., 2006). The

increase in urinary volume was paralleled by an increase in natriuresis

(Castaneda-Bueno et al., 2014; Cheng et al., 2012) and a negative Na+ bal-

ance ( Jung et al., 2011).

Despite these clear observations, the diuresis/natriuresis induced by high

potassium intake has generally been disregarded as one of the main mech-

anisms linking high potassium consumption with lower blood pressure

(Adrogu�e & Madias, 2007; He et al., 2010). Other mechanisms including

effects on vasculature, sympathetic nervous system, etc. have gained more
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attention. This is striking, given that diuretics are among the most common

drugs used for the treatment of hypertension.

In 1970, Vander showed that the direct intra-arterial infusion of KCl in

the right kidneys of dogs increased Na+ excretion by the right kidneys, but

not by the contralateral kidney (Vander, 1970). This demonstrated that the

natriuretic effect of potassium is due to direct renal actions of potassium.

Experiments performed during the micropuncture and microperfusion

era began to delineate the nephron segments in which high K+ intake exerts

this inhibitory action on Na+ reabsorption (Table 1). Free flow micropunc-

ture experiments showed inhibition of absolute rates of fluid reabsorption by

the proximal convoluted tubules in rats perfused intravenously with KCl

(Brandis et al., 1972). Microperfusion with 10mM KCl of peritubular cap-

illaries irrigating the micropunctured proximal convoluted tubules also

decreased fluid reabsorption, suggesting that the increase in K+ concentra-

tion in peritubular fluid was responsible for such inhibition. Kirchner et al.,

however, failed to observe an effect on proximal fluid or Cl� reabsorption in

micropunctured tubules of rats acutely infused with KNO3 (Kirchner,

1983). In rats on normal or high K+ diets, Wright et al. observed inhibition

of proximal tubule Na+ reabsorption after acute KCl infusion by free flow

micropuncture, although the segment they considered as “proximal tubule”

comprised proximal tubule and loop of Henle (Wright et al., 1971).

Several works also showed an inhibitory effect of K+ on Na+ and Cl�

reabsorption in the loop of Henle. For example, increasing K+ concentra-

tion in the peritubular or luminal fluid of in vitro microperfused medullary

thick ascending limbs of mice or rabbits decreasedNa+ and Cl� reabsorption

(Stokes et al., 1982). In vivo, micropuncture of proximal and distal rat neph-

rons showed that acute K+ infusion inhibited reabsorption of Cl� in the loop

of Henle (Kirchner, 1983). In rats maintained on a high K+ diet for

10–14days, a decrease in the Na+ reabsorption rate of the loop of Henle

was measured by in vivo microperfusion (Unwin et al., 1994). More

recently, Cheng et al. performed in vitro microperfusion and detected

decreased levels of Na+ reabsorption in cortical thick ascending limbs of

mice that were maintained on high K+ diet when compared to tubules of

mice maintained on normal diet (Cheng et al., 2012). A decrease in furose-

mide sensitive Na+ excretion in mice on high K+ diet has also been reported

(Wang et al., 2017).

The increased diuresis on high K+ diets is not only secondary to the

increase in Na+ and Cl� excretion, as experiments show that an increase

in free water excretion occurs (Cheng et al., 2012; Kahn & Bohrer, 1967).
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ARTICLE IN PRESS



Table 1 Nephron segments in which a decrease in Na+, Cl�, or fluid reabsorption has been observed in response to a K+ challenge.

Authors (year)
Nephron segments
studied Employed methodology K+ challenge Effect observed

Brandis, Keyes, and

Windhager (1972)

Proximal convoluted

tubule

Free flow

micropuncture, rats

Intravenous perfusion of

KCl

# fluid reabsorption

Brandis et al. (1972) Proximal convoluted

tubule

Free flow

micropuncture, rats

Microperfusion with

10mM KCl of

peritubular capillaries

irrigating the tubules

# fluid reabsorption

Kirchner (1983) Proximal tubule

(superficial nephrons)

Micropuncture, rats Intravenous acute

infusion of KNO3

No change in fluid of

Cl� reabsorption

Kirchner (1983) Loop of Henle

(superficial nephrons)

Micropuncture, rats Intravenous acute

infusion of KNO3

# in Cl� reabsorption

Wright, Strieder,

Fowler, and Giebisch

(1971)

Proximal tubule and

loop of Henle

Free flow

micropuncture, rats

Acute infusion of KCl in

rats maintained on

normal or high K+ diets

# in Na+ reabsorption

Stokes, Lee, and

Williams (1982)

Medullary thick

ascending limb of

Henle’s loop

In vitro microperfusion,

mice or rabbits

Increasing K+

concentration n

peritubular or luminal

fluid

# in Na+ and Cl�

reabsorption

Unwin, Capasso, and

Giebisch (1994)

Loop of Henle

(superficial nephrons)

In vivo microperfusion,

rats

High K+ diet for

10–14days
# in Na+ reabsorption

Cheng et al. (2012) Cortical thick ascending

limbs of Henle’s loop

In vitro microperfusion,

mice

High K+ diet for 2weeks # in Na+ reabsorption

Continued
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Table 1 Nephron segments in which a decrease in Na+, Cl�, or fluid reabsorption has been observed in response to a K+ challenge.—cont’d

Authors (year)
Nephron segments
studied Employed methodology K+ challenge Effect observed

Wang, Wen, Li, Wang-

france, and Sansom

(2017)

Thick ascending limb of

Henle’s loop

Measurement of

furosemide-sensitive Na

+excretion, mice

High K+ diet for

4–7days
# in furosemide-sensitive

Na+ reabsorption

Vallon, Schroth, Lang,

Kuhl, and Uchida (2009)

Distal convoluted tubule Measurement of NCC

phosphorylation

(Western blot), mice

Low or high K+ diets for

7days

# in NCC

phosphorylation with

increased dietary K+

Frindt and Palmer (2010) Distal convoluted tubule Measurement of NCC

abundance in apical

membrane (Western

blot), rats

Low or high K+ diets for

6–8days
# in NCC surface

expression with

increased dietary K+

Castaneda-Bueno et al.

(2014)

Distal convoluted tubule Measurement of NCC

phosphorylation

(Western blot), mice

High KCl diets for 4days

High K-citrate diet for

4days

# in NCC phosphor.

With high KCl diet

" in NCC phosphor.

With high K-citrate diet

Sorensen et al. (2013) Distal convoluted tubule Measurement of NCC

phosphorylation

(Western blot), mice

Oral gavage with 2% K+

(acute effect)

# in NCC

phosphorylation (15min

after gavage)
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Rengarajan et al. (2014) Distal convoluted tubule Measurement of NCC

phosphorylation

(Western blot), rats

Intravenous KCl

infusion

# in NCC

phosphorylation

Terker, Zhang,

Erspamer, et al. (2015);

Terker, Zhang,

McCormick, et al.

(2015)

Distal convoluted tubule Measurement of NCC

phosphorylation

(Western blot), mice

Amiloride admin. For

5–7days (to increase

plasma K+)

# in NCC expression

and phosphorylation

Terker et al. (2016) Distal convoluted tubule Measurement of NCC

phosphorylation

(Western blot), mice

Inducible, nephron

specific MR-knockout

mice (that develop

hyperkalemia when

treated with

doxycycline)

# in NCC expression

and phosphorylation

Jung et al. (2011) Various segments Measurement of

transporter expression

(Western blot)

High K+ diet for 1week

and 3weeks

# in NHE3, NBC1, and

NCC expression

Yang, Xu, et al. (2018) Various segments Measurement of

transporter expression

and phosphoryl.

(Western blot)

High K+ diet for 1week # in NHE3 and NCC

expression # in NKCC2

and NCC phosphoryl.

MR, mineralocorticoid receptor.
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In this regard, the decrease in NaCl reabsorption by the thick ascending limb

may contribute to a decrease in the urine concentrating ability of the kidney

and explain, at least in part, this observation.

Recent evidence shows that high K+ intakes and increases in plasma K+

concentration also inhibit Na+ and Cl� reabsorption in the distal convo-

luted tubule (DCT). Phosphorylation of the thiazide sensitive Na-Cl

cotransporter NCC, which is the major apical transporter involved in

Na+ and Cl� reabsorption in this nephron segment, is drastically decreased

by high K+ intake or elevations in plasma K+ (Sorensen et al., 2013; Vallon

et al., 2009). It has been well demonstrated that phosphorylation of NCC is a

good indicator of cotransporter activity, and thus, decreased phosphoryla-

tion levels of NCC are indicative of low Na+ and Cl� reabsorption levels

in the DCT.

Finally, in a recent mathematical model of the rat kidney by Weinstein

(2017), the effect on Na+ reabsorption in different nephron segments of

increasing peritubular K+ concentration from 5 to 5.5mM was analyzed.

It was predicted that a 2.3-fold increase in natriuresis would result. The

author concluded that, although Na+ reabsorption in the proximal convo-

luted tubule, ascending loop of Henle, and DCT were predicted to be

inhibited, the main contributor to natriuresis was be the inhibition of

proximal convoluted tubule reabsorption. The reason for this, according

to this model, is that the loop of Henle and the DCT respond to increases

in Na+ delivery with increased Na+ reabsorption.

3. Role of the kidney in potassium homeostasis

Given the steep K+ concentration gradient that is maintained between

the intracellular and extracellular compartments (120mM intracellular vs

3.5–5.5mM extracellular), which is crucial for a variety of cell functions,

the majority of K+ contained in the body is found within the cells, and only

a minor part is found in the extracellular fluid, i.e., approximately 63mmol

in a young adult male of 70kg with and extracellular fluid volume of �14L

(14L�4.5mmol/L). More K+ may be present in a meal than that contained

in the extracellular fluid. For instance, the average daily K+ intake observed

in the population of the PURE study was 2.1g (54mmol) (Mente et al.,

2014). Thus, the dietary intake of K+ could significantly modify the K+

concentration of the extracellular fluid if it were not for the existence of

mechanisms that buffer these increases by promoting the internalization
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of K+ to the cells. Simultaneously, mechanisms to increase renal K+ excre-

tion are activated in order to match K+ excretion to K+ intake and achieve

K+ balance.

No matter howmuch K+ is ingested in the diet, the kidneys filter approx-

imately 720mmol of K+ per day (180L�4mmol/L), of which 90% are

reabsorbed in the proximal tubule and thick ascending limb of Henle’s loop

(TAL) (Boulpaep & Boron, 2016). Therefore, the distal nephron, in partic-

ular the aldosterone-sensitive distal nephron (ASDN), which comprises

the late portion of the DCT, the connecting tubule (CNT), and the cortical

collecting duct (CCD), is the segment in charge of adjusting urinary excre-

tion to dietary intake in order to maintain K+ balance. When dietary intake

is normal to high, K+ is secreted in the distal nephron. Secreted K+ can reach

values of 20%–180% of the filtered K+ and urinary excretion levels can reach

to amounts of 10%–150% of the filtered K+ (because some of the secreted K+

is reabsorbed in the collecting duct). In contrast, when dietary intake is low,

net K+ reabsorption is observed in the distal nephron, and K+ excretion is

reduced to as much as 2% of the filtered amount.

Within the ASDN, the late portion of the DCT and the CNT are the

segments which appear to play a major role in the regulation of K+ balance

(Meneton, Loffing, & Warnock, 2004). Compared to the collecting duct,

the late DCT and CNT show a several-fold higher Na+:K+-ATPase activity

per millimeter of tubule length in different mammalian species (Katz,

Doucet, & Morel, 1979). In mice, apical accumulation of the K+ channel

ROMK, which participates in K+ secretion, is only observed in the late

DCT and CNT when mice are fed a moderately high K+ diet, while apical

ROMK accumulation is observed in the CCD only when K+ intake levels

are very high (Loffing-Cueni et al., 2003). The activity of the epithelial Na+

channel ENaC (which contributes to establishing the driving force for K+

secretion as explained below) is also several times larger in the late

DCT/CNT than in the CCD of rats treated with aldosterone or fed a high

K+ diet (Frindt & Palmer, 2004). Moreover, genetic mouse models deficient

in ENaC activity in the CCD do not display a salt-losing or K+ retaining

phenotype, even when placed on lowNa+ diet or high K+ diet, respectively

(Rubera et al., 2003), whereas mice lacking ENaC activity in the entire

ASDN (Boscardin et al., 2017, 2018; Perrier et al., 2016) or lacking ENaC

activity specifically in the CNT (Christensen et al., 2010) do present a Na+

wasting phenotype when on low Na+ diet which is accompanied with K+

retention. Thus, it has been proposed that the collecting duct makes an

important contribution to K+ secretion and for achieving K+ balance only

11Potassium’s role in blood pressure regulation
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when K+ intake levels are very high.With the low K+ intake levels observed

in modern societies’ diets it is thus likely that the majority of aldosterone-

regulated K+ secretion takes place in the late DCT and CNT (Meneton

et al., 2004).

The most relevant molecular players involved in the process of K+ secre-

tion in the distal nephron are the epithelial Na+ channel (ENaC) and the K+

channels renal outer medullary K+ channel (ROMK), and the Maxi-K

channel (BK).

ENaC expression in the nephron is found in the apical membrane of

the ASDN, specifically in principal cells of the CNT and CCD, and in

similar cells that are present in the late portion of the DCT (Loffing

et al., 2000). Na+ entry to the cell via ENaC promotes the depolarization

of the apical membrane, thus generating a lumen-negative transepithelial

voltage and contributing to the driving force for K+ secretion. ENaC’s role

in K+ secretion is evidenced by the existence of genetic diseases such as

pseudohypoaldosteronism type I, which presents with hyperkalemia and

is caused by inactivating mutations in any of the three subunits forming

the channel (Chang et al., 1996) (Strautnieks, Thompson, Gardiner, &

Chung, 1996), or Liddle syndrome, which features hypokalemia and is cau-

sed by mutations in β- or γ-ENaC subunits that prevent channel retrieval

from the plasma membrane and thus lead to channel overactivation

(Hansson et al., 1995; Schild et al., 1996; Shimkets et al., 1994). ENaC is

one of the principal targets for regulation by aldosterone that mainly affects

the channel’s retrieval from the plasma membrane mediated by Nedd4-2

(Debonneville et al., 2002). Another important target for regulation by

aldosterone is the Na+:K+-ATPase (F�eraille et al., 1993). Coordinated

upregulation of the Na+:K+-ATPase at the basolateral membrane and ENaC

at the apical membrane raises the Na+ reabsorption capacity of the ASDN,

which stimulates K+ secretion.

Potassium secretion across the apical membrane of the ASDN can occur

via two mayor pathways: ROMK and BK channels. ROMK expression in

the nephron begins in the TAL and continues all the way to the CD (Wade

et al., 2011). However, net K+ secretion mediated by ROMK is only

observed in the segments comprising the ASDN, segments in which

ROMK is coexpressed with ENaC in principal cells. A high K+ intake

promotes an increase in the apical conductance of K+ and in the activity

of ROMK (Palmer, 1999). Given that ROMK channels have a high basal

open probability that virtually makes them constitutively active, regulation

of ROMK-mediated K+ secretion is achieved through the regulation of
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translocation of channels from subapical compartments to the plasma mem-

brane (Frindt & Palmer, 2010; Wade et al., 2011). Modulation of the

channel’s synthesis rate has not been observed (Frindt, Zhou, Sackin, &

Palmer, 1998). Although certain controversy exists, several lines of evidence

suggest that the regulation of ROMK’s translocation to the apical membrane

by high K+ intake is independent of aldosterone (Huang et al., 2004; Wei,

Bloom, Lin, Gu, & Wang, 2001).

BK channels are activated by membrane depolarization, elevation of

intracellular calcium concentration, hypoosmotic stress, or membrane

stretch (Carrisoza-Gaytan, Carattino, Kleyman, & Satlin, 2016). Unlike

ROMK, BK channels are normally inactive and only become activated

under conditions of high tubular flow rate, such as that observed under high

K+ intake (Woda, Bragin, Kleyman, & Satlin, 2001). Flow-mediated acti-

vation is associated with an increase in intracellular calcium (Carrisoza-

Gaytan et al., 2016) (Welling, 2013). BK channels in the kidney are

expressed in the apical membrane of the ASDN, both in principal cells

and intercalated cells (all types); however, expression is low in principal cells

and much more robust in intercalated cells (Carrisoza-Gaytan et al., 2016;

Welling, 2013). Despite this high expression, it is still under debate whether

BK channels expressed in intercalated cells can mediate flow induced K+

secretion (FIKS). Indeed principal cells present robust expression of the

Na+:K+-ATPase in the basolateral membrane that mediates entry of K+ ions

into the cell that can be extruded to the tubule lumen via BK. However,

very low amounts of Na+:K+-ATPase are present in intercalated cells

(Pácha, Frindt, Sackin, & Palmer, 1991). It has been proposed that

basolateral K+ entry to these cells may be mediated by Na+:K+:2Cl�

cotransporter type 1 (NKCC1) activity. Evidence favoring this concept is

that BK-mediated FIKS is dependent on a basolateral bumetanide

sensitive- Cl� dependent transport pathway (Liu et al., 2011). However,

it is unclear how Na+ entering the cells via NKCC1 can be recycled

back to the interstitial fluid, which would be important to maintain NKCC1

activity. The importance of BK channels in K+ secretion is demonstrated

by the fact that its activity can compensate ROMK deficiency in ROMK

knockout mice or patients with Bartter syndrome type II (caused by

inactivating mutations in ROMK) (Simon, Karet, et al., 1996; Wagner

et al., 2008). These mice and patients develop mild hypokalemia which is

due to the impaired reabsorption capacity of the TAL which leads to

increased distal Na+ and flow delivery that activates K+ secretion via BK

channels. Finally, high dietary K+ stimulates BK transcription and channel

13Potassium’s role in blood pressure regulation
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translocation to the plasma membrane, a response that is independent of

aldosterone (Welling, 2013). However, aldosterone indirectly affects

BK-mediated K+ secretion through the stimulation of ENaC (Cornelius

et al., 2015).

The natriuretic and diuretic effects of high K+ diets described in the pre-

vious section, which appear to be due to an inhibition of Na+ reabsorption

pathways in the proximal tubule, TAL, and DCT, are important to maxi-

mize renal K+ excretion (Fig. 2). It is generally argued that this is because:

(1) the increase in Na+ delivery to the ASDN allows the electrogenic

Na+-K+ exchange through ENaC and ROMK/BK channels; (2) the

increased fluid delivery to the ASDN slows down the rise in luminal K+ con-

centration which is produced as a consequence of K+ secretion; (3) increased

flow stimulates the flow-activated BK channels. Nevertheless, recent data

Fig. 2 Physiological relevance of K+-induced natriuresis. Experimental evidence sug-
gests that an increase in K+ intake, and the consequent rise in plasma K+ concentration,
induce natriuresis due to a decrease in Na+ reabsorption in the proximal tubule (PT),
thick ascending limb of Henle’s loop (TAL), and distal convoluted tubule (DCT). The
resulting increase in Na+ delivery and flow to the aldosterone-sensitive distal nephron
(ASDN) stimulate the K+ secretory apparatus. However, it is still under debate if high Na+

delivery and flow directly stimulate K+ secretion by stimulating ENaC mediated Na+

reabsorption that generates a lumen negative transepithelial voltage increasing the
driving force for K+ secretion, and by activating flow induced K+ secretion through
BK channels. Recent evidence suggests that acute inhibition of proximal Na+

reabsorption by itself does not stimulate K+ secretion (Grimm, Coleman, Delpire, &
Welling, 2017; Hunter, Craigie, Homer, Mullins, & Bailey, 2014), but that in amore chronic
setting (3 days in mouse), remodeling of the distal nephron occurs with hypertrophy of
ASDN, promoting K+ secretion.
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questions the idea that the increase in Na+ delivery acutely increases the

capacity of the ASDN to secrete K+. This would mean that not only the

higher availability of Na+ in the tubule lumen favoring ENaC-mediated

Na+ reabsorption may be sufficient to promote Na+ reabsorption. For

example, early in vivo microperfusion studies suggested that luminal Na+

concentration plays no role in modulating K+ secretion (Good & Wright,

1979). Moreover, it has been shown recently that acute inhibition of

NCC with hydrochlorothiazide elicited immediate natriuresis that was

sustained for a 2-h period after diuretic administration, but no kaliuresis

was observed (Hunter et al., 2014). Finally, in transgenic mice expressing

a constitutively active version of Ste20/SPS1-realted proline-alanine rich

kinase (SPAK; CA-SPAK mice) in which NCC is thus also constitutively

activated, hyperkalemia is observed. However, thiazide administration

elicits an immediate natriuretic effect, but a delayed kaliuretic effect, and thi-

azide normalizes plasma K+ levels only after 3days of thiazide administration

(Grimm et al., 2017). These mice show remodeling of the distal tubule with

hypertrophy of the DCT and hypotrophy of the CNT. Thiazide adminis-

tration for 3 days normalizes these structural changes, correlating with the

correction of plasma K+ levels. Interestingly, nephron remodeling in

response to altered Na+ and K+ intake in rabbits was reported decades

ago (Kaissling & Le Hir, 1982), and although further investigation is needed

to address the molecular mechanisms at play in this process, it is becoming

clear that distal Na+ delivery (or inhibition of proximal Na+ reabsorption)

may affect K+ secretion in a more complex way than previously thought.

4. Molecular mechanisms implicated in the natriuretic
and diuretic effects of potassium

Although, as discussed above, it has been shown that sodium

reabsorption by different nephron segments is inhibited by high K+ intake,

most of the molecular mechanisms responsible for these phenomena remain

elusive. Some of them, however, are just recently beginning to be under-

stood. For example, decreased protein levels of the sodium-hydrogen

exchanger NHE3 and the sodium-bicarbonate cotransporter NBC-1 could

explain the effect on proximal tubule and possibly on the loop of Henle

( Jung et al., 2011). Negative modulation of the Na+:K+:2Cl� cotransporter

NKCC2 phosphorylation could also explain the inhibitory effect of high

potassium upon sodium reabsorption in TAL (Yang, Xu, et al., 2018).

15Potassium’s role in blood pressure regulation
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4.1 Regulation of the Na-Cl cotransporter NCC by potassium
While it has been suggested by a mathematical model that the proximal

nephron is determinant for increased natriuresis by high K+ intake

(Weinstein, 2017), experimental evidence has shown that the distal nephron

plays a key role in the relationship between K+ and blood pressure. For

example, it has been shown that the hypertensive effect of a high

sodium/low potassium diet, such as the typical western diet, could be

explained by increased salt reabsorption by NCC in the DCT in a mouse

model. Wild-type mice fed with such diet displayed a significant increase

in blood pressure, while NCC knockout mice did not (Terker, Zhang,

McCormick, et al., 2015).

So far the best understood molecular mechanism explaining the inverse

relationship between K+ intake and blood pressure levels involves NCC

regulation in the DCT. This understanding began with the description of

monogenic diseases in which NCC activity is dysregulated, causing alter-

ations in potassium and blood pressure homeostasis.

Gitelman syndrome (OMIM #263800) is caused by loss of function

mutations in the gene SLC12A3, that codifies NCC, and it is characterized

by hypokalemia, low blood pressure, metabolic alkalosis, hypocalciuria, and

hypomagnesemia (Simon, Nelson-Williams, et al., 1996). Accordingly, this

disease is reminiscent of thiazide overdose, and it manifests that NCC plays a

determinant role not only in blood pressure, but also in K+ regulation.

On the other hand, familial hyperkalemic hypertension (FHHt) (OMIM

#614491-2 and #614495-6), also called Gordon syndrome or pseudo-

hypoaldosteronism type II (PHAII), is associated with hyperkalemia, hyper-

tension, metabolic acidosis and hypercalciuria (Wilson et al., 2001). Low

doses of thiazide diuretics are able to correct all physiological abnormalities

of FHHt (Mayan, Vered, Mouallem, Tzadok-witkon, & Pauzner, 2002),

which suggests that NCC overactivation is involved in this disease. Never-

theless, no gain of function mutations have been described in SLC12A3. In

2001 Richard Lifton’s group reported that mutations in the genes

PRKWNK1 and PRKWNK4 caused FHHt (Wilson et al., 2001). These

genes codify two members of the with no lysine (K) (WNK) kinase family

that contains four members in total in human. These serine-threonine

kinases are characterized by the atypical positioning of their catalytic lysine

and they have been described as important regulators of transepithelial ion

transport. In particular, WNK4 andWNK1 have been shown to be key reg-

ulators of NCC (Alessi et al., 2014) (Hadchouel, Ellison, & Gamba, 2016).

16 Adrián Rafael Murillo-de-Ozores et al.

ARTICLE IN PRESS

omim:263800


Gain of function mutations in WNK4 cause familial hyperkalemic hyper-

tension (FHHt) due to NCC overactivation (Lalioti et al., 2006;Wilson et al.,

2001; Yang et al., 2007). FHHt mutations in WNK4 cause an amino acid

change in a region of the protein denominated “acidic domain,” responsible

for the interaction with kelch like family member 3 (KLHL3), an adaptor

protein and receptor for the KLHL3-CUL3-RING ubiquitin ligase complex.

Mutated WNK4 cannot interact with this complex and its proteasomal deg-

radation is compromised, leading to increased WNK4 levels in the DCT

(Ohta et al., 2013; Shibata, Zhang, Puthumana, Stone, & Lifton, 2013;

Wakabayashi et al., 2013). Mutations in the genes coding KLHL3 and Cullin

3 (CUL3) are also a cause for FHHt (Boyden et al., 2012; Louis-Dit-Picard

et al., 2012).

NCC activity is positively regulated by phosphorylation at several sites in

its cytoplasmic N-terminal domain (Pacheco-Alvarez et al., 2006) by the

kinases SPAK and OSR1 (oxidative stress-responsive 1 protein), which in

turn are phosphorylated and activated by WNK kinases (Richardson

et al., 2008; Vitari, Deak, Morrice, & Alessi, 2005). Although WNK1

and WNK3 are also expressed in the kidney, it has been suggested that

WNK4 is the main WNK kinase responsible for NCC regulation in vivo

(Castaneda-Bueno et al., 2012; Oi et al., 2012; Susa et al., 2017). Accord-

ingly, WNK4 knockout mice have a phenotype resembling Gitelman

syndrome (Castaneda-Bueno et al., 2012; Takahashi et al., 2014;Yang,

Xie, et al., 2018).

Kinase activity of WNK kinases has been shown to be negatively mod-

ulated by chloride. X-ray crystallography showed that the chloride anion

binds close to the active site, within the kinase domain of WNK1. Binding

stabilizes an inactive conformation of the kinase. The decrease in Cl� con-

centration ([Cl�]) promotes Cl� dissociation, and thus WNK1 activation

and autophosphorylation in the activation loop (Piala et al., 2014). Later,

it was shown that WNK4 has an even higher sensitivity to chloride

(Bazua-Valenti et al., 2015) and this modulation could be important for

WNK4 activity in vivo, as mathematical modeling of the DCT predicts that

intracellular chloride concentration ([Cl�]i) fluctuates between �12 and

�20mM, in function of extracellular potassium (Terker, Zhang,

McCormick, et al., 2015).

To our knowledge, the first report of the inverse relationship between

NCC activity and plasma [K+] was published in 2009 by Uchida’s group.

In this work, mice were fed with high (5%) K+ diets, which prompted a

reciprocal inverse modulation of NCC phosphorylation at Thr53, Thr58
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and Ser71 (Vallon et al., 2009). Later, several groups published similar

findings performing dietary manipulations in mouse models (Castaneda-

Bueno et al., 2014; Frindt & Palmer, 2010; Lubbe et al., 2013; Terker,

Zhang, Erspamer, et al., 2015) and even in humans (Terker, Zhang,

McCormick, et al., 2015). Sorensen and collaborators used gastric gavage

of 2% K+ (15 μL/g) in order to study the rapid response of NCC to acute

increases in plasma [K+] (Sorensen et al., 2013). K+ loading promoted a

marked decrease in NCC phosphorylation, accompanied by increased natri-

uresis, which has significantly blunted inNCC knockout mice. These results

suggest that the natriuretic effect of potassium salts depend, at least in part, on

decreased salt reabsorption in the DCT.

In 2015, Terker and collaborators proposed that extracellular potassium

concentration ([K+]e) has a direct effect on DCT’s [Cl�]i due to effects on

cell voltage (Fig. 3). They proposed that low [K+]e promotes apical mem-

brane hyperpolarization which increases the driving force for chloride efflux

from the cell, leading to WNK activation (Terker, Zhang, McCormick,

et al., 2015). This hypothesis has been supported by experimental evidence

in in vitro and ex vivo models (Penton et al., 2016; Terker, Zhang,

Erspamer, et al., 2015). Therefore, the current view is that NCC activity

is increased in response to decreases in extracellular [K+] due to higher

WNK4 activity.

In the DCT, the basolateral conductance of K+ is given by KIR4.1/

KIR5.1 heterotetramer potassium channels, characterized by �40pS K+

currents. These channels are responsible for the recycling of K+ that entered

through the Na+-K+ ATPase (Cuevas et al., 2017; Su & Wang, 2016).

KIR4.1 has been called the ‘potassium sensor’ of the DCT, asKcnj10 (which

codifies KIR4.1) knockout mice lose NCC modulation by potassium

(Cuevas et al., 2017). In fact, loss of function of KIR4.1 causes EAST/

SeSAME syndrome, a complex disorder with a renal phenotype similar to

Gitelman syndrome (Bockenhauer et al., 2009; Scholl et al., 2009).

In contrast, Kcnj16 (codifying KIR5.1) knockout mice have increased

sensibility to thiazide diuretics, a surrogate for NCC activity in vivo

(Paulais et al., 2011). This observation is likely explained because KIR4.1

homomultimers are insensitive to intracellular pH, while KIR4.1/5.1 chan-

nels heteromers are sensitive to physiological levels of intracellular pH.

Whether modulation of intracellular pH of the DCT is physiologically rel-

evant to NCC modulation remains elusive. However, it has been shown

that chronic K+ depletion causes increased activity of KIR4.1/5.1
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Fig. 3 Molecular mechanisms by which plasma K+ levels regulate NCC activity in the DCT. During hypokalemic states ([K+]¼2mM), K+ extru-
sion through basolateral Kir4.1/5.1 channels increases, which promotes hyperpolarization (�88mV) of distal convoluted tubule (DCT) cells
that leads to increased chloride efflux through CLC-KB. The decrease in intracellular chloride concentration ([Cl�]I � 20mM) causes phos-
phorylation and activation of WNK4 kinase, which promotes SPAK and, therefore, NCC activation. On the other hand, high plasma K+

([K+]¼6mM) depolarizes DCT cells (�60mV), which prevents chloride efflux. High [Cl�]I (�30mM) renders WNK4 inactive, decreasing SPAK
and NCC phosphorylation. Additional mechanisms promote specific NCC dephosphorylation, probably due to activation of protein phospha-
tases. (Values stated were calculated through mathematical modeling by Terker, Zhang, McCormick, et al. (2015).)
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heterotetramers, promoting increased potassium currents, and hyperpolari-

zation of the distal convoluted tubule membrane (Wang et al., 2018).

Basolateral chloride efflux from the DCT cells occurs mainly through the

ClC-KB (ClC-K2 in mouse) chloride channel (Hennings et al., 2017),

whose translocation to the basolateral membrane and stability depend on

the protein Barttin. Nomura and collaborators showed that hypomorphic

mice with a mutated Barttin are able to thrive, but display a Gitelman-like

phenotype, with the inability to upregulate NCC by further K+ depletion

(Nomura et al., 2018). This was the first evidence that chloride efflux was

responsible for the activation of NCC by hypokalemia in vivo.

4.2 Additional mechanisms for potassium-mediated
regulation of NCC

Inhibition of NCC by high extracellular potassium seems to involve

additional mechanisms independent of [Cl�]i. For example, in an ex vivo

model of mouse kidney slices (Penton et al., 2016) observed that NCC

dephosphorylation by high extracellular K+ occurs even whenWNK-SPAK

activity is clamped on a low chloride medium. In this work, the mechanism

responsible for NCC dephosphorylation remained elusive, as protein

phosphatase 1 (PP1)/protein phosphatase 2 (PP2) and calcineurin inhibitors

could not prevent dephosphorylation. In contrast, Shoda et al. showed that

in mice, rapid NCC dephosphorylation in response to acute K+ loading

was prevented by inhibition of the phosphatase calcineurin with tacrolimus

(Shoda et al., 2017). Conflicting data between these works may be due to

the use of different models. For example, the results obtained in the

in vivo approachmay be influenced by systemic factors additional to the direct

effects of K+ on DCT. Further investigation will be helpful to understand the

intricacies of the NCC dephosphorylation process and its relationship to

potassium homeostasis.

A recent work from our group showed that binding of Cl� to the kinase

domain of WNK4 is not the sole regulatory mechanism of kinase activity.

We described that at least two phosphorylation sites, one located within

the N-terminal domain (S64) and another one within the C-terminal

domain (S1196), modulate WNK4 activity measured as WNK4-mediated

SPAK phosphorylation and T-loop autophosphorylation (Castañeda-

Bueno et al., 2017). These sites are target for phosphorylation by Protein

kinase C (PKC) and Protein kinase A (PKA) and we initially showed that

its phosphorylation is induced in response to stimulation of cells with

angiotensin II. More recently, we have observed that hypokalemia in
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mouse is also an important stimulus that promotes phosphorylation of

these sites (Murillo-de-Ozores, Grajeda-Medina, Gamba, & Castañeda-

Bueno, 2018). In an in vitro cell model, we observed that intracellular

chloride depletion, secondary to cell incubation in a low K+ medium, is

responsible for such increase in the phosphorylation levels of these sites.

Thus, we have proposed that DCT intracellular Cl� depletion secondary

to decreases in extracellular [K+], may not only promote WNK4 activa-

tion due to Cl� dissociation, but also through the phosphorylation of

these sites.

Finally, it has been observed in several mouse models that hypokalemia

promotes an increase in WNK4 expression levels (Ishizawa et al., 2016;

Terker, Zhang, McCormick, et al., 2015). It has been recently shown

that the molecular mechanism behind this effect involves a decrease in

KLHL3-CUL3-RING-mediated degradation of WNK4. Hypokalemia

promotes KLHL3 phosphorylation at Ser433, which is a site located

within the substrate recognition domain of KLHL3. Thus, phosphorylation

prevents substrate binding and subsequent ubiquitination and degradation

(Ishizawa et al., 2016).

5. Summary and conclusions

For a long time, it has been known that potassium salts have diuretic

and natriuretic effects that ameliorate hypertension and edematous

states. Evidence suggests that increased potassium intake decreases sodium

reabsorption by the proximal tubule, TAL, and DCT, even though the

molecular mechanisms at play are mostly unknown at the moment.

However, several groups across the world have shown that the WNK4-

SPAK-NCC pathway in the DCT plays a pivotal role in the physiological

relationship between potassium and blood pressure regulation. This pathway

functions as a molecular switch that determines salt reabsorption in the DCT

in response to plasma [K+]. Turning off the switch by increased potassium

intake allows appropriate K+ secretion by the ASDN, while K+ depletion

turns on NCC to prevent electrogenic Na+-K+ exchange, and indirectly

promotes an increase in blood pressure.

Further work will be required to assess the quantitative contribution of

different nephron segments to the phenomenon of K+-induced natriuresis.

In the meanwhile, it is evident that eating more avocados and bananas is

good for your health.
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The role of Cl− as an intracellular signaling ion has been increasingly recognized in recent
years. One of the currently best described roles of Cl− in signaling is the modulation of
the With-No-Lysine (K) (WNK) – STE20-Proline Alanine rich Kinase (SPAK)/Oxidative
Stress Responsive Kinase 1 (OSR1) – Cation-Coupled Cl− Cotransporters (CCCs)
cascade. Binding of a Cl− anion to the active site of WNK kinases directly modulates
their activity, promoting their inhibition. WNK activation due to Cl− release from the
binding site leads to phosphorylation and activation of SPAK/OSR1, which in turn
phosphorylate the CCCs. Phosphorylation by WNKs-SPAK/OSR1 of the Na+-driven
CCCs (mediating ions influx) promote their activation, whereas that of the K+-driven
CCCs (mediating ions efflux) promote their inhibition. This results in net Cl− influx and
feedback inhibition of WNK kinases. A wide variety of alterations to this pathway have
been recognized as the cause of several human diseases, with manifestations in different
systems. The understanding of WNK kinases as Cl− sensitive proteins has allowed us
to better understand the mechanistic details of regulatory processes involved in diverse
physiological phenomena that are reviewed here. These include cell volume regulation,
potassium sensing and intracellular signaling in the renal distal convoluted tubule, and
regulation of the neuronal response to the neurotransmitter GABA.

Keywords: distal convoluted tubule, GABAergic activity, cell volume regulation, intracellular chloride
concentration, arterial blood pressure, potassium

CHLORIDE AS A SIGNALING ION

The chloride (Cl−) anion is an important component of all known living beings, where it plays
several roles in homeostatic and rheostatic processes in all types of cells. In humans, extracellular
Cl− concentration is maintained relatively constant, between 100 and 116 mmol/L, due to tight
regulation by the kidneys and intestine (Boulpaep and Boron, 2016). It is notable that there is
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interspecies variability of plasma Cl− concentration. For instance,
normal levels in rats and mice are in the range of 90–132 mmol/L
and 106–131 mmol/L, respectively (Lea et al., 2018).

Intracellular Cl− concentration ([Cl−]i) varies wildly among
different cell types within an organism. For example, it has been
reported that most adult neurons have relatively low [Cl−]i (5–
15 mmol/L) (Kakazu et al., 1999; Yamada et al., 2004; Glykys
et al., 2014), and [Cl−]i of renal epithelial cells such as the
ones of the distal convoluted tubule (DCT) has been estimated
to be between 10 and 20 mmol/L (Beck et al., 1988; Boettger
et al., 2002; Weinstein, 2005; Terker et al., 2015b). Conversely,
olfactory sensory neurons (Reuter et al., 1998) and some cells
from secretory epithelia, such as pancreatic (O’Doherty and
Stark, 1983) and salivary acinar cells (Foskett, 1990), have a
[Cl−]i as high as 60–65 mmol/L. Additionally, [Cl−]i can be
dynamically modulated by different stimuli, such as cholinergic
agonists (Foskett, 1990), cAMP levels (Xie and Schafer, 2004),
lectin-stimulation (Lai et al., 2003), and extracellular potassium
concentration ([K+]e) (Terker et al., 2015b). These reports
exemplify the wide variation of [Cl−]i, which is important for the
role that this anion plays in the physiology of specific cell types.

While some of the most studied roles for Cl− in physiology
are related to cell volume regulation (Hoffmann et al., 2009),
establishment of resting membrane potential (Funabashi et al.,
2010; Hutter, 2017), and acid-base balance (Seifter and Chang,
2016), it is now becoming clear that this anion is involved in
intracellular signaling pathways involved in the regulation of a
wider variety of cellular processes, such as gene expression, cell
proliferation, apoptosis, among others (reviewed in Valdivieso
and Santa-Coloma, 2019; Wilson and Mongin, 2019; Lüscher
et al., 2020). For instance, published evidence suggests that [Cl−]i
can modulate the activity of different kinases, such as the MAPKs
p38, JNK and ERK (Ohsawa et al., 2010; Wu et al., 2016), as
well as SGK1 (Zhang et al., 2018), although it is still unclear
whether direct effects of Cl− ions on the kinases themselves are
responsible. However, the With-No-lysine (K) (WNK) family
of kinases is one example where the direct Cl− binding to the
enzyme’s active site (Piala et al., 2014) that modulates kinase
activity (Bazua-Valenti et al., 2015) has been thoroughly studied
(detailed in sections below). These observations support the novel
proposed role of [Cl−]i as a second messenger (Valdivieso and
Santa-Coloma, 2019; Wilson and Mongin, 2019; Lüscher et al.,
2020), responsible for modulating the activity of several proteins.

Transmembrane transport proteins determine the Cl−
permeability of each cell type. Ion channels that facilitate large
Cl− fluxes across cell membranes include the CLC family
(reviewed extensively in Jentsch and Pusch, 2018), the cystic
fibrosis transmembrane conductance regulator (CFTR) channel
(Csanády et al., 2019), the volume-regulated anion channel
(VRAC) channel (Osei-Owusu et al., 2018), and Ca2+-activated
Cl− channels (CaCCs) such as anoctamins (Pedemonte and
Galietta, 2014). The direction of Cl− flux through ion channels
is solely determined by the electrochemical gradient of this ion
across the membrane. However, secondary active transporters
can set the [Cl−]i at levels that diverge from the electrochemical
equilibrium by coupling Na+ influx or K+ efflux to the movement

of Cl−. Transporters with this type of activity are all members of
the SLC12 family of solute carriers described below.

THE SLC12 FAMILY OF
COTRANSPORTERS

The SLC12 family of solute carriers is comprised by the
electroneutral cation-coupled Cl− cotransporters (CCCs). Seven
members of this family are arranged in two branches, depending
on their ability to use Na+ as one of the transported cations
coupled to Cl−. The Na+-dependent branch includes the Na+-
K+-2Cl− cotransporters, known as NKCC1 and NKCC2, and
the Na+-Cl− cotransporter, NCC (Gamba, 2005). NKCC1 is
expressed in many epithelial and non-epithelial cells (Delpire
et al., 1994). Within epithelial cells it is expressed in the
basolateral membrane, except in the choroid plexus of the brain,
where it is expressed apically (Delpire et al., 1994; Wu et al.,
1998). NKCC2 is exclusively expressed in the apical membrane of
the thick ascending limb of Henle’s loop in the kidney (Gamba
et al., 1994) and NCC is present in the apical membrane of
the distal convoluted tubule in the kidney and in osteoblasts in
bone (Gamba et al., 1994; Dvorak et al., 2007). Identity degree
at the amino acid level among these transporters is between 50
and 60%. The Na+-independent branch is composed of four
K+-Cl− cotransporters, known as KCC1 to KCC4. Of these
four, KCC2 is exclusively expressed in neurons, while the other
three KCCs are present in many cells throughout the body.
Identity degree among KCCs is about 60% and between the Na+-
dependent and independent branches is around 25% (Gamba,
2005; Arroyo et al., 2013).

The CCCs are secondary active transporters whose activity
is driven by the Na+ and K+ gradients generated by the Na+-
K+-ATPase. The Na+-driven transporters move ions from the
extracellular space into the cytoplasm, while the K+-driven
transporters (of the Na+-independent branch) mediate ion
extrusion from the cells. In non-epithelial cells, the sustained
activity of the Na+-K+-ATPase maintains a low Na+ and high K+
intracellular concentration, respectively. Thus, it is considered
that the net effect of the activity of CCCs is the modulation
of the [Cl−]i. Because of this, the expression of Na+-driven
and K+-driven members of the SLC12 family in the same cell
constitutes a system for the dynamic modulation of [Cl−]i.
This, for example, is particularly relevant in neurons, where,
as explained below in detail, the type and magnitude of the
response to neurotransmitters that activate Cl− channels in the
postsynaptic membrane depends on the electrochemical Cl−
gradient (Kahle et al., 2008). Regulation of [Cl−]i also plays a
relevant role for the regulation of cell volume (de los Heros
et al., 2018). In epithelial cells, the CCCs works in conjunction
with other apical and/or basolateral channels and transporters to
carry out transepithelial ion transport (Gamba, 2005). Thus, the
major physiological roles of the CCCs are modulation of [Cl−]i,
cell volume regulation, and transepithelial ion transport. For this
reason, the CCCs are implicated in many organs’ and systems’
physiological processes (Gamba, 2005).
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A variety of human and animal diseases and phenotypes in
knockout mice models have been helpful in revealing the many
roles of CCCs in physiology (Delpire and Mount, 2002) (Table 1).
Inactivating mutations in the renal cotransporters NKCC2 and
NCC are the cause of the Bartter syndrome type I (Simon et al.,
1996a) and Gitelman disease (Simon et al., 1996b), respectively.
NKCC2 constitutes the main apical entryway for Na+ and Cl−
in the thick ascending limb of Henle’s loop and NCC plays a
similar role in the downstream adjacent nephron segment known
as the distal convoluted tubule. Decreased Na+ reabsorption in
these segments is not only associated with volume depletion and
low blood pressure, but also with hypokalemic metabolic alkalosis
due to increased K+ secretion in the aldosterone sensitive distal
nephron that is stimulated by the increased distal Na+ delivery

(Gamba, 2005). The phenotype of both, type I Bartter syndrome
and Gitelman syndrome patients, is exclusively the consequence
of the lack of activity of these transporters in the nephron,
suggesting that indeed their expression is very restricted to the
kidney and, if expressed elsewhere, like NCC in bone, its role
in other tissues is not essential. Regarding NKCC1, knockout
mice were generated and studied before human mutations in
this gene were found. These mice have a wide variety of
phenotypic alterations, such as small size, inner ear dysfunction,
male infertility, altered pain perception, defects in intestinal
transit, decreased saliva production, and low blood pressure,
among others (Gagnon and Delpire, 2013). Delpire et al. (2016)
described a human patient with respiratory weakness, endocrine
and pancreatic abnormalities, and multi-organ failure. Genetic

TABLE 1 | SLC12 cotransporters: associated genetic diseases and phenotype of knockout models.

Gene Protein Tissue expression Associated disease (inheritance pattern; effect on
protein function)

Knockout mice phenotype

SLC12A1 NKCC2 Kidney (Gamba et al.,
1994);
gastrointestinal tract (Xue
et al., 2009)

Bartter syndrome type I (OMIM 601678) –
hypokalemic metabolic alkalosis, low blood pressure,
hypercalciuria (autosomal recessive; loss of function)
(Simon et al., 1996a)
Hydrallantois in Bos taurus (OMIA 002053-9913) –
excessive accumulation of fluid within the allantoic
cavity in pregnant animals (autosomal recessive; loss of
function) (Sasaki et al., 2016)

Bartter-like – severe volume depletion and
failure to thrive; partial rescue with
indomethacin, with severe polyuria,
hydronephrosis, hypokalemia,
hypercalciuria, hyperreninemia, and
proteinuria (Takahashi et al., 2000)

SLC12A2 NKCC1 Ubiquitous (Delpire et al.,
1994)

Multisystem dysfunction – endocrine abnormalities,
low blood pressure, intestinal dysfunction (autosomal
dominant – mistrafficking of mutant NKCC1 to apical
membrane in epithelial cells) (Delpire et al., 2016;
Koumangoye et al., 2018)
Kilquist syndrome – sensorineural deafness, intestinal
and respiratory dysfunction, neuropsychological delay,
severe xerostomia (autosomal recessive; loss of
function) (Macnamara et al., 2019)
Schizofrenia – (autosomal dominant; gain of function)
(Merner et al., 2016)

Sensorineural deafness (Delpire et al.,
1999; Dixon et al., 1999), growth
retardation, low blood pressure, intestinal
abnormalities (Flagella et al., 1999), male
infertility (Pace et al., 2000), decreased
saliva secretion (Evans et al., 2000), altered
pain perception (Sung et al., 2000)

SLC12A3 NCC Kidney (Gamba et al.,
1994), bone (Dvorak et al.,
2007), placenta, prostate
and small intestine (Chang
et al., 1996)

Gitelman syndrome (OMIM 263800) – hypokalemic
metabolic alkalosis, low blood pressure, hypocalciuria,
hypomagnesemia (autosomal recessive; loss of
function) (Simon et al., 1996b)

Gitelman-like – low blood pressure in low
Na+ diet, hypocalciuria, hypomagnesemia
(Schultheis et al., 1998), metabolic alkalosis
(Loffing et al., 2004), hypokalemia while in
low K+ diet (Morris et al., 2006)

SLC12A4 KCC1 Ubiquitous (Gillen and
Forbush, 1999)

None found No obvious differences compared to
littermate WT mice (Rust et al., 2007)

SLC12A5 KCC2 Central nervous system
(Payne et al., 1996),
pancreas (Kursan et al.,
2017)

Idiopathic epilepsy (OMIM 616685) – (autosomal
dominant with incomplete penetrance; loss of function)
(Kahle et al., 2014; Puskarjov et al., 2014)
Epilepsy of infancy with migrating focal seizures
(OMIM 616645) – (autosomal recessive; loss of
function) (Stödberg et al., 2015)

Neonatal death due to inability to breathe
because of irregular activity of
pre-Bötzinger complex (Hubner et al., 2001)

SLC12A6 KCC3 Wide, including muscle,
heart, kidney, lung, and
brain (Mount et al., 1999).

Andermann syndrome (OMIM 218000) – peripheral
neuropathy associated with agenesis of the corpus
callosum (autosomal recessive; loss of function)
(Howard et al., 2002)
Spinocerebellar ataxia in Canis lupus familiaris (OMIA
002279-9615) – (autosomal recessive; loss of function)
(Van Poucke et al., 2019)

Locomotor abnormalities, deficit in prepulse
inhibition, hypomyelination, axonal swelling
fiber degeneration (Howard et al., 2002),
progressive hearing loss, arterial
hypertension, defective cell volume
regulation (Boettger et al., 2003)

SLC12A7 KCC4 Wide, including heart, lung,
liver, kidney, pancreas,
stomach, thyroid (Mount
et al., 1999)

None found Deafness, renal tubular acidosis (Boettger
et al., 2002)
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analysis revealed a heterozygous 11-bp deletion in exon 22 of
SLC12A2 (encoding NKCC1) (Delpire et al., 2016) that causes
a frameshift resulting in a truncated protein lacking the last 187
amino acid residues of the C-terminus. This mutation causes the
mislocalization of the cotransporter to the apical membrane in
epithelial cells (Koumangoye et al., 2018). The same mutation
has been shown to cause a similar, although milder, phenotype
in mice (Koumangoye et al., 2020). Macnamara et al. (2019)
reported a novel syndrome, named Kilquist syndrome, in a
patient harboring a large homozygous deletion in SLC12A2, from
intron 1 through exon 7. Such mutation leads to aberrant splicing
between exons 1 and 8, introducing a frameshift that would
produce a truncated protein. Molecular analysis showed lower
mRNA levels and absence of the NKCC1 protein in the patient’s
fibroblasts. Phenotypic features similar to the ones observed
in NKCC1 knockout (−/−) mice were reported, including
global developmental delay, bilateral sensorineural hearing loss,
gastrointestinal abnormalities, and xerostomia (Macnamara et al.,
2019). In addition, a missense variant that increases the activity
of NKCC1 was described to be associated with schizophrenia
(Merner et al., 2016).

Mutations in KCC2 have been implicated in a variety of
epileptic syndromes (Kahle et al., 2014; Puskarjov et al., 2014)
and mutations in KCC3 are the cause of a very complex inherited
neurological disease known as Andermann’s syndrome in which
patients exhibit absence of the corpus callosum in the brain,
together with a variety of neurodegenerative and psychiatric
manifestations (Howard et al., 2002). No pathogenic mutations
in KCC4 have been described in humans. However, KCC4−/−

mice display deafness and renal tubular acidosis, suggesting that
this transporter plays an important role in inner ear and kidney
physiology (Boettger et al., 2002). Finally, global, constitutive
disruption of KCC1 in mice has no phenotypic consequences,
suggesting that the absence of KCC1 can be compensated by other
K+-Cl− cotransporters (Rust et al., 2007).

The Na+-driven and K+-driven cotransporters are regulated
in opposite ways. They are all regulated by a kinase cascade in
which the With No lysine (K) kinases (WNKs) phosphorylate and
regulate the STE20-Proline Alanine rich Kinase (SPAK), and the
Oxidative Stress Responsive Kinase 1 (OSR1). SPAK and OSR1
in turn phosphorylate the CCCs (Richardson and Alessi, 2008;
Gagnon and Delpire, 2012; Alessi et al., 2014). Phosphorylation
of the Na+-driven cotransporters, which occur in a cluster of
serine-threonine residues located in the intracellular N-terminal
domain, results in upregulation of cotransporter activity. In
contrast, phosphorylation of K+-driven transporters that occurs
in threonine residues of the C-terminal cytoplasmic domain
results in downregulation of cotransporter activity. Thus,
activation of this kinase cascade is able to simultaneously
activate the Na+-(K+)-Cl− influx and prevent the K+-Cl−
efflux, increasing [Cl−]i and intracellular osmolarity, while
inactivation of the phosphorylating cascade and/or activation of
dephosphorylating pathways result in opposite effects.

Stimuli such as the decrease in [Cl−]i or the decrease in
cell volume (cell shrinkage) result in activation of the WNK-
SPAK/OSR1 phosphorylation pathway, increasing the activity of
the Na+-(K+)-Cl− cotransporters and inhibiting the K+-Cl−

cotransporters (Gagnon et al., 2006; Zagórska et al., 2007;
Arroyo et al., 2013; Piala et al., 2014; Bazua-Valenti et al.,
2015; de los Heros et al., 2018). This results in the increase
of [Cl−]i or in the net influx of ions that contribute to the
regulatory volume increase response. In contrast, an increase in
[Cl−]i or cell volume (cell swelling) inhibits the phosphorylating
pathway and activates protein phosphatases, thus resulting in
cotransporters dephosphorylation, and the consequent decrease
in [Cl−]i or the net efflux of ions that contribute to the
regulatory volume decrease response. Thus, a negative feedback
loop integrated by the monovalent cation-Cl− cotransporters
of the CCC family, the WNK-SPAK/OSR1 kinase cascade,
and protein phosphatases serve to regulate the [Cl−]i and/or
the cell volume, which in turn modulate the activity of the
cotransporters via the kinases and phosphatases. This feedback
loop has implications in several physiological processes that are
discussed in this work.

THE WNK-SPAK/OSR1 SIGNALING
PATHWAY AND ITS MODULATION BY
INTRACELLULAR CHLORIDE

The WNK family of Ser/Thr kinases is comprised of four
members in mammals: WNK1, WNK2, WNK3, and WNK4.
Unlike most kinases, WNKs have their conserved catalytic Lys
residue involved in ATP binding located in subdomain I, instead
of in subdomain II, a characteristic that earned them their name
(Xu et al., 2000) (Figure 1). Structurally, WNK kinases are
composed by a relatively small regulatory N-terminal domain,
followed by a highly conserved kinase domain (divided in the
12 subdomains characteristic of Ser/Thr kinases), and a large
C-terminal domain with regulatory functions conferred by a
variety of domains and binding sites for different interacting
proteins (McCormick and Ellison, 2011; Gagnon and Delpire,
2012) (Figure 2). WNK1, WNK3, and WNK4 are expressed
in a wide variety of tissues, such as heart, brain, lung, liver,
muscle, kidney, testis, and colon, among others (Xu et al.,
2000; Holden et al., 2004; Kahle et al., 2004; Vitari et al.,
2005; Murillo-de-Ozores et al., 2018), while WNK2 is only
expressed in brain, heart, and colon (Veríssimo and Jordan,
2001) (Table 2).

The first evidence linking WNK kinases to the CCCs was
the discovery of mutations in the genes WNK1 and WNK4
in Familial Hyperkalemic Hypertension (FHHt), also known as
Pseudohypoaldosteronism type 2 (PHAII), or Gordon syndrome
(Wilson et al., 2001). FHHt is mainly driven by overactivation
of NCC in the distal nephron (Lalioti et al., 2006; Grimm et al.,
2017). Further studies showed that WNKs activate N(K)CCs and
inhibit KCCs by phosphorylating and activating the downstream
kinases SPAK and OSR1 (Moriguchi et al., 2005; Vitari et al., 2005;
Alessi et al., 2014).

SPAK and OSR1 are two highly similar Ser/Thr kinases of
the Ste20 family, that display wide tissue expression (extensively
reviewed by Gagnon and Delpire, 2013) (Table 2). Initially,
these kinases were shown to bind the CCCs by a yeast two-
hybrid screen (Piechotta et al., 2002) and it was later shown
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FIGURE 1 | Alignment of the primary structure of kinase domains of human WNKs and the PKA. (A) Amino acid sequence alignment of the kinase domains of
human WNK1 (UniProt accession number: Q9H4A3), WNK2 (Q9Y3S1), WNK3 (Q9BYP7), WNK4 (Q96J92) and PKA (P17612). Numbers at the top represent the
residue numbers of WNK1. The roman numerals indicate the subdomains within the kinase domain. PKA was included for reference and comparison of functional
residues, such as the positioning of catalytic Lys and critical residues involved in Cl− binding in WNKs. (B) Percentage identity among kinase domains is significantly
higher than identity among full-length proteins (see Figure 2). Notably, WNK4’s kinase domain is the most divergent one. Alignment and percentage identity matrix
were generated in Clustal Omega (EMBL-EBI).

that they are responsible for direct phosphorylation of the CCCs
(Dowd and Forbush, 2003; de los Heros et al., 2014). SPAK and
OSR1 contain a domain called PF2 in their C-terminal region
(also called CCT), that mediates binding with RFx(V/I) motifs
in WNK kinases (Villa et al., 2007) and in CCCs (Piechotta
et al., 2002). Accordingly, mice with a mutation in SPAK PF2
domain (L502A) display lower SPAK and CCCs phosphorylation
levels (Zhang J. et al., 2015). Interestingly, it has been proposed
that two regions with a similar tertiary structure exist in
WNK kinases themselves (PF2-like and PF2-like’) (Gagnon and
Delpire, 2013). Mutation of PF2-like’ in WNK4 prevents SPAK
phosphorylation (Murillo-de-Ozores et al., 2018), and although
the role of these regions is currently unknown, they might play
a role in WNK binding with each other and/or with the CCCs
(Moon et al., 2013).

WNKs as Cl−-Sensing Kinases
The role of WNK kinases as Cl− sensing proteins was suggested
since their initial characterization. It was shown that the
reduction in [Cl−]i induced kinase autophosphorylation and
activation (Moriguchi et al., 2005). Increased activation and
phosphorylation of NKCC1, NKCC2, and NCC by lowering

[Cl−]i also suggested that WNK kinases were likely modulated
by [Cl−]i (Breitwieser et al., 1990; Lytle and Forbush, 1996;
Pacheco-Alvarez et al., 2006; Ponce-Coria et al., 2008).

Conclusive evidence that WNK kinases are Cl−−sensitive
proteins came from X-ray crystallography studies performed
by Piala et al. (2014). Crystallographic structure of the kinase
domain of rat WNK1 showed the presence of a Cl− anion
bound directly to the kinase, specifically to the backbone
amides of Gly370 and Leu371, located in the N-terminus of the
activation loop, with additional hydrophobic interactions with
Phe283, Leu299, Leu369, and Leu371 (a Cl− binding pocket
structurally similar to the one observed in ClC transporters).
Direct Cl− binding stabilizes a WNK1 inactive conformation,
while decreased [Cl−] or mutation of the Cl− binding
site, by substituting Leu369 for a Phe (L369F), resulted in
increased autophosphorylation and activation of WNK1 kinase.
Interestingly, as the Cl− binding site is located in the catalytic
site of the kinase, it might overlap with the canonical positioning
of the catalytic Lys in other kinases. Thus, the unique placement
of this Lys in WNKs in subdomain I might permit Cl−
binding. Cl−-sensitivity of WNK kinases seems to be a conserved
regulatory mechanism, as it has been shown that Cl− also inhibits
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FIGURE 2 | Schematic representation of human WNK kinases. (A) Four genes encoding WNK kinases exist in humans. An alternative promoter gives rise to the
kinase-deficient kidney-specific (KS) isoform of WNK1 (Delaloy et al., 2003). Several confirmed and putative domains and binding sites are indicated, such as the
kinase domain [Pfam (EMBL-EBI)] (El-Gebali et al., 2019), the PF2-like [Pfam (EMBL-EBI)] and PF2-like’ domains [similar to PF2 (PASK/Fray 2) domains in SPAK and
OSR1] (Gagnon and Delpire, 2012), the acidic domain (responsible for interaction with KLHL3 and therefore, WNK degradation) (Ohta et al., 2013), RFx(V/I) motifs
which mediate interaction with SPAK/OSR1 (Villa et al., 2007), predicted PP1-binding sites (RVxF motifs) (ELM, Kumar et al., 2020) and a confirmed PP1-binding site
in WNK4 (*PP1) (Murillo-de-Ozores et al., 2018), the coiled-coil domains (CCD) (predicted by PCOILS, Gruber et al., 2006), including the C-terminal CCD (CT-CCD)
mediating WNK-WNK interaction (Thastrup et al., 2012), the CaM-binding domain (CBD, studied in WNK4 but conserved in other WNKs) (Na et al., 2012), and the
RRxS motifs that are phosphorylated by PKC/PKA and/or SGK1 in WNK4 (Rozansky et al., 2009; Na et al., 2012; Castañeda-Bueno et al., 2017). All reported FHHt
mutations in WNK4 are located in the acidic domain, with the exception of K1169E (Zhang et al., 2011) and R1185C (Wilson et al., 2001) which are located in its
C-terminus, while WNK1 FHHt mutations are intronic deletions that affect gene expression. It is noteworthy that alternative splicing is responsible for producing
several isoforms of WNK3 and WNK1 (Holden et al., 2004; Vidal-Petiot et al., 2012), while proteolytic processing produces C-terminally-truncated WNK4 proteins
(Murillo-de-Ozores et al., 2018). Finally, it is important to emphasize that some of these sites are based on prediction and experimental evidence will be necessary to
assess their particular role. Figures were made in SnapGene software (from Insightful Science; available at snapgene.com). (B) Percent identity among WNK kinases
shows the highest similarity between WNK1 and WNK4. Percentage identity matrix was generated in Clustal Omega (EMBL-EBI) (Sievers et al., 2011).

Drosophila melanogaster WNK (DmWNK) autophosphorylation
(Sun et al., 2018).

Reports of WNK4 effect over NCC activity were initially
discordant, because evidence showed inhibitory modulation
in vitro (Wilson et al., 2003; Yang et al., 2003), while in vivo
evidence pointed to WNK4 as an activator of NCC (Castaneda-
Bueno et al., 2012). Later, it was described that this discrepancy
could be explained by WNK4 regulation by [Cl−]i. Bazua-Valenti
et al. (2015) showed that while WNK4 coexpression does not
upregulate NCC in basal conditions in Xenopus laevis oocytes,
decreasing [Cl−]i promotes WNK4’s activating phosphorylation
and WNK4-mediated NCC activation. Mutation of the WNK4
Cl−-binding site (L322F in human WNK4) turned it into a
constitutively active kinase that upregulated NCC activity, even
without Cl− depletion. These series of experiments not only
helped to understand the different effects of WNK4 over NCC
function, but also confirmed WNK kinases as key Cl− sensing
proteins that regulate the activity of the CCCs.

Analysis of WNK1, WNK3, and WNK4 autophosphorylation
upon Cl− depletion in X. laevis oocytes (Bazua-Valenti et al.,
2015), as well as in vitro kinase assays (Terker et al., 2015a)
have suggested different Cl− sensitivities for these three kinases.

While WNK1 and WNK4 autophosphorylation was increased
by incubating oocytes in a hypotonic low Cl− media, WNK3
phosphorylation was not affected by this maneuver as it was
already phosphorylated in basal conditions (Bazua-Valenti et al.,
2015). In vitro kinase assays, incubating the recombinant kinase
domains of WNK1, WNK3, or WNK4 with their substrate
SPAK in buffers with different [Cl−], showed that WNK4 was
inhibited in a lower range of [Cl−]s than WNK1 or WNK3
(Terker et al., 2015a). Coexpression of NCC with Cl−-insensitive
mutants of WNK1 (L369F/L371F) and WNK4 (L322F/L324F)
dramatically increased NCC phosphorylation when compared to
pNCC levels in the presence of their wild type (WT) counterparts.
However, WNK3 L295F/L297F did not affect NCC differently
from WT WNK3 as this kinase is already active even in cells with
high [Cl−]i (∼70 mM in HEK cells and ∼55 mM in oocytes)
(Bazua-Valenti et al., 2015; Terker et al., 2015a; Pacheco-Alvarez
et al., 2020). These studies suggested that WNK3 activity is
independent of [Cl−]i. Thus, although WNK3 can modify [Cl−]i
through the regulation of the CCCs, [Cl−]i is not the main
regulator of WNK3 activity, as we discuss below.

It is worth mentioning that there are some differences
in the specific values of [Cl−] that inhibit WNK activity
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TABLE 2 | Components of the WNK-SPAK/OSR1 pathway: associated genetic diseases, and phenotype of knockout models.

Gene Protein Tissue expression Associated disease (inheritance pattern; effect
on protein function)

Knockout mice phenotype

STK39 SPAK Wide, including brain,
adrenal gland, thymus,
spleen, intestine, heart,
kidney, testis, ovary, lung
(Ushiro et al., 1998)

None found Gitelman-like – low blood pressure,
hypokalemia, hypocalciuria, hypomagnesemia,
decreased NCC activity (Yang et al., 2010)

OXSR1 OSR1 Ubiquitous (Tamari et al.,
1999)

None found Early embryonic lethality, similar to WNK1−/−

mice (Xie et al., 2013)

WNK1 WNK1 Wide, including kidney,
testis, heart, brain, spleen,
muscle, lung, liver,
pancreas, adipose tissue
(Xu et al., 2000; Vitari et al.,
2005)

Familial Hyperkalemic Hypertension (FHHt)
(OMIM 614492) – hyperkalemia, hypertension,
metabolic acidosis (autosomal dominant; gain of
function) (Wilson et al., 2001)
Hereditary Sensory and Autonomic
Neuropathy type IIA (HSAN2A) (OMIM 201300) –
reduced sensation to pain, temperature, and touch
(autosomal recessive; loss of function) (Shekarabi
et al., 2008)

Early embryonic lethality (Zambrowicz et al.,
2003) due to cardiovascular developmental and
placental defects (Xie et al., 2009)

WNK2 WNK2 Brain, heart and colon
(Veríssimo and Jordan,
2001)

None found Not reported yet

WNK3 WNK3 Wide, including kidney,
colon, heart, brain, muscle,
lung, liver, pancreas,
placenta (Holden et al.,
2004)

None found No obvious differences to littermate WT mice in
basal conditions, low blood pressure in low
Na+ diet (Oi et al., 2012)

WNK4 WNK4 Wide, including kidney,
testis, colon, heart, brain,
spleen, lung, liver (Kahle
et al., 2004;
Murillo-de-Ozores et al.,
2018)

Familial Hyperkalemic Hypertension (FHHt)
(OMIM 614491) – hyperkalemia, hypertension,
metabolic acidosis (autosomal dominant; gain of
function) (Wilson et al., 2001)
Hypokalemic periodic paralysis in Felis catus
(OMIA 001759-9685) – skeletal muscle weakness
with intermittent hypokalemia (autosomal recessive;
loss of function) (Gandolfi et al., 2012)

Gitelman-like – normal blood pressure with
increased renin activity, hypokalemic metabolic
alkalosis, hypomagnesemia (Castaneda-Bueno
et al., 2012)

(Piala et al., 2014; Terker et al., 2015a; Sun et al., 2018).
Discrepancies could be due to the use of different substrates’
phosphorylation as a surrogate for WNK activity (such as
myelin basic protein, OSR1, SPAK, or WNK itself). Additionally,
in vitro assays have been performed using only the kinase
domain of WNK kinases, while it is possible that the N- and
C-terminal regions could affect Cl− sensitivity. However, in vitro
experiments have served as proof of concept to demonstrate that
the kinase activity of WNKs can be directly modulated by Cl−
binding. This phenomenon has more recently been corroborated
in vivo in flies expressing a Cl− insensitive DmWNK (L421F).
DmWNK regulates K+-flux in the fly’s Malpighian tubule and
the DmWNK-L421F is more active than its WT counterpart
(Sun et al., 2018). Moreover, Chen and collaborators generated
mice with a Cl− insensitive WNK4 (L319F/L321F). These mice
display an altered renal phenotype, reminiscent of FHHt, as shall
be explained in a later section, showing that WNK4 is indeed a
physiological Cl− sensitive protein (Chen et al., 2019).

These recent findings related to WNKs regulation by [Cl−]i
are helping to elucidate how the WNK-SPAK/OSR1-CCCs
signaling pathway is involved in diverse physiological processes
such as regulation of cell volume (Pacheco-Alvarez et al., 2020),
potassium sensing and signaling in the renal distal convoluted
tubule (Terker et al., 2015b), and differential neuronal response

to GABA (Alessi et al., 2014). These processes will be discussed in
the following sections.

ROLE OF THE WNK-SPAK/OSR1-CCC
PATHWAY IN CELL VOLUME
REGULATION

Excluding bacterial and plant cells, all other cells are challenged
constantly by changes in their volume due to differences in
osmotic pressures between the intracellular and the extracellular
milieu. Cell volume changes are proportional to the osmotic
challenge they face. Water diffuses from the least concentrated
solution to the more concentrated one, to equilibrate the osmotic
pressure, causing cells to swell or shrink as osmotic balance is
restored. However, basal cell volume must be promptly restored
to minimize disruption of cellular functions and organization
(Hoffmann et al., 2009).

When cells are exposed to hypotonic conditions, the resulting
cell swelling triggers the regulatory volume decrease (RVD)
response (Figure 3). The early phase of RVD involves activation
of ion transporters that mediate K+ and Cl− efflux. Water
molecules will follow these ions until cell volume is restored. On
the contrary, when cells are exposed to hypertonic conditions, cell
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FIGURE 3 | The WNK/SPAK/CCC signaling pathway in cell volume homeostasis. Changes in extracellular osmolarity induce cell shrinkage or swelling. Hypertonic
stress with higher extracellular solute concentrations will induce water loss and cell shrinkage. This activates the regulatory volume increase (RVI) response, in which
influx of Na+, K+, and Cl− ions is stimulated to restore normal cell volume. On the contrary, lower extracellular solute concentrations (hypotonic stress) will induce
water molecules entry and swelling, activating the regulatory volume decrease (RVD) response, in which K+ and Cl− efflux is stimulated, followed by water loss and
cell volume restoration. Transport proteins involved in RVI include the NKCC1 (green) cotransporter that is phosphorylated and activated by the SPAK and OSR1
kinases, which in turn are activated by phosphorylation mediated by the volume-sensitive kinases WNK1 and WNK3. The KCC cotransporters (orange) are inhibited
by WNK-SPAK/OSR1-mediated phosphorylation. During RVD, KCCs and NKCC1 are dephosphorylated by phosphatases, which results in net K+ and Cl− efflux.

shrinkage triggers the regulatory volume increase (RVI) response,
which involves intracellular solute accumulation causing the
osmotic influx of water and the recovery to normal cell volume.
Na+, K+, and Cl− ions influx occurs in the early phase of
this response (de los Heros et al., 2018; Delpire and Gagnon,
2018). Transport systems on the membrane are activated within
seconds of volume deviation. Transport proteins involved in
RVD include the K+-Cl− cotransporters (KCCs), the volume-
regulated Cl− channel VRAC, as well as K+ channels. For RVI,
the main molecular players involved are the Na+-H+ exchanger
and the Na+-K+-2Cl− cotransporter (NKCC1) (Koivusalo et al.,
2009). In this section we will focus on the mechanisms for CCCs’
activation and deactivation during cell volume regulation.

As mentioned above, a key signaling event for modulation of
CCCs in response to cell volume changes is the phosphorylation
or dephosphorylation of specific residues in their N-
and C-terminal tails. For instance, during cell swelling,
dephosphorylation of conserved C-terminal threonine residues
in KCCs induces their activation, while dephosphorylation of
conserved N-terminal residues in NKCC1 inhibits its activity
(Lytle and Forbush, 1992; Darman and Forbush, 2002; Rinehart
et al., 2009). This results in increased K+-Cl− efflux and
decreased Na+ influx, promoting water to follow ion movement.
In contrast, during cell shrinkage, increasing phosphorylation
of the above-mentioned sites, results in NKCC1 activation and
KCCs inhibition, and thus, increased Na+, K+, and Cl− influx,
with the consequent influx of water that follows. This reciprocal
regulation has led to propose the existence of a volume-sensing

enzyme cascade that regulates both NKCCs and KCCs in
opposite ways. The identity of the sensors and transducers
have been studied and examined, and the WNK-SPAK/OSR1
signaling cascade has emerged as the cascade involved in such
regulation, with protein phosphatases playing also an essential
regulatory role (de Los Heros et al., 2006; Zagórska et al., 2007;
Pacheco-Alvarez et al., 2020).

In vitro Evidence of WNK1’s Role in Cell
Volume Regulation
Different groups have shown that WNK1 activity is stimulated
by hypertonic stress. For instance, Xu et al. (2000) and
Zagórska et al. (2007) showed that WNK1 immunoprecipitated
from HEK293 cells grown in hypertonic media displayed
higher levels of autophosphorylation and higher ability to
phosphorylate OSR1, respectively. Hypertonic stress promoted
WNK1 autophosphorylation at S382, the T-loop’s residue,
an event that promotes kinase activation (Xu et al., 2002;
Zagórska et al., 2007). Hypertonic stress has also been shown
to promote activation of SPAK and OSR1 in cellular models
(Chen et al., 2004; Anselmo et al., 2006; Zagórska et al.,
2007). Such activation correlates with kinases’ phosphorylation
at activating sites targeted by WNK kinases (T-loop and S-motif
sites). Additionally, siRNA-mediated WNK1 depletion in HeLa
cells has been shown to partially prevent sorbitol-induced
phosphorylation and activation of SPAK and OSR1 (Zagórska
et al., 2007), suggesting that WNK1 activation in these cells is at
least partially responsible for SPAK/OSR1 activation.
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Regarding the mechanisms implicated in the modulation
of WNK1 activity by hyperosmotic stress, it is interesting to
note that Zagórska et al. (2007) observed that the truncated 1-
667 WNK1 protein retained the ability of becoming activated
by this stimulus, suggesting that the domain or domains
involved in kinase activation are located within this region.
In a more recent work, Naguro et al. (2012) showed that
the MAP3K apoptosis signal-regulated kinase 3 (ASK3) is
an osmotic stress-sensitive protein that can bind WNK1 and
regulate its T-loop’s phosphorylation. More specifically, they
showed that ASK3 becomes phosphorylated and activated when
stimulated by hypotonic stress and inhibited by hypertonic
stress. They also showed that, when activated by hypotonicity,
ASK3 inhibits WNK1 autophosphorylation, because in ASK3
depleted cells, but not in control cells, an increase in WNK1-
mediated OSR1 phosphorylation was observed when the cells
were subjected to hypotonic stimulation. Given that hypotonic
stress promotes [Cl−]i reduction, for example, via activation of
the VRAC Cl− channel, an appealing hypothesis is that ASK3
may be important for preventing Cl− depletion-induced WNK1
activation under this condition.

In vitro Evidence of WNK3’s Role in Cell
Volume Regulation
As it was discussed previously, among the WNK family, WNK1
and WNK4 are sensitive to [Cl−]i, while WNK3 constitutes the
non-Cl−-sensitive member of the family and it might function as
a cell volume-sensitive kinase. Indeed, WNK3 has shown unique
biochemical and functional regulatory properties over the CCCs
that have led to propose this protein as possible candidate for
the volume sensor kinase. Initial characterization of WNK3 in
2005 performed in Xenopus laevis oocytes showed that WNK3
is a potent activator of NKCC1, NKCC2, and NCC, and an
inhibitor of KCCs. In contrast, a catalytically inactive version
of WNK3 (WNK3-KD) had opposite effects, most likely due to
dominant negative effects on the endogenous WNK-SPAK/OSR1
cascade (Kahle et al., 2005; Rinehart et al., 2005; de Los Heros
et al., 2006). No other WNK kinase has been shown to possess
the ability to regulate all N(K)CCs and KCCs in such manner.
It was also shown that WNK3 regulation of KCCs function,
depend on phosphatase activity. By using phosphatase inhibitors,
protein phosphatase 1 and 2B were proposed to be involved in
the signaling pathway.

Experiments performed in HEK293 cells showed that WNK3
has a direct effect on the RVD and RVI volume compensatory
mechanisms in mammalian cells. Cruz-Rangel et al. (2012)
observed that cells that overexpress WNK3, achieved through
stable transfection, showed less efficient RVD, which correlated
with lower KCC activity and decreased Cl− efflux. In contrast,
cells overexpressing WNK3-KD showed more efficient RVD,
as well and higher KCC activity and Cl− efflux. Later on, in
2016, Zhang and coworkers used a combination of screening
methods (kinome wide siRNA-screens, kinase inhibitor screen,
and a kinase trapping- Orbitrap mass spectrometry screen)
that allowed them to identify the major endogenous WNK
kinase responsible for stimulating basal KCC3 C-terminal

phosphorylation (T991 and T1048) in HEK293 cells (Zhang et al.,
2016). WNK3 was identified in all three screening methods,
suggesting that WNK3 basal activity is high in these cells.
Subsequent targeted knockout experiments in the same model
showed that not only WNK3 knockout, but also WNK1 knockout
decreased KCC3 and NKCC1 phosphorylation in this model.
They showed that HEK293 cells expressing KCC3 and transiently
transfected with wild type WNK3 swelled under hypotonic
stimulation, while expression of WNK3-KD prevented hypotonic
swelling. This effect of WNK3-KD overexpression was reversed
in the presence of the KCCs inhibitor furosemide, revealing that
increased KCC activity was responsible for the more efficient
RVD response in these cells. Finally, treatment of cells expressing
wild type WNK3 with the SPAK/OSR1 inhibitor STOCK1S-
50699, also prevented cells from swelling under hypotonic
stress, demonstrating that inhibition of the WNK3-SPAK/OSR1
pathway promoted RVD. These experiments established the
WNK3-SPAK/OSR1 complex as an integral component of the
Cl−/volume sensitive kinase system regulating the CCCs.

More recently, using the X. laevis oocytes heterologous
expression system we have shown that WNK3 activity
towards NCC is not affected neither by changes in [Cl−]i,
nor by eliminating the putative Cl− binding sites on the
kinase (Pacheco-Alvarez et al., 2020). Instead, the activating
phosphorylation of WNK3’s T-loop, is modulated by changes
in extracellular osmolarity (increased by hypertonicity and
decreased by hypotonicity), whereas phosphorylation of WNK4
in the homologous residue is not affected by such stimuli
(Figure 4). In contrast, WNK4 T-loop phosphorylation is
stimulated by [Cl−]i depletion. This supports the hypothesis
that, at least toward the CCCs, while WNK4 and WNK1
are the Cl− sensitive kinases, WNK3 is instead involved in
volume-sensing. Key questions that remain open are whether
this kinase can act as the actual cellular osmosensor or whether
it is regulated instead by another protein with such activity.
Also, whether WNK3 activity modulation by cell volume could
also affect other players in the RVI or RVD response remains
to be determined.

The Activity of the
WNK3-SPAK/OSR1-CCC Pathway Is
Altered in Cerebral Edema in Rodent
Models
In vivo model experiments analyzed the role of the WNK3-
SPAK/OSR1-CCC complex in cerebral edema, a condition where
volume homeostasis of brain cells is disrupted. It is worth
mentioning that increased glial cell volume is the major
contributor to cerebral edema, given that in the mammalian brain
glia outnumber neurons and also because glia, unlike neurons,
express aquaporins that render them more vulnerable to osmotic
stress (Kahle et al., 2015). NKCC1 and KCC3 are highly expressed
in astrocytes where they participate in cell volume regulation
(Pearson et al., 2001; Su et al., 2002).

Middle cerebral artery occlusion (MCAO) was performed
to produce brain ischemia, a maneuver that induces cerebral
edema, in wild type (WT), WNK3−/−, and SPAK−/− mice
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FIGURE 4 | WNK3 phosphorylation is modulated by cell volume changes,
while WNK4 phosphorylation is not altered by these stimuli, but responds to
[Cl−]i depletion. Western blot assays (upper panels) and corresponding results
from densitometric analysis (lower panels) show that T-loop
autophosphorylation of WNK3 (S308 in human WNK3) is decreased by
incubation of oocytes in hypotonic media, while it is increased by incubation in
hypertonic media (A). In contrast, WNK4 T-loop autophosphorylation (S332 in
mouse WNK4) is not affected by these maneuvers, but it is increased by low
Cl− hypotonic stress (LCHS) that promotes [Cl−]i depletion (B). These results
suggest that WNK3 activity primarily responds to changes in cell volume,
while WNK4 is mainly regulated by [Cl−]i. *p < 0.05 vs control. Modified from
Pacheco-Alvarez et al. (2020) with permission.

(Begum et al., 2015; Zhang et al., 2016; Zhao et al., 2017).
In comparison to WT mice, WNK3−/− and SPAK−/− mice
showed reduced cerebral edema and infarct volume after
MCAO, as well as less demyelination and faster neurobehavioral
recovery. Phosphorylation levels of KCC3 and NKCC1 in brain
homogenates of WNK3−/− mice after brain ischemia were
decreased compared to those in wild type mice (Begum et al.,
2015; Zhang et al., 2016). It was suggested that these effects on
CCCs phosphorylation could account for the decreased cerebral
edema and other improved outcomes. Supporting the key role
of SPAK in the regulation of NKCC1, KCC2, and KCC3 activity
in brain tissue, it was shown that SPAK-CCT domain knock-in
mice (SPAKL502A/L502A), in which SPAK is unable to bind CCCs,
have lower levels of phosphorylated NKCC1, KCC2, and KCC3
in brain homogenates. Co-immunoprecipitation experiments
of KCC3 with SPAK performed with brain lysates of these
mice confirmed that the KCC3-SPAK interaction is disrupted.
Therefore, these results place the WNK3-SPAK complex as a
“volume sensor-transducer” in mammalian brain that regulates
CCC activity to achieve volume homeostasis.

REGULATION OF RENAL Na-Cl
COTRANSPORTER (NCC) IN RESPONSE
TO CHANGES IN EXTRACELLULAR K+

CONCENTRATION

The fine tuning of urinary Na+ and K+ excretion takes place
within the mammalian distal nephron of which the distal

convoluted tubule (DCT) is the very first segment. The DCT
actively participates in Na+, Ca2+, and Mg2+ reabsorption, and
thus, its activity has an impact on blood pressure, Ca2+ and
Mg2+ homeostasis. NCC constitutes the apical entry pathway for
Na+ and Cl− to DCT cells and its activity is the rate-limiting
step for NaCl reabsorption in this segment. In addition, even
though no net K+ reabsorption or secretion occurs in the DCT,
NCC activity has an important impact on renal K+ handling, and
thus, renal K+ excretion (Subramanya and Ellison, 2014; Bazúa-
Valenti et al., 2016). This is evidenced by the phenotype displayed
by patients with Gitelman’s syndrome, a genetic disease caused
by inactivating mutations in the SLC12A3 gene that encodes
NCC (Simon et al., 1996b). Patients present with hypotension,
hypocalciuria, and hypomagnesemia, but also, one of the most
notable features is renal K+ loss and hypokalemia. NCC activity
affects renal K+ handling by indirectly affecting the activity of
the secretory K+ apparatus of the aldosterone sensitive distal
nephron (ASDN) comprised by the connecting tubule and the
cortical collecting duct. In these segments aldosterone drives K+
secretion by stimulating the concerted action of apical epithelial
Na+ channels (ENaC) and Renal Outer Medullary K+ channels
(ROMK). Electrogenic Na+ reabsorption via ENaC generates a
lumen-negative transepithelial potential that drives K+ secretion
via ROMK. Big K+ (BK) channels are also important contributors
to K+ secretion under certain conditions (Meneton et al., 2004;
Murillo-de-Ozores et al., 2019). The mechanisms explaining
NCC’s impact on K+ secretion by the ASDN are currently
controversial. It was initially thought that, by affecting distal Na+
delivery, NCC activity could impact on ENaC’s activity, and thus
K+ secretion. However, some recent works have failed to confirm
this mechanism, and instead, recent data point out to a more
complex interaction that involves remodeling of distal tubule
segments (Hunter et al., 2014; Grimm et al., 2017).

Whichever the mechanism, the importance that NCC plays
on modulation of renal K+ excretion is evidenced by the fact
that physiological mechanisms exist to modulate NCC activity
in response to changes in dietary K+ intake. NCC activity,
assessed by measuring activating phosphorylation (Pacheco-
Alvarez et al., 2006), increases in mouse models subjected
to low K+ diets and decreases in mouse models subjected
to high K+ diets (Vallon et al., 2009; Sorensen et al., 2013;
Castaneda-Bueno et al., 2014; Terker et al., 2015a). When this
mechanism is broken, alterations in K+ homeostasis occur,
like it is observed in Gitelman’s syndrome, caused by loss of
function of NCC, or in Familial Hyperkalemic Hypertension
(FHHt), which appears to be mainly caused by overactivation
of NCC (Wilson et al., 2001; Lalioti et al., 2006). As the
disease name indicates, FHHt patients present hypertension
with hyperkalemia, as well as hyperchloremic metabolic acidosis.
FHHt-causative mutations do not occur in the SLC12A3
gene, but in genes encoding proteins that participate in the
regulation of NCC activity. These genes include, as previously
discussed, two that encode the WNK kinases WNK1 and WNK4
(Wilson et al., 2001), and two more (CUL3 and KLHL3) that
encode components of a protein complex with ubiquitin ligase
activity that regulate WNK1 and WNK4 ubiquitylation and
degradation (Boyden et al., 2012; Louis-Dit-Picard et al., 2012;
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Ohta et al., 2013; Shibata et al., 2013; Wakabayashi et al.,
2013).

The regulation of [Cl−]i in DCT cells is a key part of
the signaling mechanism that mediates regulation of NCC in
response to the subtle changes in extracellular K+ concentration
([K+]e) resulting, for example, from variations in dietary K+
content. As explained below in detail, expression of a specific
subset of monovalent ion channels in the basolateral membrane
of these cells allows translating changes of extracellular K+ levels
into changes in membrane potential that in turn drive Cl− fluxes
that alter [Cl−]i (Terker et al., 2015b). Such fluctuations in [Cl−]i
are sensed by the Cl− sensitive WNK4, the master regulator of the
signaling cascade involved in the regulation of NCC (Figure 5).
In this section we describe the molecular players involved in
this relatively novel signaling mechanism, as well as an overview
of the in vitro and in vivo evidence that has been key for the
description of this pathway.

Direct Effects of Plasma K+ on DCT’s
[Cl−]i and NCC Activity
A decrease in NCC phosphorylation (pNCC) levels can be
observed within 15 minutes after an acute K+ oral load. This
effect parallels the rise in plasma K+ levels and precedes the
rise in plasma aldosterone and activation of ENaC. Interestingly,
the rapid natriuresis and kaliuresis induced by the K+ load
seem to be dependent on the inhibition of NCC, because they
are not observed in NCC−/− mice (Sorensen et al., 2013).
Decreased pNCC levels are also observed in mice in which
hyperkalemia is induced pharmacologically by treatment with
amiloride (Terker et al., 2015b) or in genetic mouse models
with hyperkalemia, like in mice with specific deletion of ENaC
subunits in the nephron (Perrier et al., 2016; Boscardin et al.,
2017, 2018). Conversely, in rodent models with hypokalemia, e.g.,
in hyperaldosteronism models, NCC activation is observed (Kim
et al., 1998; Terker et al., 2016). Finally, it has been shown by
Terker et al. (2015a) that, across physiological levels of [K+]e, a
linear correlation is observed between pNCC levels and [K+]e,
and that subtle changes occur in [K+]e in response to modest
changes in dietary K+ content, that are responsible for variations
in pNCC observed.

Terker et al. (2015b) based on experiments performed in
HEK293 cells, proposed that changes in [K+]e modulate pNCC
by inducing changes in the [Cl−]i, that in turn affect the activity
of the WNK-SPAK/OSR1 pathway. The physiological relevance
of this model was supported by ex vivo experiments performed by
Penton et al. (2016) in which isolated mice kidneys were perfused
or mouse kidney slices were incubated with solutions containing
variable [K+]. They confirmed that the [K+]e has a direct effect
on pNCC levels in the DCT. Moreover, such effects were not
observed when changes in [Cl−]i were prevented. Finally, they
showed that whereas the activation of NCC on low [K+] is
completely Cl−-dependent, Cl−-independent mechanisms also
exist for the high [K+]-induced dephosphorylation of NCC.

Kir4.1/5.1 Heterotetramers
Recent works support the idea that K+ channels formed by
Kir4.1/5.1 heterotetramers are key for the direct sensing of

extracellular [K+] by DCT cells. Inwardly rectifying K+ (Kir)
channels are formed by homo- or hetero-tetramers, where each
subunit is composed of two transmembrane regions with amino-
and carboxyl-terminal regions located in the cytoplasm. These
channels are expressed in a wide variety of cell types and
are responsible for different functions (extensively reviewed by
Hibino et al. (2010), one of which is the maintenance of resting
membrane potential (Su and Wang, 2016).

In mouse microdissected DCT tubules, basolateral inwardly
rectifying K+ channels identified as Kir4.1/5.1 heterotetramers
were characterized by patch-clamp experiments (Lourdel et al.,
2002; Zhang et al., 2014), and the expression of these channels was
confirmed by RT-PCR (Lourdel et al., 2002). Immunostaining
assays have also shown basolateral localization of Kir4.1
(Bockenhauer et al., 2009; Zhang et al., 2014; Cuevas et al., 2017)
and Kir5.1 (Tucker et al., 2000; Zhang C. et al., 2015) in the DCT,
and proteomic data from microdissected tubules from rats shows
high levels of Kir4.1 and Kir5.1 in the DCT (Limbutara et al.,
2020). Coincidentally, in vivo interaction between Kir4.1 and
Kir5.1 was first found in kidney samples (Tanemoto et al., 2000).

The activity of these channels is key for DCT function.
In humans, loss of function mutations in the gene KCNJ10
(encoding Kir4.1) are the cause of EAST/SESAME (epilepsy,
ataxia, sensorineural deafness, and renal tubulopathy/seizures,
sensorineural deafness, ataxia, mental retardation, and
electrolyte imbalance) syndrome (Bockenhauer et al., 2009;
Scholl et al., 2009), a complex disease characterized, among
other manifestations, by hypokalemic metabolic alkalosis,
hypomagnesemia, and hypocalciuria, a phenotype reminiscent
of Gitelman syndrome. Accordingly, Kir4.1 global knockout
mice have reduced levels of NCC (Zhang et al., 2014). As
these mice display early lethality, mice with reduced Kir4.1
expression in the kidney (Malik et al., 2018) and kidney-
specific-knockout mice (Cuevas et al., 2017) have also
been generated and they also display decreased levels of
expression and activity of NCC. DCT atrophy is also observed
(Saritas et al., 2018).

Evidence supporting the role of the Kir4.1/5.1 heterotetramer
in the establishment of membrane potential of DCT cells and
its modulation by changes in [K+]e include the following.
Genetic disruption of Kcnj10 in mice abolishes the basolateral
K+ conductance of DCT cells and promotes depolarization
(Zhang et al., 2014; Cuevas et al., 2017). NCC regulation by
changes in dietary K+ content is completely blunted in kidney-
specific-Kir4.1−/− mice (Cuevas et al., 2017; Wang et al., 2018).
Additionally, the activity of Kir4.1/Kir5.1 channels in the DCT
has been shown to be modulated by [K+]e, as hyperpolarization
and higher basolateral K+ conductance is observed in the
DCTs of mice on low K+ diet. In contrast, high K+ intake
decreases basolateral K+ currents and depolarizes DCT cells.
These phenomena are not observed in cells from kidney-specific
Kir4.1−/− mice (Wang et al., 2018). All these findings together
have led to the proposal of naming Kir4.1 as the ‘potassium
sensor’ of the kidney.

Kir4.1 absence is not compensated by Kir5.1, as this latter
subunit alone does not seem to form functional channels on
the cell membrane (Pessia et al., 1996; Tanemoto et al., 2005).
However, Kir5.1 does play an important role in establishing
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FIGURE 5 | Model of the signaling pathway that activates NCC in response to low extracellular [K+] in the distal convoluted tubule (DCT). Low K+ intake can subtly
decrease plasma [K+]. This upregulates the basolateral K+ conductance mediated by Kir4.1/5.1 heterotetramers located in the basolateral membrane of DCT cells,
which causes hyperpolarization of membrane potential and increases the driving force for Cl− efflux through the ClC-Kb channels, also located in the basolateral
membrane by its association with its β-subunit, Barttin. This process lowers [Cl−]i, and therefore allows dissociation of a Cl− anion from the kinase domain of WNK4,
leading to kinase activation and autophosphorylation. Activated WNK4 then phosphorylates the kinases SPAK and OSR1, who phosphorylate and activate NCC,
increasing NaCl reabsorption by these cells.

the sensitivity to [K+]e of DCT cells. The phenotype of
Kir5.1−/−mice differs from that of Kir4.1−/−mice. Mice lacking
Kir5.1 have higher NCC activity, measured as thiazide-sensitive
natriuresis (Paulais et al., 2011), and total and phosphorylated
NCC levels (Wu et al., 2019). The DCT cells of these mice
display higher basolateral K+ conductance and hyperpolarization
compared to DCT cells of WT mice. Regulation of DCT
basolateral K+ conductance and levels of pNCC and NCC in
response to changes in dietary K+ content was impaired in
Kir5.1−/− mice (Wu et al., 2019).

Kir4.1/5.1 heterotetramers have different properties to
Kir4.1 homotetramers (Pessia et al., 1996), such as increased
intracellular pH sensitivity, as demonstrated by in vitro
(Tanemoto et al., 2000; Tucker et al., 2000) and ex vivo
experiments (Paulais et al., 2011). It has been suggested that
decreased sensibility of Kir4.1 homotetramers to inhibition by
H+ ions may explain the higher DCT basolateral K+ conductance
of DCT cells on Kir5.1−/− mice (Paulais et al., 2011).

ClC-Kb and Its β-Subunit, Barttin
The ClC family comprises nine genes that encode four
plasmalemmal Cl− channels (ClC-1, -2, -Ka and -Kb) and
five intracellular Cl−-H+ antiporters (ClC-3 to -7) (reviewed
extensively by Jentsch and Pusch, 2018). ClC proteins assemble
into homodimers, where each subunit mediates ion movement
across the membrane.

ClC-Ka and ClC-Kb channels display different characteristics
to the rest of the family, as they lack the ‘gating glutamate’ present
in other family members and therefore, their voltage dependence
is nearly ohmic (Waldegger and Jentsch, 2000). This allows them
to mediate transmembrane movement of Cl− over a wide range
of membrane voltages, permitting the constant transepithelial
transport of Cl− (Jentsch and Pusch, 2018). Additionally, both
ClC-Ka and ClC-kB require the presence of the β-subunit
Barttin (Estévez et al., 2001), which acts like a chaperone that
promotes localization of these channels in the plasma membrane
(Waldegger et al., 2002).

In the kidney, ClC-Ka and -Kb channels play a prominent role.
Both, human ClC-Ka (named ClC-K1 in mouse and rat) and ClC-
Kb (ClC-K2 in mouse and rat) were initially identified and cloned
from kidney (Kieferle et al., 1994), although their expression
(as well as Barttin’s) is also observed in epithelial cells of the
inner ear (Estévez et al., 2001). While the main site of expression
of ClC-Ka in the kidney is the thin ascending limb of Henle’s
loop, where it plays a role in urine concentration (Matsumura
et al., 1999), ClC-Kb is primarily expressed in the basolateral
membrane of the thick ascending limb of Henle’s loop (TAL),
DCT, and α-intercalated cells of the ASDN, as shown by RT-PCR
(Vitzthum et al., 2002), immunostaining (Hennings et al., 2017),
and proteomics (Limbutara et al., 2020).

Loss of function mutations in CLCNKB (which encodes ClC-
Kb) and BSND (encoding Barttin) are the cause of Bartter
syndrome type III (Simon et al., 1997) and type IV (Birkenhager
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et al., 2001), respectively (see SLC12 section). These types of
Bartter often share characteristics with Gitelman’s syndrome,
such as normo- or hypocalciuria and blunted response to
thiazides (Konrad et al., 2000; Seyberth and Schlingmann,
2011; Cruz and Castro, 2013). This suggests that ClC-Kb and
Barttin activities are not only relevant for NKCC2-mediated
salt reabsorption in the TAL, but also for NCC-mediated salt
reabsorption in the DCT.

Patch-clamp assays performed in microdissected tubules from
ClC-K2−/− mice have shown that ClC-K2 constitutes the main
basolateral Cl− conductance of TAL and DCT cells. Accordingly,
ClC-K2−/− mice have a Bartter type III-like phenotype with
severe renal salt and potassium wasting. Furosemide-sensitive,
as well as thiazide-sensitive NaCl transport are completely
abolished (Grill et al., 2016; Hennings et al., 2017). Decreased
levels of total and phosphorylated NCC are also observed
(Hennings et al., 2017). While global Barttin−/− mice die a
few days after birth because of severe dehydration (Rickheit
et al., 2008), hypomorphic mice for Barttin (with low expression
levels of a mutated Barttin) are able to thrive and recapitulate
a phenotype similar to Bartter syndrome type IV (Nomura
et al., 2011). Interestingly, in baseline conditions these mice
have similar levels of NCC expression and phosphorylation
to WT mice, despite being hypokalemic and hypovolemic,
which suggests impaired physiological response of the DCT
(Nomura et al., 2018).

As explained in the previous section, changes in [K+]e regulate
the membrane potential of the DCT, thanks to the basolateral
expression of Kir4.1/5.1 channels. This affects the driving force
for Cl− movement through ClC-Kb channels, as suggested by
the reduced basolateral Cl− conductance observed in Kir4.1−/−

mice (Zhang et al., 2014). Therefore, low [K+]e promotes
hyperpolarization, which increases Cl− efflux and decreases
[Cl−]i, whereas, increased [K+]e promotes depolarization, lowers
Cl− efflux, and increases [Cl−]i (Terker et al., 2015b; Murthy
and O’Shaughnessy, 2019). As explained previously in detail,
[Cl−]i is an important regulator of the WNK4-SPAK/OSR1
signaling pathway, which ultimately regulates NCC activity. The
importance of [Cl−]i as a second messenger that responds to
changes in [K+]e and translates them into modulation of NCC
activity has been demonstrated in vivo, for example, by showing
that hypomorphic Barttin mice do not upregulate NCC in the face
of decreased K+ intake (Nomura et al., 2018).

WNK4
In mice and humans, mutations in WNK4 that cause kinase
overexpression are the cause of Familial Hyperkalemic
Hypertension (FHHt), a disease that is mainly the consequence
of the upregulation of NCC activity (Wilson et al., 2001; Lalioti
et al., 2006; Yang et al., 2007; Shibata et al., 2013). WNK4
expression has been reported in different tissues (Kahle et al.,
2004; Murillo-de-Ozores et al., 2018) and in different renal cell
types (Ohno et al., 2011), although in some reports definitive
proof of antibody’s signal specificity by comparison with
WNK4−/− samples was lacking. The strictly renal origin of the
FHHt phenotype suggests that absence of WNK4 activity in

extrarenal tissues can be compensated probably by the activity of
other WNK kinases.

Within the DCT WNK4 appears to be the major active
WNK kinase. Recent evidence suggests that under basal,
physiologic conditions WNK4 and KS-WNK1 (the truncated,
kinase inactive version of WNK1) are probably the only WNK
kinases expressed in DCT cells. Thus, WNK4 is the only
WNK kinase that can phosphorylate SPAK and OSR1 in these
cells. For instance, in WNK4−/− mice NCC phosphorylation
levels are completely ablated and a Gitelman-like syndrome
is developed (Castaneda-Bueno et al., 2012). Accordingly,
immunofluorescent staining using an antibody that detects
phosphorylation at the S-motif serine of all WNK kinases
shows that no signal is observed in kidney sections from
WNK4−/− mice (Thomson et al., 2020). This suggests that
the catalytically active WNK in DCT is WNK4 and that no
other catalytically active WNK kinase becomes activated to
compensate for its absence. Additionally, in mice carrying
the FHHt mutation R528H in KLHL3 that prevents WNK
degradation, knocking down WNK4 completely impairs NCC
phosphorylation, even when WNK1 expression levels observed in
Western blot (probably KS-WNK1 in DCT and perhaps L-WNK1
in other nephron segments) remain upregulated (Susa et al.,
2017).

WNK4 is also essential for low K+-mediated activation of
NCC. No upregulation of NCC phosphorylation is observed
in WNK4−/− mice (Castaneda-Bueno et al., 2014; Yang et al.,
2018) and, consequently, mice develop severe hypokalemia when
maintained on a low K+ diet (Castaneda-Bueno et al., 2014).

DCT’s [Cl−]i has been estimated to be relatively low, ranging
between 10 and 20 mM (Beck et al., 1988; Boettger et al.,
2002; Weinstein, 2005; Terker et al., 2015b). Works by Bazua-
Valenti et al. (2015) and Terker et al. (2015a) have shown that
WNK4 is more sensitive to inhibition by Cl− than its related
kinases WNK1 and WNK3. In in vitro kinase assays performed
by Terker et al. (2015a) it was shown that WNK4 activity was
inhibited even by the lowest [Cl−] tested which was 10 mM,
whereas inhibition of WNK1 and WNK3 only began to be
observed when [Cl−] reached 112 and 150 mM, respectively.
These observations indicate that indeed WNK4’s Cl− sensitivity
lies within the range observed for [Cl−]i in the DCT, and thus,
makes it the appropriate WNK to be expressed in this cell type
to allow modulation of WNK activity in response to changes
in [Cl−]i.

As mentioned before, mutations in the Cl− binding domain
of WNK kinases (L369F/L371F and L322F/L324F mutations
in human WNK1 and human WNK4, respectively) make
them insensitive to Cl− and constitutively active (Piala
et al., 2014; Bazua-Valenti et al., 2015; Terker et al., 2015a).
Introduction of these mutations in a genetic mouse model
has provided the definitive proof that under basal conditions
WNK4 is indeed inhibited by Cl− within DCT cells, because
these mice display increased NCC phosphorylation and
an FHHt-like phenotype (Chen et al., 2019). Interestingly,
administering a low K+ diet or an acute K+ load by oral
gavage did not promote the expected increase or decrease,
respectively, in NCC phosphorylation levels, supporting the idea
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that modulation of WNK4 kinase activity by intracellular
Cl− is behind the signaling mechanism implicated in
such regulation.

SPAK and OSR1
In cultured HEK293 cells, incubation with low [K+] media
promotes an increase in pSPAK/OSR1 levels. This increase is
secondary to the intracellular Cl− depletion that is induced by
low [K+]e (Terker et al., 2015b). In mice, dietary K+ restriction
induces an increase in renal SPAK/OSR1 phosphorylation levels.
In DCT, apical localization of SPAK, OSR1, and pSPAK/OSR1
increases, as well as localization in cytoplasmic puncta (WNK
bodies) whose formation is induced in conditions that promote
pathway activation (Thomson et al., 2020). The increase
in renal pSPAK/OSR1 is also observed when kidney slices
are incubated on a low [K+] medium, suggesting that a
direct effect of extracellular [K+] on DCT cells is implicated
(Penton et al., 2016).

SPAK−/− mice and SPAK knockin mice carrying a mutation
that prevents phosphorylation of the T-loop’s Thr243 that
is essential for kinase’s activation, both display lower levels
of expression and phosphorylation of NCC and a Gitelman-
like syndrome (Rafiqi et al., 2010; Yang et al., 2010; Lin
et al., 2011; McCormick et al., 2011; Grimm et al., 2012). In
contrast, kidney specific OSR1−/− mice display normal to higher
levels of pNCC (Lin et al., 2011; Ferdaus et al., 2016) and
a Bartter-like phenotype with reduced pNKCC2 levels. These
observations led to the idea that SPAK mainly participates in
NCC regulation, while OSR1 may be more important for NKCC2
regulation. However, even though OSR1 cannot fully compensate
to maintain NCC activity in the absence of active SPAK, several
observations support the notion that OSR1 is also a physiological
modulator of NCC.

First, Terker et al. (2014) showed that OSR1, but not SPAK
is essential for β-adrenergic stimulation of NCC. Second, Chiga
et al. (2011) showed that the FHHt phenotype of WNK4D561A/+

mice was not fully corrected by inactivation of SPAK (in
WNK4D561A/+SPAKT243A/T243A mice). However, inactivation
of one copy SPAK and one copy of OSR1 (WNK4D561A/+

SPAKT243A/+ OSR1T185A/+ mice) did normalize blood pressure,
plasma [K+], and pNCC levels (Chiga et al., 2011). Third,
Ferdaus et al. (2016) showed that, whereas in SPAK−/− mice
and kidney specific OSR1−/− mice an increase in pNCC was
observed when placed on K+ deficient diet, double knockout
mice were unable to upregulate NCC phosphorylation under
this condition. Accordingly, plasma [K+] levels were significantly
lower in the double mutants than in the single mutants. The
severe hypokalemia developed in the double knockouts under
dietary K+ restriction was reminiscent to the one observed
in WNK4−/− mice on this same condition (Castaneda-Bueno
et al., 2014). These results highlight the importance of the
WNK4-SPAK/OSR1 signaling pathway for NCC activation
and maintenance of K+ homeostasis under K+ deprivation.
Finally, supporting this view, Grimm et al. (2017) recently
showed that constitutive activation of SPAK exclusively in the
DCT is sufficient to develop hyperkalemia, secondary to the
activation of NCC.

CATION-CHLORIDE COTRANSPORTERS
IN THE REGULATION OF THE
NEURONAL RESPONSE TO GABA

The [Cl−]i and its regulation by a diverse family of Cl−
transporters is a crucial factor affecting GABAergic transmission
during brain development and in the mature nervous system.
In most neurons, [Cl−]i concentration is largely dependent
on the activity of two cotransporters of the CCC family:
KCC2 and NKCC1, although KCC3 is also an important
cotransporter in the CNS. The activity of these transporters can
decrease or increase neuronal [Cl−]i, respectively, and therefore
they can alter the polarity (inhibitory or excitatory) and the
magnitude of GABAergic transmission. The abnormal function
of these transporters can lead to neurologic disorders, including
developmental disorders, epilepsy, schizophrenia, and autism.
Knowledge of the expression levels and functional regulation of
these Cl− transporters in the central nervous system is crucial
to understand the basis for Cl− homeostasis under normal and
pathological conditions. For reviews see Ben-Ari et al. (2007);
Blaesse et al. (2009), Kaila et al. (2014); Titz et al. (2015), Kahle
and Delpire (2016), and Ben-Ari (2017).

The ability of neurons in the CNS to inhibit each other is just
as important as the ability to excite each other. While several
excitatory neurotransmitters exist (glutamate, acetylcholine, ATP
etc.), neuronal inhibition is mainly mediated by γ- aminobutyric
acid (GABA) and to lesser extent by glycine. GABA binds to
Cl−-permeable GABAA receptors (GABAAR) and their resultant
activation leads to the opening of the receptor’s ion channel,
resulting in Cl− movement. The direction of the ion flux depends
on the electrochemical driving force acting on the Cl− ions,
which is the difference between the cell’s membrane potential
(Vm) and the Cl− equilibrium potential (ECl−). The latter
depends on the [Cl−] gradient across the cell membrane. With
a [Cl−]i of 8 mM, the ECl− is about -70 mV (Figure 6). This value
is often more negative than the neuron resting Vm (Kakazu et al.,
1999; Rivera et al., 1999; Yamada et al., 2004; Glykys et al., 2014).

The regulation of neuronal [Cl−]i by CCCs is essential for
the normal activity of many neural circuits. In the mature
brain, neuronal [Cl−]i is low, and GABA binding to their
postsynaptic receptors leads to Cl− influx and post-synaptic
hyperpolarization, which moves Vm away from the firing
threshold, causing inhibition of excitability. Conversely, in the
immature brain, [Cl−]i is significantly higher, so ECl− is more
positive than Vm, and GABA produces Cl− efflux, depolarizing
responses, and increased excitability by moving Vm closer to the
firing threshold (Ben-Ari, 2002).

The transition of GABAA responses, from excitatory in
immature neurons and neurons precursors to inhibitory in
mature neurons, occurs because [Cl−]i decreases and ECl− shifts
in the negative direction due to the high expression of NKCC1
(mediating Cl− influx) and low expression of KCC2 (mediating
Cl− efflux) in immature neurons and the strong developmental
upregulation of KCC2 in mature ones (Rivera et al., 1999; Ben-
Ari et al., 2007). Onset of developmental upregulation of KCC2
seems to be species-specific, for example, occurring postnatally
in rats (Rivera et al., 1999), and during the second half of
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FIGURE 6 | Relationship between intracellular chloride concentration ([Cl−]i) and the equilibrium potential for chloride (ECl−) that determine the type of response to
GABA stimulation in neurons. (A) Shows how the ECl− is affected by changes in [Cl−]i according to the Nernst equation. Resting membrane potential in neurons at
physiological conditions is around –60 mV. The [Cl−]i of neurons changes along development with higher levels in immature neurons that decrease as they develop
into mature cells (Ben-Ari, 2002). This decrease is coupled to the developmental upregulation of KCC2 expression (Rivera et al., 1999). The low KCC2 expression
and activity in immature neurons (B), and thus the high NKCC1 to KCC2 activity ratio, is responsible for the observed higher [Cl−]i levels (around 20–40 mM) (Kakazu
et al., 1999; Ben-Ari, 2002; Yamada et al., 2004). At these levels of [Cl−]i, ECl− is higher than Vm (A) and GABA stimulation of GABAAR receptors promote Cl− influx
and neuronal depolarization (C). Conversely, in mature neurons the upregulation of KCC2 expression decreases the NKCC2 to KCC2 activity ratio (B). This sets the
[Cl−]i at a lower value (around 5–12 mM) and thus, ECl− is now lower than the Vm and GABA becomes an inhibitory neurotransmitter. As an exception, primary
afferent neurons conserve a high NKCC1 to KCC2 activity ratio all the way through adulthood (Alvarez-Leefmans, 2010). Thus, GABA stimulation of their terminal
synapses produce a depolarizing response that is responsible for pre-synaptic inhibition, a mechanism that modulates the input of painful signals from the periphery.

gestation in humans (Vanhatalo et al., 2005; Sedmak et al., 2016)
(for review see Kaila et al., 2014). In the mature mammalian
nervous system, KCC2 is highly expressed in most central
neurons, but absent or expressed at low levels in peripheral
neurons and in other nervous cell-types (Payne et al., 1996;
Li et al., 2002).

NKCC1 and KCC2 Modulate Circadian
Rhythms Determined by GABA
Another example of reversal of GABAergic responses, but that
occur in a shorter timescale, has been reported in neurons
from the suprachiasmatic nuclei (SCN). The reversal potential
of GABAergic postsynaptic currents of these cells (the potential
at which GABA responses changes from hyperpolarizing to
depolarizing), displays diurnal variations of about 30 mV,
suggesting daytime versus nighttime differences of [Cl−]i levels
(Irwin and Allen, 2009). Recent works have shown that NKCC1
expression in the SCN of the Syrian hamster is regulated by
environmental light and displays circadian changes, suggesting
that this may determine GABA polarity in a circadian manner
(McNeill et al., 2020).

Similarly, in serotonergic neurons of the dorsal raphe
nucleus (DRN), which participate in the sleep-wake cycle,
GABAergic inhibition displays circadian variations. At daytime,
hyperpolarizing responses to the GABAAR agonist muscimol are
larger, and their equilibrium potential more negative compared
to those measured at nighttime. Coincidently, the expression
of KCC2 (mediating Cl− efflux) is higher during daytime than
that during nighttime, with no changes in expression pattern

of NKCC1 (mediating Cl− influx). Expression levels of the
neuronal NO synthase (nNOS), present in most serotonergic
DRN neurons, are higher at daytime than at night-time, and
in brain slices treated with the NO donor sodium nitroprusside
(SNP) the expression of KCC2, WNK1, WNK2, WNK3, SPAK,
and OSR1 in the DRN increased, whereas phosphorylated SPAK
decreased. Together, these results suggest that modulation of
GABAergic inhibition of wake-inducing DRN neurons during
the sleep-wake cycle is regulated by circadian variations in
nNOS-derived NO concentration that in turn affect the WNK-
SPAK/OSR1-KCC2 signaling (Kim et al., 2018).

Roles of KCC2 in the CNS: Lessons
Learned From Genetic Mouse Models
and Human Mutations Associated With
Disease
KCC2−/− mice, lacking both KCC2a and KCC2b isoforms,
exhibit elevated [Cl−]i and GABA-induced neuronal excitation
throughout the nervous system (Hubner et al., 2001) (Table 3).
They die shortly after birth due to severe motor abnormalities
that cause respiratory failure. Brainstem preparations of E18.5
KCC2−/− failed to show respiratory-related motor output of
the pre-Bötzinger complex, a cluster of interneurons in the
medulla that participate in the generation of respiratory rhythm.
Treatment of medullary slices from newborn (P0–P7) WT mice
with the KCC2 inhibitor (Dihydroindenyl)oxy alkanoic acid
(DIOA) has also been shown to decrease the frequency of
the respiration-related rhythmic activity (Okabe et al., 2015).
KCC2b−/− mice (the most abundant isoform in the nervous
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TABLE 3 | Genetically engineered mouse models with mutations in KCC2.

Mouse model Mutation Effect on protein expression
or function

Phenotype References

KCC2 −/− Elimination of exon 5 Complete absence of KCC2
expression

Neonatal death due to inability to breath, severe motor
deficits, abnormal motoneuron activity due to excitatory
response to GABA.

Hubner et al., 2001

KCC2b −/− Elimination of exon 1 Absence of KCC2b, but not
KCC2a expression

Die 12–17 days after birth. Abnormal posture (stiff
limbs), frequent generalized seizures leading to brain
injury, neuronal hyperexcitability (measured in
hippocampal CA1 pyramidal neurons).

Woo et al., 2002

KCC2b+/− Elimination of exon 1,
heterozygous

Decreased expression of
KCC2b isoform

Increased susceptibility to the proconvulsant
pentylenetetrazole, sporadic seizures in aging mice.

Woo et al., 2002

KCC2E/E Phosphomimetic
T906E/T1007E mutations,
homozygous

Decreased KCC2 activity Neonatal death due to inability to breath. In cesarean
section-delivered mice at E18.5: spontaneous and
touch-evoked generalized seizures. Abnormal neuronal
distribution. Lower frequency of locomotor rhythm
measured in lumbar 2 ventral roots.

Watanabe et al., 2019

KCC2A/A Phosphoablative
T906A/T1007A mutations,
homozygous

Increased KCC2 activity Survive through adulthood with no overt phenotypes.
Normal gross brain morphology and neuronal
excitability. More negative EGABA measured in
hippocampal neurons. Delay of kainate-induced seizure
onset and decrease in mortality rate from status
epilepticus.

Moore et al., 2018

KCC2S940A/S940A Phosphoablative S940A
mutation, homozygous

No effect on basal KCC2
activity in hippocampal
neurons, but decreased KCC2
activity in glutamate stimulated
neurons

Reach adulthood with no overt phenotypes. Increased
sensitivity to kainate: accelerated onset of status
epilepticus and increased seizure severity.

Silayeva et al., 2015

system) exhibit frequent generalized seizures that cause their
death between postnatal days 12 and 17 (Woo et al., 2002). In
these mice, KCC2a expression is intact (this isoform is produced
from an alternative promoter and has an alternative exon 1 that
was not targeted by the knockout strategy) and is estimated to
represent between 5-10% of the normal total KCC2 expression
in the mature brain cortex (Uvarov et al., 2007). Thus, the
residual KCC2 activity is thought to explain the slight phenotypic
differences between the two knockout models (Gagnon and
Delpire, 2013). KCC2b+/− mice show reduced KCC2 expression
and can reach adulthood but are prone to suffer epileptic seizures
(Woo et al., 2002).

Phosphorylation of KCC2 by the WNK-SPAK/OSR1
downregulates its activity, reducing the rate of Cl− extrusion.
Thus, if KCC2 phosphorylation is stimulated, GABAergic
inhibition is expected to be weaker or null and the polarity
of GABAergic responses could even reverse from inhibitory
to excitatory. For instance, KCC2 phosphorylation in
Thr906/Thr1007 by WNK1 decreased Cl− extrusion and
promoted GABAergic depolarization in cultured mature
neurons (Inoue et al., 2012). Moreover, dephosphorylation of
KCC2 in brain mouse has been shown to parallel the reversal of
GABAergic responses (Friedel et al., 2015; Watanabe et al., 2019).

In the mouse model KCC2E/E that expresses a KCC2
cotransporter harboring the phosphomimetic T906E/T1007E
mutations in both alleles, touch-evoked epilepsy, disrupted
locomotor rhythmicity, absence of spontaneous respiratory
discharges in cervical spinal cord neurons, and early death due
to respiratory arrest were reported (Watanabe et al., 2019). It has
been shown that the disruption in the developmental switch in

polarity of GABAergic transmission can affect normal neuronal
proliferation, migration, and dendritic spine maturation (Li
et al., 2007; Ben-Ari et al., 2012). Accordingly, KCC2E/E mice
presented anomalous neuronal distribution, but dendritic spine
morphology was normal.

In contrast, in KCC2T906A/T1007A mice, in which mutations
mimic a permanent dephosphorylated (hyperactive) state of
KCC2, a reduction in kainate-induced epileptic seizures was
observed, possibly due to stronger inhibitory GABAergic synapsis
throughout the CNS (Moore et al., 2018). Altogether, these results
suggest that adequate KCC2-dependent Cl− extrusion is essential
for the correct function of a variety of neuronal circuits, and
that its impairment or dysfunction causes inappropriate neuronal
locomotor rhythmogenesis and touch-evoked epileptic seizures.

In humans, mutations that indirectly impair KCC2-Ser940
phosphorylation (R952H and R1049C) have been associated
with idiopathic epilepsy (Kahle et al., 2014) and familial
febrile seizures (Puskarjov et al., 2014). This latter condition
associates with abnormal dendritic spine formation. While KCC2
phosphorylation in Thr residues (Rinehart et al., 2009; de los
Heros et al., 2014) and Tyr residues (Watanabe et al., 2009;
Lee et al., 2010) decrease its membrane availability and rate of
ion transport, KCC2 phosphorylation in Ser940, mediated by
protein kinase C (PKC), is associated with KCC2 stability in
the plasma membrane and increased Cl− transport (Lee et al.,
2007). Thus, KCC2 phosphorylation in Ser940 leads to reduced
[Cl−]i and stronger GABAergic inhibition (Lee et al., 2007, 2011).
In cultured cortical rat neurons, glutamate-mediated NMDA
receptor activation triggers Ca2+ influx and PP1 activation that
in turn mediates KCC2-Ser940 dephosphorylation (Lee et al.,
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2011). This leads to diminished Cl− extrusion and weaker
GABAergic inhibition. However, if Ser940 dephosphorylation
is blocked by treatment of cultured neurons with okadaic
acid, the downregulation of KCC2 is prevented and the
strength of GABAergic inhibition is unaffected. When Ser940
phosphorylation is prevented in vivo in the KCC2S940A/S940A

mouse, no effect is observed on basal Cl− extrusion in
hippocampal cultured neurons, but decreased KCC2 activity is
observed in glutamate stimulated neurons. Onset of kainate-
induced status epilepticus is accelerated and seizure severity is
increased in these mice (Silayeva et al., 2015).

In mature neurons in culture, GABAAR activation correlates
with increased expression of KCC2 in the plasma membrane
and KCC2 dephosphorylation at Thr906/Thr1007 (Heubl et al.,
2017). Activation of GABAAR allows Cl− influx that significantly
increases [Cl−]i. This in turn, as a homeostatic mechanism,
turns off the WNK-SPAK/OSR1 pathway leading to increased
membrane KCC2 expression, thus, its activity, favoring Cl−
extrusion. The opposite effect occurs when an antagonist blocks
GABA transmission and produces activation of the WNK-SPAK
cascade. [Cl−]i depletion induces activating phosphorylation
of WNK1 at Ser382, SPAK at Ser373, and inactivating
phosphorylation of KCC2 at Thr906/Thr1007. This also increases
NKCC1 phosphorylation at sites Thr203, Thr207, and Thr212.
All these events promote net Cl− influx. Thus, modulation
of the WNK-SPAK/OSR1 pathway by [Cl−]i is an important
mechanism for restoration of [Cl−]i levels after GABAAR
activation or blockade.

Association of CCCs Activities in the
Development of Schizophrenia and
Autism
The dysregulation of NKCC1 and KCC2 activity with the
consequent altered [Cl−]i homeostasis has been related to
psychiatric disorders like autism and schizophrenia in which
GABA induced inhibition is altered. Rare genetic variants in
SLC12A5 (encoding KCC2) that decrease the KCC2-mediated
Cl− extrusion have been linked to autism (R952H and R1049C)
and schizophrenia (R952H) (Merner et al., 2015) and a gain
of function missense variant in SLC12A2 (encoding NKCC1;
Y199C) has been reported in a large cohort of schizophrenic
patients (Merner et al., 2016). In addition, Hyde et al.
(2011) showed that the NKCC1/KCC2 expression ratio in the
hippocampal formation of human brains from schizophrenic
patients is higher than that observed in non-schizophrenic
subjects. Furthermore, post-mortem analyzed brains from
schizophrenic patients show higher transcript levels of OXSR1
(coding OSR1 kinase) and WNK3 (Arion et al., 2011). A role of
NKCC1 in the pathophysiology of these brain diseases is also
evidenced by the beneficial effects observed with bumetanide
(an NKCC1 inhibitor) administration (Lemonnier et al., 2016,
2017; Merner et al., 2016; Ben-Ari, 2017; Rahmanzadeh et al.,
2017; Kharod et al., 2019; Mollajani et al., 2019; Zhang et al.,
2020). In three different clinical trials, bumetanide administered
to autistic patients showed significant improvement of the
autistic symptoms and signs (Lemonnier et al., 2017; Zhou

et al., 2020). These effects correlated with an increase in
the GABA/Glutamate synapsis ratio recorded using magnetic
resonance microscopy in the human insular cortex (Zhang et al.,
2020). Encouraging effects of bumetanide have also been reported
in schizophrenic patients (Lemonnier et al., 2016; Merner et al.,
2016; Rahmanzadeh et al., 2017).

KCC2 and NKCC1 Modulate Peripheral
Sensory Transmission
CCCs are also expressed in neurons of the spinal cord and
peripheral nervous system, where they play an important role in
the processing of somatosensory information (Kahle et al., 2008;
Alvarez-Leefmans, 2010). The observed effects of altered CCC
function in different models suggest a particularly important
role in the inhibition of spinal nociceptive processing (Sung
et al., 2000; Coull et al., 2003; Laird et al., 2004; Tornberg et al.,
2005; Gagnon and Delpire, 2013). The peripheral processes of
primary sensory neurons (PSN), whose soma is located in the
dorsal root ganglia (DRG), collect information from nociceptive
receptors throughout the body. Their central processes conduct
sensory signals into the dorsal horn of the spinal cord, the
first relay in the central nervous system where nociceptive
information is integrated and then transmitted to the brain
through nociceptive specific projection neurons. Integration
of these signals in the brain is necessary for conscious pain
perception. GABAergic inhibition is an important mechanism
for modulation of pain input from the periphery. Both, primary
sensory neurons of the DRG and dorsal horn neurons are
subject to GABAergic inhibition (Figure 7). GABA released
from synaptic terminals of inhibitory interneurons of the
dorsal horn and inhibitory descending fibers can modulate
spinal nociceptive processing via two mechanisms: presynaptic
inhibition of PSN and post-synaptic inhibition of spinal cord
projection neurons (Rudomin and Schmidt, 1999; Alvarez-
Leefmans, 2010; Guo and Hu, 2014).

The pre-synaptic inhibition of PSN involves GABA-induced
depolarization of their excitatory synaptic terminals that causes
a reduction in neurotransmitter release due to still controversial
mechanisms (Guo and Hu, 2014). This phenomenon has been
called primary afferent depolarization. The depolarizing effect of
GABA is possible because PSN, unlike mature neurons from the
CNS, maintain [Cl−]i above electrochemical equilibrium due to
a high NKCC1/KCC2 activity ratio (Sung et al., 2000; Alvarez-
Leefmans et al., 2001; Price et al., 2006; Rocha-González et al.,
2008; Mao et al., 2012). On the other hand, in post-synaptic
inhibition, GABAA receptor stimulation in spinal cord neurons
induce hyperpolarization and thus reduce their excitability.
Like in other mature CNS neurons, [Cl−]i of these neurons
is low due to greater KCC2 activity than NKCC1 activity
(Price et al., 2005).

Dysregulation of CCCs function in PNS and spinal cord
neurons that affect both inhibitory mechanisms has been
associated to the pathogenesis of neuropathic pain. Regarding
pre-synaptic inhibition, given that the high expression and
activity of NKCC1 in DRG neurons is responsible for the high
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FIGURE 7 | Simplified model of the role of CCCs in the modulation of pain perception. The high NKCC1 to KCC activity ratio in dorsal root ganglia (DRG) primary
sensory neurons sets the [Cl−]i at high levels (∼40 mM) (Alvarez-Leefmans, 2010). Thus, in these cells, the ECl− is less negative than the Vm and stimulation of
GABAAR located in their synaptic terminals by GABA released from terminals of inhibitory interneurons leads to Cl− efflux and primary afferent depolarization (PAD).
PAD inhibits glutamate release preventing excitation of dorsal horn neurons. This mechanism is known as pre-synaptic inhibition. In contrast, dorsal horn neurons, like
other CNS neurons, have a low [Cl−]i due in large part to a high KCC2 activity. Thus, GABA released from terminals of inhibitory interneurons stimulate GABAAR on
the post-synaptic membranes of dorsal horn neurons and this leads to GABAAR mediated Cl− influx and hyperpolarization of the post synaptic membrane, reducing
its excitability. This mechanism is known as post-synaptic inhibition. Pre- and post-synaptic inhibition are particularly important mechanisms for the modulation of
spinal nociceptive processing, and thus, altered function of NKCC1 or KCC2 can lead to phenotypes of altered pain perception. Created with BioRender.com.

[Cl−]i that facilitates GABA-induced depolarization (Rocha-
González et al., 2008; Alvarez-Leefmans, 2010), it has been
proposed that the decreased sensitivity to pain observed
in NKCC1−/− mice might be explained by absence of pre-
synaptic inhibition (Sung et al., 2000; Laird et al., 2004;
Gagnon and Delpire, 2013).

On the other hand, altered KCC2 activity in dorsal horn
pain neurons has been associated to neuropathic pain related to
altered post-synaptic GABAergic inhibition. Mice with reduced
expression of KCC2 showed reduced sensitivity to tactile and
noxious thermal stimuli (Tornberg et al., 2005). Coull et al.
(2003) showed that KCC2 is highly expressed in lamina I
dorsal horn pain neurons and that pharmacological blockade
or knockdown of spinal KCC2 in rats reduced the nociceptive
threshold. Additionally, in the model of neuropathic pain
induced by peripheral nerve injury Coull et al. (2003) observed
a reduction in KCC2 expression in lamina I neurons that altered
the ECl− (making it less negative) and shifted the response to
GABA stimulation from inhibitory to excitatory. Nomura et al.
(2006) also showed a decrease in KCC2 expression in lamina
I and lamina II neurons in a model of tissue injury-induced
inflammatory pain. Thus, loss of post-synaptic inhibition due
to KCC2 dysregulation seems to be a common mechanism

underlying neuropathic and inflammatory pain. Supporting
this, it has been shown that the CLP257 compound that
restores Cl− transport and rescues KCC2 membrane expression
in the dorsal horn following nerve injury, normalized stimulus-
evoked responses in spinal nociceptive pathways and alleviated
hypersensitivity (Gagnon et al., 2013).

Altered regulation of KCC2 activity has also been implicated in
Hereditary Sensory and Autonomic Neuropathy type 2 (HSAN2,
OMIM 201300). Patients with HSAN2 suffer from severe sensory
loss of heat, touch or pain perception with a partial loss of
peripheral sensory nerves (Rahmani et al., 2018). This is an
autosomal recessive Mendelian disease caused by mutations in
the HSN2 exon of WNK1 (Shekarabi et al., 2008; Pacheco-Cuellar
et al., 2011). Interestingly, the case of a female patient has been
reported who is a compound heterozygote for a 1 bp deletion in
the HSN2 exon and a 2 bp deletion in exon 6 of the WNK1 gene
(Shekarabi et al., 2008). The WNK1 gene encodes different WNK1
isoforms due to tissue-specific alternative splicing (Vidal-Petiot
et al., 2012). Transcripts containing the HSN2 exon (located
between exons 8 and 9) have been shown to be abundant
in the dorsal horn, DRG, and peripheral nerves (Vidal-Petiot
et al., 2012; Shekarabi et al., 2013). In a mouse model in
which HSN2-containing WNK1 transcripts are absent due to the
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introduction of loxP recombination sites flanking this exon, the
HASN2 phenotype is not fully recapitulated, but the mice show
reduced pain hypersensitivity after peripheral nerve injury (PNI)
(Kahle et al., 2016). PNI increased WNK1-HSN2 expression and
KCC2 phosphorylation (at Thr906 and Thr1007) in spinal cord
homogenates of wild-type mice, but this increase was blunted in
WNK11HSN2/1HSN2 mice. Accordingly, the reversal potential for
GABA-induced currents (EGABA) measured in lamina II neurons
of spinal cord slices was less negative in slices from WT mice
with PNI than in those from sham operated mice. EGABA was
restored to more negative values by incubation of slices with
the WNK-SPAK pathway inhibitor STOCK1S-50699. Moreover,
EGABA of lamina II neurons from WNK11HSN2/1HSN2 mice
was not altered after PNI. Thus, the PNI-induced increase in
KCC2 phosphorylation is dependent on WNK1-HSN2 activity
and the resulting decrease in KCC2 activity promotes an increase
in [Cl−]i of spinal cord neurons that shifts the EGABA to more
positive values.

Association of SPAK in Body Weight
Control
Finally, there is a growing interest in understanding the
importance of GABAergic transmission in regulating body
weight balance (Tong et al., 2008; Kim et al., 2015; Sohrabipour
et al., 2018). GABAergic transmission in hypothalamic areas and
in the brainstem participates in a neuroendocrine network that
modulates caloric intake, energy expenditure, and thermogenesis
according to the level of food intake (Pigeyre et al., 2016).
Neurons in the arcuate nucleus (ARC) express leptin receptors
(LepR), whose activation triggers GABAergic inhibition by
ARC neurons of PVN neurons (Kong et al., 2012). This in
turn relieves the tonic inhibition that PVN neurons exert on
brown adipose tissue (BAT), thus increasing energy expenditure
through BAT-dependent thermogenesis. The effects of leptin
on energy expenditure and thermogenesis are mediated by
RIP neurons of the ARC (Tong et al., 2008; Vong et al.,
2011; Kim et al., 2015). In mice in which GABA production
is specifically impaired in RIP neurons, decreased oxygen
consumption and BAT activity was observed, and they gained
more body weight and fat mass than their wild type littermates
when placed on a high fat diet (Kong et al., 2012). Given
that in most neurons a key determinant of [Cl−]i, and thus
of GABAergic response, is the NKCC1/KCC2 activity ratio,
it is likely that this mechanism plays also an important
role in GABA-sensitive neurons of the PVN. Interestingly,
we have recently observed that mice expressing an inactive
form of SPAK that is unable to phosphorylate NKCC1 and
KCC2 (SPAKT243A/T243A mice), are resistant to developing
obesity when placed on a high-fat diet despite similar levels
of food intake (Torre-Villalvazo et al., 2018). These mice
show higher energy expenditure, reflected by an increase in
thermogenesis in the brown adipose tissue, a higher muscle
mitochondrial activity, and a lower hepatic steatosis than their
wild-type littermates. Thus, it is possible that this phenotype
could be related to altered [Cl−]i and response to GABA
in PVN neurons.

ADDITIONAL CELLULAR Cl− SENSING
MECHANISMS

Even though WNK kinases direct regulation by the anion Cl−
is clear now, it is likely that alternate mechanisms by which
cells are able to respond to changes in [Cl−]i exist, given that
WNK kinases are not found in Bacteria and Archaea domains
(Cao-Pham et al., 2018). While mammalian cells (Eagle, 1956)
and some species of bacteria require Cl− in order to grow
(MacLeod and Onofrey, 1957; Roeßler and Müller, 1998), some
other species of bacteria require Cl− in order to adapt to
different conditions in the environment, such as acidity or
hyperosmolarity (Jordan and Davies, 2001; Roeßler et al., 2003).
Cl− also plays a role in signal transduction in bacteria, as it
can modulate gene expression (Roeßler and Müller, 2002; Sewald
et al., 2007) and enzymatic activity (Gut et al., 2006).

Accordingly, several studies have reported different genes
whose expression is regulated in response to changes in [Cl−]i
in eukaryotes, such as SCNN1A (Niisato et al., 2004), SCNN1B,
SCNN1C (Niisato et al., 2007), COX2 (Cheng et al., 2000), GLRX5
and RPS27 (Valdivieso et al., 2016). GABAAR receptor subunits
levels are also regulated by [Cl−]i (Succol et al., 2012), The
detailed mechanisms responsible for these different phenomena
are still unknown, even though the kinase p38 might be involved
in the regulation of SCNN1B, SCNN1G (Niisato et al., 2007) and
COX2 (Cheng et al., 2000). Interestingly, the transcription factor
RUNX1 has been shown to directly bind Cl− ions (Bäckström
et al., 2002), but further work will be necessary to elucidate its
role in the context of intracellular Cl− handling, or if there are
other transcription factors that respond directly or indirectly to
changes in [Cl−]i.

Finally, it is not clear if other kinases might function as
direct Cl− sensors. While the phosphorylation of different MAP
kinases, such as JNK, p38, and MEK6 is increased in response
to decreased [Cl−]i (Ohsawa et al., 2010; Wu et al., 2016),
it is still unknown if these proteins are able to directly bind
Cl− anions, or whether its activation depends on upstream
activators that sense [Cl−]i. In the case of the kinase SGK1,
in vitro kinase activity assays suggest that SGK1 can be directly
activated by increasing [Cl−]i, as incubating recombinant SGK1
with increasing concentrations of NaCl or KCl (but not Na-
gluconate or K-gluconate) promotes its phosphorylation (Zhang
et al., 2018). Further analysis will be helpful to determine if
SGK1 is indeed able to directly bind Cl− anions. Additionally,
the opposite regulation of WNK kinases and SGK1 by Cl−
is puzzling, and it will be an interesting avenue for future
investigations, especially regarding epithelial physiology, where
both kinases play important roles in fluid secretion and
intracellular signaling.

CLOSING REMARKS

In the present manuscript we reviewed the role of the Cl−
anion as a second messenger participating in the modulation
of several physiological processes, specifically by regulating
the activity of WNK kinases and their downstream signaling
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pathway, comprising the kinases SPAK and OSR1, as well as the
cation-coupled Cl− cotransporters (CCCs). Dynamic activation
and inactivation of these kinases modulate the phosphorylation,
and therefore activity of the CCCs. While initial description of
the physiological roles of some of these proteins was facilitated
by their association to genetic diseases, further investigations
have shed additional light about their role in physiological and
pathophysiological processes. For example, regulation of CCCs
is relevant in maintaining normal cell volume in response to
changes in extracellular osmolarity. In particular, the WNK3-
SPAK complex seems to play an important role in cell volume
regulation within the brain. Moreover, a complex [Cl−]i-sensitive
signaling pathway involving basolateral ion channels and the
kinases WNK4, SPAK, and OSR1 is responsible for NCC
regulation by physiological plasma [K+], an essential process
in the homeostatic modulation of renal K+ excretion. Finally,
the WNK-SPAK/OSR1-CCC pathway has also been described to
modulate GABAergic neuronal responses, where baseline [Cl−]i
dictates the direction of Cl− currents elicited by binding of GABA
to its receptor.
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Abstract

With no lysine kinase-4 (WNK4) belongs to a serine-threonine kinase family characterized by the atypical positioning of its cata-
lytic lysine. Despite the fact that WNK4 has been found in many tissues, the majority of its study has revolved around its function
in the kidney, specifically as a positive regulator of the thiazide-sensitive NaCl cotransporter (NCC) in the distal convoluted
tubule of the nephron. This is explained by the description of gain-of-function mutations in the gene encoding WNK4 that causes
familial hyperkalemic hypertension. This disease is mainly driven by increased downstream activation of the Ste20/SPS1-related
proline-alanine-rich kinase/oxidative stress responsive kinase-1-NCC pathway, which increases salt reabsorption in the distal con-
voluted tubule and indirectly impairs renal Kþ secretion. Here, we review the large volume of information that has accumulated
about different aspects of WNK4 function. We first review the knowledge on WNK4 structure and enumerate the functional
domains and motifs that have been characterized. Then, we discuss WNK4 physiological functions based on the information
obtained from in vitro studies and from a diverse set of genetically modified mouse models with altered WNK4 function. We
then review in vitro and in vivo evidence on the different levels of regulation of WNK4. Finally, we go through the evidence that
has suggested how different physiological conditions act through WNK4 to modulate NCC activity.

blood pressure; distal convoluted tubule; distal nephron; epithelial transport; familial hyperkalemic hypertension; potassium

INTRODUCTION

TheWith No Lysine Family of Kinases

The with no lysine (WNK) family of kinases is a conserved
group of serine/threonine kinases found in eukaryotic organ-
isms (1). They were first reported in 2000 with the cloning of
WNK1 from a rat cDNA library (2). Subsequent analysis of
genomic sequences in the search for WNK1 paralogs identi-
fied additional family members including WNK2, WNK3,
andWNK4 (3, 4). These proteins owe their name to the atypi-
cal positioning of its catalytic lysine (2). Whereas inmost ser-
ine/threonine kinases this residue is located in subdomain II
of the kinase domain, in the case of WNKs it is located in
subdomain I. It has been speculated that this phenomenon
is related to the Cl�-sensing ability of WNKs (5), as shall be
explained below.

WNK kinases have been described to play a role in a variety
of physiological and pathophysiological processes, such as
cell volume regulation, modulation of transepithelial ion
transport, and neurotransmission (6). Although several pro-
teins have been shown to bemodulated, directly or indirectly,

by WNK kinases (7, 8), their best-characterized role involves
their participation in a signaling pathway comprised of their
direct substrates STE20/SPS1-related proline-alanine-rich pro-
tein kinase (SPAK) and oxidative stress-responsive kinase-1
(OSR1) (9), which, in turn, act as serine/threonine kinases that
phosphorylate and modulate cation-coupled Cl� cotransport-
ers (CCCs) of the SLC12 family (10).

In the past couple of decades, a large amount of informa-
tion about the structure, regulation, and physiological func-
tions of WNK kinases has accumulated (6, 7, 10, 11). Here,
we review the current knowledge about one particular
member of this family, WNK4, that plays a key role in kid-
ney physiology.

WNK4

WNK4 is a highly conserved protein, as its orthologs
in cartilaginous fishes show close to 50% identity with
human WNK4 (hWNK4). In humans, the WNK4 gene is
located in chromosome 17, whereas its mouse ortholog is
located in chromosome 11. It is composed of 19 exons, and it
was first described due to human disease-causing mutations
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found in 2001 by Richard Lifton’s group (4). Missense muta-
tions in WNK4, as well as intronic deletions in WNK1, were
found in patients with familial hyperkalemic hypertension
(FHHt), also called pseudohypoaldosteronism type II
(PHAII) or Gordon syndrome. Additionally, it has been
described that loss-of-function mutations in WNK4 in
Burmese cats are associated with feline hypokalemic peri-
odic paralysis (12), which further suggests that WNK4 plays
an important role in Kþ homeostasis.

The fact that WNK4 mutations were the cause of FHHt
prompted several groups around the world to study its rela-
tionship to the thiazide-sensitive renal Naþ /Cl� cotrans-
porter (NCC), believed to be overactive and the cause of the
electrolyte imbalance observed in FHHt (13). Several papers
have shown that the presence of WNK4 in the distal convo-
luted tubule (DCT) is indispensable for the activity of NCC
(14, 15). WNK4-mediated phosphorylation of the kinases
SPAK and OSR1 increases their activity and allows them to
phosphorylate and activate NCC (9). It was later found that
mutations in the genes Kelch-like family member 3
(KLHL3) and cullin 3 (CUL3) (16, 17) also cause FHHt,
which led to the finding that WNK4 protein abundance is
negatively modulated by ubiquitin-mediated proteasome
degradation promoted by the KLHL3-CUL3 E3 ubiquitin
ligase complex (18–20).

Although the most studied role of WNK4 is the modula-
tion of NCC in the distal nephron, several details are still not
clear on the mechanisms that dictate the activity of the
KLHL3/CUL3-WNK4-SPAK/OSR1-NCC pathway in response
to different physiological states. Moreover, the roles of
WNK4 outside the kidney are still obscure, and further inves-
tigation is required in this respect.

STRUCTURAL FEATURES OF WNK4

General Description

WNK4 is the smallest member of the mammalian WNK ki-
nase family, with a molecular mass of �134kDa. Roughly
35% of the primary sequence of WNK4 is predicted to have a
secondary structure, whereas the remaining 65% is predicted
to be disordered (Fig. 1A). Around one-half of those disor-
dered regions contain low-complexity sequences. The low
presence of globular domains extends to the other family
members, being more notable in the largest member, WNK1,
that doubles the size of WNK4. To what extent such disor-
dered regions influence WNK kinase function remains
unclear. Increasing evidence has demonstrated the key role
of low-complexity sequences in driving proteins from a dis-
persed phase to a condensed, assembled state (21). Notably,
numerous reports have shown that WNK-SPAK/OSR1 can
form large cytoplasmic protein aggregates upon changes in
potassium balance (22, 23).

Analysis of degree of conservation among different mem-
bers of the WNK family shows sequence homology in three
regions of the protein (Fig. 1A). These regions are also pre-
dicted to be globular domains by Globplot2 (http://globplot.
embl.de/) and lie outside the predicted low-complexity
regions shown in Fig. 1A. The first conserved region com-
prises the kinase domain, the first Pask-Fray 2-like (PF2-like)
domain (initially described as the autoinhibitory domain)

(24, 25), and the acidic domain (4). The second conserved
region corresponds to the second PF2-like domain, termed
PF2-like0 by Gagnon et al. (24, 25). The third conserved
region includes the COOH-terminal coiled-coil domain (CT-
CCD; Fig. 1B) (26).

Below, we describe the regions mentioned above as well as
additional domains and motifs that are important for WNK4
function. We also integrate mechanistic insights derived
from studies of other WNK kinases that may be applicable to
WNK4 at the structural and functional levels.

Unique Features of the WNK Kinase Domain

The most conserved region among the WNK kinases is the
kinase domain, with �90% sequence identity between
WNK1, WNK2, and WNK3. The kinase domain of WNK4
appears to be the most divergent one, with an average 82%
conservation score with respect to other WNKs. The WNK1
kinase domain crystal structure was first reported in 2004
and provided details for the mechanism of action of the
WNK kinase family (27). Due to the high degree of homology,
the same structural features may apply to the kinase domain
ofWNK4.

With a 25% identity to the kinase domains of other serine/
threonine kinases, the kinase domain of WNK1 presents a
similar overall fold with a dual-lobe architecture and 12 con-
served subdomains (27). The COOH-terminal lobe has a
standard general architecture. However, in the NH2-terminal
lobe, the b-sheet found in other kinases has an additional
b-strand in WNK1 and is rolled up, forming a nearly com-
plete b-barrel.

Regarding the active site, WNK kinases present several par-
ticular features. As stated above, one of them is the absence of
the catalytic lysine in subdomain II. The crystal structure of
WNK1 confirmed that Lys233 (Lys186 in hWNK4) that emanates
from b-strand 2 (subdomain I) is positioned in the active site,
replacing the ATP-binding function of the catalytic lysine
found in b-strand 3 (subdomain II) in other kinases. Another
distinctive feature is the presence of a DLG motif in subdo-
main VII instead of the DFG motif found in most protein ki-
nases. The aspartic acid residue of this motif is involved in
the binding of Mg2þ that interacts with ATP’s b- and c-phos-
phates and is important for catalysis. Interestingly, the leu-
cine residue of the unique DLG motif of WNK kinases has
been shown to be involved in the coordination of Cl�, whose
binding stabilizes WNK1 in an inactive conformation (5).
Substitution of this leucine residue with phenylalanine pro-
motes higher levels of kinase autophosphorylation and pre-
vents kinase inhibition at increasing NaCl concentrations.
WNK kinases were long thought to be regulated, directly or
indirectly, by intracellular Cl� concentration, due to their
ability to modulate the activation state of CCCs. The Cl�-sens-
ing protein turned out to be the WNK kinase domain itself. In
addition to Leu369 of the DLG motif, other residues involved
in Cl� coordination are Phe283, Leu299, and Leu371, which es-
tablish hydrophobic interactions with the Cl� ion (Fig. 2). The
backbone amides of Gly370 and Leu371 also establish hydrogen
bonds with the Cl� ion. Although at the structural level this
site has only been described for WNK1, the observation that
mutation of Leu322 of hWNK4 (equivalent to Leu369 of WNK1)
also decreases its sensitivity to inhibition by Cl� suggests that
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this anion also binds to WNK4 in a structurally similar bind-
ing pocket (28).

Finally, two residues, Ser378 and Ser382, have been shown to
be trans-autophosphorylated in the activation loop of WNK1
(also known as the T-loop). These correspond to Ser331 and
Ser335 in hWNK4 (29, 30). As with other kinases, phosphoryla-
tion of the activation loop promotes kinase activation because
it induces the correct positioning of the catalytic loop and other
structures within the active site (31). Phosphorylation at Ser382

of WNK1 has been shown to increase withmaneuvers that pro-
mote kinase activation like exposure to hyperosmotic stress
(29, 30). Thus, evaluation of phosphorylation levels of this site
has been used as a surrogate to evaluate kinase activity.

PF2-Like Domains

All WNK kinases share the presence of a PF2-like domain
immediately after their kinase domain. In SPAK and OSR1,

the best-known substrates of WNK kinases, two regulatory
domains are found within their COOH-terminal region,
which were named PF1 and PF2 (32). PASK was the name
originally assigned to SPAK by the group that initially cloned
it from the rat (33). Fray is the name of the Drosophila homo-
log (34). The PF2 domain in SPAK and OSR1 (also called CCT)
can bind motifs with the consensus sequence Arg-Phe-Xxx-
Val/Ile (RFxV/I) (35). These RFxV/I motifs are present in
WNKs themselves and in CCCs, and they are essential to es-
tablish interactions with SPAK and OSR1 (36–39).

The first description of the PF2-like domain inWNK1 iden-
tified it as an autoinhibitory region. It was shown that the
isolated domain had the ability to suppress the activity of
WNK1’s kinase domain (29). Later, Gagnon and Delpire
noticed that this domain was homologous to the PF2 domain
of SPAK and OSR1 and thus coined the term PF2-like (Fig.
3A) (24, 40). The solution of its structure revealed that

Figure 1. Conserved regions in with no lysine kinase 4 (WNK4). A: sequence conservation analysis was performed including the sequences of WNK1-4 ki-
nases from the human, mouse, rat, zebrafish, pig, and clawed frog. Multiple sequence analysis was performed in Clustal Omega, and the conservation
score was then calculated by https://compbio.cs.princeton.edu/conservation/score.html. The top graph shows the conservation score where three major
conserved regions were identified. The first conserved region encompasses the kinase domain, the PF2a domain, and the acidic motif. The second and
third conserved regions encompass the PF2b domain and the COOH-terminal coiled-coil domain (CT-CCD), respectively. The middle graph shows the
conservation score observed along the WNK4 sequence in an analysis performed with the sequences of 27 WNK4 orthologs (including mammals,
fishes, birds, reptiles, and amphibians). The analysis shows that, in addition to the domains and motifs that are conserved among different WNK kinases,
a high degree of conservation was observed in the COOH-terminal segment, from the CT-CCD until the end of the protein. The bottom graph shows the
results of the analysis of disordered protein regions. Many of these disordered regions overlap with low-complexity regions denoted by a green line.
Low-complexity regions were predicted in http://smart.embl.de/. Disordered protein region probability was calculated in https://iupred2a.elte.hu/. B:
amino acid sequence alignment of the COOH-terminal region of WNK4 of the human (KEGG entry 65266), rat (KEGG entry 287715), mouse (KEGG entry
69847), cat (KEGG entry 101100264), chicken (KEGG entry 777580), American alligator (KEGG entry 102565768), African clawed frog (KEGG entry
108701024), zebrafish (KEGG entry 100330953), and whale shark (KEGG entry 109912281). Numbers at the top represent the residue numbers of human
WNK4. Different sites are indicated by arrows, such as critical residues for WNK-WNK binding located within the CT-CCD (153), familial hyperkalemic
hypertension (FHHt) mutations (172, 188), calmodulin (CaM)-binding site (101), PKC/PKA/serum/glucocorticoid regulated kinase-1 (SGK1) phosphorylation
sites (16, 124, 129), and a protein phosphatase-1 (PP1)-binding site (100). Alignment was generated in Clustal Omega (EMBL-EBI). KEGG, Kyoto
Encyclopedia of Genes and Genomes.
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indeed it has a similar fold to that of the PF2 domain of SPAK
and OSR1 (25, 35). It was also shown that this domain is able
to bind RFxV/I-containing peptides with micromolar affinity
(25), through similar interactions to those established
between RFxV/I motifs and OSR1 (35). Gagnon and Delpire
also identified another region in WNK kinases with homol-
ogy to PF2 domains and referred to it as PF2-like0 (24). This
region corresponds to the second conserved region among
WNK kinases shown in Fig. 1A. For simplicity, we here refer
to the PF2-like domains of WNK kinases as PF2a and PF2b.

Modeling of the PF2a and PF2b domains of WNK4 sug-
gests that they can fold in a similar way to other PF2 domains
whose structure has been described (Fig. 3B) (24). Through
sequence alignment analysis of the WNK4 PF2 domains with
those of WNK1 and OSR1, it is possible to note the conserva-
tion of several key residues (Fig. 3A). For OSR1’s PF2 domain,
residues Asp459, Phe452, and Ile450 drive the recognition of
RFxV/I motifs within the groove formed by the b2-a1 inter-
face (35). The same residues are observed to mediate interac-
tions with the RFxV/I peptide in the WNK1-PF2a structure
(corresponding to Asp531, Phe524, and Ile522 in WNK1) (25).
Such residues are conserved in both PF2 domains of WNK4
as well (Fig. 3A), thus suggesting an inherent ability to recog-
nize RFxV/I motifs.

The autoinhibitory role has been the only function attrib-
uted to the PF2a domain of WNK kinases, yet this function
was proposed before it was identified as a PF2-like domain.
More recently, we have shown that mutation of key residues
within the PF2b domain of WNK4 impair its ability to phos-
phorylate SPAK (41), suggesting that it plays a positive role
for kinase function. This effect is not due to impaired inter-
actionwith SPAK, as coimmunoprecipitation is still observed
(Fig. 3C). Mutation of key residues within the PF2a domain
of WNK4 also affect its ability to phosphorylate SPAK with-
out impairing binding (Fig. 3C). Formation of homo- and het-
eromers among WNK monomers is key to their activity. For
instance, it has been shown that mutation of two residues
within the CT-CCD of WNKs prevents interaction between
WNK monomers (26) and also prevents, for example, the
ability of WNK1 to promote NCC activation in Xenopus laevis

oocytes (42). Thus, we tested the hypothesis that PF2
domains in WNKs could also be important for mediating
WNK-WNK interactions as WNK proteins contain one or
more RFxV/I motifs. However, mutation of key residues
within PF2a, PF2b, or both domains did not affect interaction
betweenWNK4monomers (Fig. 3,D and E).

RFxV/I Motifs

As mentioned above, the PF2 domains of SPAK and OSR1
have been shown tomediate interactions with RFxV/I motifs
present in CCCs and WNK kinases (36–39). Regarding RFxV/
I motifs in WNK kinases, five RFxV/I motifs are distributed
along the sequence of WNK1, three can be found in WNK3,
and only two are found in WNK2 and WNK4. In all cases,
one of these motifs is located in the kinase domain, whereas
the additional motifs are located within the COOH-terminal
domain. In WNK3, mutation of each one of the three RFxV/I
motifs has shown that absence of the motif located within
the kinase domain impairs WNK3’s ability to activate NCC
and Naþ -Kþ -Cl� cotransporters (NKCCs) and inhibit Kþ -
Cl� cotransporter 3 (KCC3) without impairing kinase activity.
In contrast, mutation of the COOH-terminal RFxV/I motifs
does not affect these functions (36). The kinase domain
RFxV/I motif of WNK3 is conserved in WNK1 and WNK2
and localizes between a-helices 2 and 3. However, in
WNK4, a glutamic acid replaces the valine in the last posi-
tion of the RFxV/I motif. Instead, the kinase domain
RFxV/I motif in WNK4 localizes before the a-helix 7 to-
ward the end of the kinase domain. This motif is not con-
served in other WNK members, as the phenylalanine is
replaced by a tyrosine residue. In WNK4, this RFTI motif is
conserved in mammals but changes to RYTI in reptiles,
amphibians, birds, and fishes (Fig. 4A). We attempted
to address the contributions of both RFxV/I motifs
for WNK4’s ability to bind and phosphorylate SPAK.
Transfection of WNK4 mutants for each of the RFxV/I
motifs showed that, whereas the second motif is required
for SPAK binding, the first is necessary for SPAK activation
(Fig. 4B). Notably, the phenylalanine in the RFTI motif in
WNK4 can be replaced by a tyrosine without affecting

Figure 2. The with no lysine kinase (WNK) 4 kinase domain
shares predicted structural features with WNK1. A: structural
alignment of the WNK1 kinase domain (PDB 4Q2A) with the
predicted structure of the kinase domain of WNK4 obtained
from the sequence homology-based server http://raptorx.
uchicago.edu/. B, inset: residues whose backbones amides
and lateral chains are involved in the coordination of the
Cl� anion. Black labels indicate these amino acid residues
in WNK1. Leu322 in blue denotes the experimentally vali-
dated residue involved in Cl� sensing in WNK4.
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WNK4’s ability to phosphorylate SPAK (Fig. 4, C and D),
consistent with the conservation seen in other vertebrates.
This also suggests that this is not a bona fide SPAK-binding
site, as the PF2 domain is unable to bind RYxVmotifs (38).

The observation that the second RFxV/I motif of WNK4 is
a bona fide SPAK-binding site might help us to understand
the pathophysiology of nonsense mutations in WNK4 found
in Burmese cats, as mutant WNK4 in these animals lacks
this SPAK-binding motif and therefore behaves as loss of
function (12).

Acidic Motif

Most of the FHHt-causative missense mutations in WNK4
characterized so far lie within a 10-amino acid region highly
enriched in negatively charged amino acids that is known as
the acidic motif (4). One major breakthrough in understand-
ing how WNK4 mutations caused FHHt came with the

identification of mutations in KLHL3 and CUL3, which are
components of an E3 ubiquitin ligase complex (16). Normally,
WNK4 is targeted for degradation through ubiquitination in
at least 15 sites. However, mutations found in the acidic motif
of WNK4, which constitutes the binding site for KLHL3, pre-
vent the association with the KLHL3-CUL3 E3 complex lead-
ing to protein accumulation (19, 20). The crystal structure of
the KLHL3 Kelch domain together with the acidic domain of
WNK4 provided definitive evidence on the role of the acidic
motif (43).

Coiled-Coil Domains

WNK4 contains two coiled-coil domains (CCD). The first
CCD lies immediately after the PF2a domain, whereas the
second is located toward the COOH terminus (CT-CCD).
These are regions that present sequence conservation in all
WNK kinases (Fig. 1). The first CCD has not been described to

Figure 3. Sequence, structural, and functional analysis of the predicted PF2 domains in with no lysine kinase (WNK)4. A: sequence homology analysis
guided by structural information of the PF2a domain of WNK1 (2LRU) reveals high degree of conservation with PF2 domains of all WNK members and
oxidative stress responsive kinase-1 (OSR1). Arrows indicate the conservation of the residues involved in the recognition of the RFxV/I motifs. All sequen-
ces correspond to human proteins. B: structural alignment of the PF2a domain of WNK1 with the predicted structure of WNK4 PF2a and PF2b domains.
Structural prediction was obtained by http://raptorx.uchicago.edu/. The predicted structures for both WNK4 PF2 domains show the groove where the
RFxV/I motifs bind. R2 and F3 indicate the positions of the Arg and Phe residues of the GRFQVT peptide (93). C: representative Western blot of coimmu-
noprecipitation of humanWNK4 and STE20/SPS1-related proline-alanine-rich protein kinase (SPAK) coexpressed in human embryonic kidney (HEK)-293
cells. While the second RFxV/I motif found in mWNK4 (site 2, residues 1016-1019) drives the association of WNK4-SPAK, mutation of key residues within
the PF2a (F476A,F478A) or PF2b (F703A,F705A) domains impacts the ability of WNK4 to optimally phosphorylate SPAK at Ser373. Similar results were
observed in two independent experiments. D: the attributed function of WNK4’s PF2 domains remain to be discovered. To assess whether these
domains are important for WNK multimerization, we used a FLAG-tagged full-length mouse WNK4 clone (FLAG-mWNK4 F.L.) and a FLAG-tagged trun-
cated mWNK4 clone at residue 996 (FLAG-mWNK4 996X) that lacks the coiled-coil domain (CCD) as well as RFxV/I site 2. In this last clone, mutations of
PF2 domains’ key residues were introduced individually or together (same mutations as those tested in C). E: by means of coimmunoprecipitation, we
tested the interaction between FLAG-tagged WNK4 proteins and a HA-tagged mWNK4 full-length protein. We found that HA-mWNK4 F.L. interacted
strongly with FLAG-mWNK4 F.L. (lane 2), but its ability to interact with mWNK4-996X decreased considerably (lane 3), probably due to lack of the
COOH-terminal (CT)-CCD (153). However, mutation of the PF2 domains in FLAG-mWNK4-996X individually or together did not further decrease the inter-
action (lanes 4�6). This suggests that PF2 domains are not essential for multimerization of WNK4, and their function remains to be uncovered. Similar
results were observed in two independent experiments.
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exert any regulatory function yet. Thastrup and colleagues
showed that the CT-CCD mediates the formation of homo-
and heteromers between WNK kinases (26). Through an ala-
nine-scanning mutagenesis analysis, it was possible to iden-
tify that residues His1145, Glu1148, and Gln1156 in hWNK4 are
essential for the interaction withWNK1. These three residues
have a high degree of conservation in all WNK kinases from
different species, including WNK1 from Caenorhabditis ele-
gans. It was also shown that WNKs can form high-molecular-
mass complexes as detected by size exclusion chromatog-
raphy, and this is in part dependent on the CT-CCD. The
multimerization dependent on the CT-CCD is essential for
the functional role of WNK4 over SPAK/OSR1-CCC path-
way (42).

Conserved COOH-Terminal Region

From the end of the CT-CCD domain until the end of the
protein there is a region with a length of �70 amino acids in
WNK4 that is highly conserved in WNK4 orthologs across
species of diverse vertebrate classes, including mammals,
reptiles, birds, amphibians, and fishes (Fig. 1B). Within this
region, several functional motifs are found. For instance,
three phosphorylation sites that lie within RRxS motifs are
present, whose modification has been shown to affect WNK4
function (see Regulatory Mechanisms below) (44–46). A cal-
modulin (CaM)-binding site has also been described in
which the first RRxS motif is included. Interestingly, two
dominant FHHt-causative mutations have been found

Figure 4. Sequence conservation and functional analysis of RFxV/I motifs in with no lysine kinase 4 (WNK4). A: multiple sequence alignment of WNK4
regions encompassing RFxV/I sites 1 and 2. Site 2 shows high degree of conservation, whereas site 1 is conserved in mammals but diverges in the sec-
ond position (F changes to Y) in other classes. B: coimmunoprecipitation assay of STE20/SPS1-related proline-alanine-rich protein kinase (SPAK) and
WNK4 proteins with mutated RFxV/I sites. SPAK and human (h)WNK4 clones were coexpressed in human embryonic kidney (HEK)-293 cells. Wild-type
and mutant WNK4 proteins were immunoprecipitated, and their interaction with SPAK was assessed by Western blot. Appreciable interaction of SPAK
with wild-type WNK4 and the WNK4 site 1 mutant (F421A) was observed. Nevertheless, only wild-type WNK4 was able to mediate SPAK phosphorylation
at Ser373. Conversely, the WNK4 RFxV/I site 2 mutant (RF-1016,1017-AA) and the double mutant were unable to interact with SPAK. Similar results were
observed in three independent experiments. C: the first RFXV/I motif in WNK4 is not a SPAK-binding site. Mutations affecting RFxV/I site 1 were intro-
duced in a WNK4 clone that also carries the L321F mutation that affects the Cl�-binding site and thus impairs inhibition of kinase activity by Cl�.
Expression of hWNK4-L321F in HEK-293 cells promoted SPAK Ser373 phosphorylation, whereas this effect was decreased with the F421A but not with
F421Y mutation. As Tyr in this position would also affect binding to a PF2 domain (117), this suggests that RFxV/I site 1 is not a SPAK-binding site. Instead,
it seems that the aromatic rings of Tyr and Phe establish key interactions that allow maintaining a functional structure.D: densitometric analysis of experi-
ments corresponding to Fig. 1C (n = 3). �P< 0.05.
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within this region: K1169E and R1185C. Arg1185 also lies
within the proposed CaM-binding site and just five residues
upstream of the first COOH-terminal RRxS phosphorylation
site (Ser1190 in hWNK4 and Ser1169 inmWNK4).

Phosphorylation of RRxS sites has been shown to pro-
mote WNK4-mediated SPAK phosphorylation (44), to pro-
moteWNK4-mediated NKCC2 activation (45), and to prevent
the WNK4-mediated NCC inhibition that is observed on
basal conditions in X. laevis oocytes (46). Deletion of the
CaM-binding site has also been shown to promote WNK4-
mediated NKCC2 activation (45). Thus, it has been proposed
that this region of the protein may play a negative regulatory
role on WNK4 kinase activity that may be relieved by phos-
phorylation of RRxS sites, FHHt mutations, or CaM binding
in the presence of Ca2þ .

Finally, a protein phosphatase-1 (PP1)-binding site has
been identified within the last 12 residues of WNK4. Absence
of this site promotes hyperphosphorylation and constitutive
activation of WNK4 in HEK-293 cells (41). For more details
regarding these observations, see Regulatory Mechanisms
below.

Kidney-Specific Short Forms of WNK4

Our group first reported the presence of short versions of
WNK4 specifically in lysates of kidney tissue (41). These
short forms are not observed in other tissues, and they lack
the COOH-terminal region of WNK4, which contains several
regulatory motifs including the SPAK-binding motif (RFxV/
I). Thus, according to in vitro experiments with truncated
WNK4mutants, these short forms are predicted to be unable
to phosphorylate and activate SPAK.

The presence of short isoforms has been previously
described for SPAK (47). These appear to be, at least in part,
the product of a proteolytic event (48). In a similar manner,
WNK4 short isoforms appear to originate from a proteolytic
event mediated by a Zn2þ -dependent metalloprotease (41).
The cleavage site was shown to lie within the amino acids
740–781. The abundance of these WNK4 short forms is not
modulated by changes in Naþ or Kþ intake, maneuvers that
are known to modulate NCC activity. Thus, further charac-
terization is necessary to decipher their functional contribu-
tion to the regulation of renal electrolyte transport.

WNK4 IN PHYSIOLOGY AND
PATHOPHYSIOLOGY

Expression Pattern

Initial analysis of the pattern of expression of WNK4 in
humans indicated that this gene is highly expressed in the
kidney, as determined by Northern blot (4), although it was
also found in the colon and skin by RT-PCR (3). However,
later RT-PCR assays in mouse tissues showed WNK4 expres-
sion in the kidney, testis, colon, heart, liver, brain, lung, and
spleen (49). Knockout mouse-validated protein expression
has been observed in the kidney, testis, lung, and brain (41).

In the kidney, immunostaining assays showed that WNK4
is present in podocytes, the cortical thick ascending limb of
Henle’s loop (cTAL), the DCT, and cortical and medullary
collecting ducts (50). Regarding subcellular localization, it
was originally described that WNK4 localized to tight

junctions of renal epithelial cells based on colocalization
with zonula occludens 1 (ZO-1) protein (4). However, more
recent immunostaining experiments performed with knock-
out-validated WNK4 antibodies have not confirmed this ob-
servation (23, 44, 50, 51). In the work by Ohno et al., strong
staining was observed in the cytoplasmic subapical region of
DCT, connecting tubule, and cortical thick ascending limb
cells as well as principal cells of the cortical collecting duct.
No colocalization was observed with ZO-1 in the DCT (50). In
works by other authors, however, staining of kidney sections
from mice maintained on standard conditions gives a very
mild signal (most times indistinguishable from background
signal) (23, 44, 51). However, in tissues frommice exposed to
a low-Kþ diet or volume depleted, conditions in which DCT
Naþ reabsorption is stimulated, a strong punctuate cytoplas-
mic signal is observed in DCT cells (23, 44, 51). These struc-
tures have been termed “WNK bodies” as explained below in
more detail.

Familial Hyperkalemic Hypertension

The DCT of the nephron participates in the regulation of
electrolyte homeostasis, as it is involved in the renal handling
of Naþ , Cl�, Mg2þ , and Ca2þ . Specifically, the DCT mediates
transcellular reabsorption of 5–10% of the filtered Naþ and Cl�

that cross the apical membrane via NCC (52). Interestingly,
NCC also regulates Kþ homeostasis, given that its activity indi-
rectly modulates Kþ secretion by principal cells in the aldoste-
rone-sensitive distal nephron (ASDN) (53). This effect could be
mediated by nephron remodeling (54). The importance of NCC
in electrolyte and blood pressure homeostasis as well as acid-
base balance became clear by the description of monogenic
diseases affecting NCC activity, directly or indirectly, such as
Gitelman syndrome and FHHt, respectively.

FHHt was initially described in 1970 (55). As the name
indicates, it is a disease characterized by hypertension and
hyperkalemia as well as hyperchloremic metabolic acidosis
and normo- or hypercalciuria. Since the FHHt phenotype is
opposite to the one observed in Gitelman syndrome [caused
by loss-of-function mutations in the gene encoding NCC and
characterized by hypokalemia, hypovolemia, metabolic alka-
losis, and hypocalciuria (56)], and since it is corrected by a
low dose of thiazide diuretics (specific inhibitors of NCC) (13,
57), it is thought that the main cause for the whole FHHt
phenotype is NCC overactivation. This has been further sup-
ported by observations made in a transgenic mouse model
where increased NCC activity is enough to promote the
whole spectrum of FHHt abnormalities (54).

Despite NCC’s involvement in FHHt, no mutations in the
gene encoding this protein have been described as a cause
for FHHt. Instead, mutations in genes that regulate NCC
function have been found in patients with FHHt (Table 1),
such asWNK1,WNK4 (4, 59),KLHL3, and CUL3 (16, 17).

FHHt due to mutations in WNK4 is an autosomal domi-
nant trait with high penetrance. Most FHHt mutations
within WNK4 are missense mutations that affect the acidic
motif, such as E562K, D564A, Q565E (4), D564H (60), P561L
(61), and E560G (62). As mentioned above, WNK4 mutations
in the acidic motif disrupt its interaction with KLHL3 and
prevent WNK4 degradation (18–20). A similar mechanism
has been proposed to explain WNK4 activation by mutations
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in KLHL3 and CUL3, where WNK4 protein levels are
increased in the DCT, driving downstream activation of
SPAK/OSR1 and ultimately NCC (66, 70, 72).

Additionally, FHHt-causative mutations within the COOH-
terminal region of WNK4 have also been described: K1169E
(65) and R1185C (4). Although it is not clear how these particu-
lar mutations affect the WNK4-SPAK/OSR1-NCC pathway, a
possibility is that these mutations may eliminate the inhibi-
tory properties of the COOH terminus of WNK4 (41, 45, 73) to-
ward its kinase activity and/or downstream signaling (see
Structural Features above).

Murine Models With Altered WNK4 Function

To recapitulate the phenotype of patients with FHHt, Lalioti
et al. generated amouse strain harboring two transgenic copies
of the FHHt mutant WNK4 Q562E, in addition to endogenous
copies ofWNK4 (Table 2) (63). Thesemice displayed high blood
pressure levels, hyperkalemia, metabolic acidosis, and hyper-
calciuria. DCT hyperplasia was also reported. As expected, the
phenotype of WNK4þ /þ /Q562E/Q562E mice was completely
reversed by genetic or pharmacological disruption of NCC, sug-
gesting that FHHt is mainly driven by increased activity of this
transporter in the DCT.

In a second FHHt mouse model, the D561A mutation was
introduced in WNK4 (64). Heterozygous WNK4þ /D561A mice
displayed higher blood pressure, hyperkalemia, hyperchlore-
mia, and metabolic acidosis compared with WNK4þ /þ mice
as well as increased total and phosphorylated levels of NCC

and higher SPAK and OSR1 phosphorylation. Subsequent
analysis also showed increased WNK4 protein levels in the
kidneys of these mice (20). Accordingly, transgenic mice with
additional copies of the WNK4 gene (either 2 or 30 extra cop-
ies) showed higher WNK4 protein levels, as expected, as well
as increased downstream phosphorylation of SPAK/OSR1 and
NCC, which caused hypertension, hyperkalemia, and meta-
bolic acidosis (20). These observations showed that FHHt-
causing mutations inWNK4 promote increased protein levels
of WNK4 that are responsible for the FHHt phenotype.

As initial attempts to generate WNK4 knockout mice were
not successful, hypomorphic WNK4 mice were generated by
disrupting exon 7, which was expected to produce a COOH-
terminally truncated WNK4 protein. However, splicing
between exons 6 and 9 was observed, which had no frame-
shift, producing a WNK4 protein lacking the middle portion
of WNK4, specifically, part of the PF2-like domain, the first
CCD, and the acidic domain (74). Kinase assays showed that
this mutant WNK4 immunoprecipitated from human em-
bryonic kidney (HEK)-293 cells and mouse kidneys had a
diminished kinase activity toward itself and SPAK.
Hypomorphic WNK4 mice displayed mild hypotension as
well as mildly decreased levels of phosphorylated (p)OSR1
and NCC. This was the first in vivo evidence that hinted at
the positive modulation of NCC by WNK4. Right after FHHt
mutations were described in WNK4, initial observations
made in certain in vitro and in vivo models suggested that
WNK4 had an inhibitory role on NCC activity that was

Table 1. Genetic mutations found in patients with FHHt

Gene Mutation Mendelian Inheritance Proposed Mechanism

Corresponding Mouse

Model

WNK1 Deletions in intron 1 (4) Autosomal dominant Ectopic L-WNK1 expression
specifically in the DCT (58)

Wnk1FHHt/þ (intron 1 de-
letion) (58)

Acidic domain missense
mutations: E631K,
A634T, D635E, D635N,
Q636E, Q636R (59)

Autosomal dominant Decreased KS-WNK1 degra-
dation in the DCT (59)

Wnk1delE631/þ (59)

WNK4 Acidic domain missense
mutations: E562K,
D564A, Q565E (4),
D564H (60), P561L (61),
and E560G (62)

Autosomal dominant Decreased WNK4 degrada-
tion in the DCT (20)

Wnk4þ /þ /Q562E/Q562E

(63); Wnk4D561A/þ (64)

COOH-terminal missense
mutations: R1185C (4)
and K1169E (65)

Autosomal dominant Disruption of the inhibitory
domain, promoting
increased WNK4 activity
(45)

Not reported yet

KLHL3 Several missense muta-
tions (16,17)

Autosomal dominant Decreased WNK4/KS-WNK1
degradation in the DCT
(66,67)

Klhl3R528H/þ (66);
Klhl3M131V/þ (68)

Several missense muta-
tions (16,17) as well as
nonsense mutations
and splicing-altering
mutations (16)

Autosomal recessive Decreased WNK4/KS-WNK1
degradation in the DCT
(69)

Klhl3-/- (69)

CUL3 Mutations in sites impli-
cated in splicing of
exon 9: intron 8 splice
acceptor, intron 9 splice
donor, putative intron 8
splice branch site, and a
putative splice
enhancer in exon 9 (12)

Autosomal dominant Decreased WNK4/KS-WNK1
degradation in the DCT
(70); impaired vascular
relaxation through activa-
tion of the RhoA-ROCK
pathway (71)

Cul3D403-459/þ (72);
Cul3Het/D9 (70); pgk-
Cul3D9 (71)

WNK, with no lysine kinase; KLH3, Kelch-like family member 3; CUL3, cullin 3; L-WNK1, full-length with WNK1; KS-WNK1 kidney-spe-
cific WNK1; DCT, distal convoluted tubule; ROCK, Rho kinase; FHHt, familial hyperkalemic hypertension.
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reversed by FHHt mutations (63, 77, 78). However, these
observations contrasted with the data later obtained by
Vitari et al., showing that WNK4 can phosphorylate and acti-
vate SPAK and OSR1 in in vitro kinase assays (9), which, in
turn, can phosphorylate and activate NCC (79).

Definitive confirmation of WNK4 as an activator of NCC
came with the first report of a WNK4 knockout (�/�) mouse
model generated by disruption of exon 1. These mice dis-
played a phenotype similar to that of Gitelman syndrome
(14). Compared with their wild-type (WT) siblings, WNK4�/�

mice showed hypokalemia, hypochloremia, metabolic alka-
losis, hypomagnesemia, and increased plasma renin activity.
Hypokalemia was greatly accentuated by a low-Kþ diet.
WNK4�/� mice had lower levels of NCC (both at transcript
and protein levels) and virtually undetectable pNCC accom-
panied by a blunted response to thiazide diuretics. Increased
response to amiloride suggested epithelial Naþ channel
(ENaC) activation as a mechanism to compensate for NCC
deficiency. Later, a second WNK4�/� mouse model, with dis-
ruption of exon 2, was reported (15). These mice displayed a
similar phenotype, showing a reduction of NCC expression
and activity, with lower blood pressure levels while under a

low-Naþ diet. Interestingly, these mice did not show hypo-
kalemia in basal conditions, possibly due to an effect of the
genetic background, sample collection, and/or differences of
the diet. Notably, DCTmorphological changes were observed
in these mice, specifically tubule dilation and lower cell
height. A third WNK4�/� mouse model with exon 1 and 2 de-
letion showed similar findings with respect to total and
pNCC levels as well as blunted thiazide response (75). These
mice also did not show hypokalemia while under a control
diet; however, plasma Kþ concentration was lower while
under a low-Kþ diet compared with WT mice, further con-
firming that WNK4 plays an important role in the modula-
tion of Kþ homeostasis.

Even though WNK4 is expressed in a variety of organs, it
is puzzling that WNK4�/� mice have a relatively mild pheno-
type, with alterations of renal origin only. This might suggest
that other WNK kinases might have the ability to compen-
sate for the absence of WNK4 in other cells. Of note,
although the expected Mendelian frequencies were observed
among the progeny of reproductive crosses between
WNK4þ /� mice, it was reported that WNK4�/� mice, when
crossed with each other, had a lower number of offspring

Table 2. Genetically modified mouse models with altered WNK4 expression/function

Mouse Model Mutation

Effect on Protein Function and/

or Levels Phenotype

Original

Report

Transgenic
WNK4þ /þ /Q562E/Q562E

Two additional copies of the
WNK4 gene harboring
FHHt mutation Q562E
(equivalent to Q565E in
human WNK4)

Higher WNK4 levels (19) FHHt-like: increased blood pressure,
hyperkalemia, metabolic acidosis,
and hypercalciuria as well as DCT
hyperplasia

(63)

WNK4D561A/þ D561A (equivalent to D564A
in human WNK4)

Higher WNK4 levels, due to
decreased degradation
(20)

FHHt-like: increased blood pressure,
hyperkalemia, hyperchloremic met-
abolic acidosis, higher NCC levels,
and phosphorylation

(64)

WNK4 hypomorphic Exon 7 deletion Abnormal splicing between
exons 6 and 9, with a pro-
tein lacking 14 kDa in the
middle portion.
WNK4DEx7-8 has decreased
kinase activity

Gitelman-like: lower blood pressure
and decreased OSR1 and NCC
phosphorylation

(74)

WNK4-/- Deletion of exon 1 Absent WNK4 expression Gitelman-like: hypokalemia, hypo-
chloremic metabolic alkalosis,
hypomagnesemia, increased
plasma renin activity; virtually
absent NCC phosphorylation and
lower NCC levels (both at mRNA
and protein levels)

(14)

Transgenic (WNK4WT) Additional copies of WNK4 (2
copies or 30 extra copies)

Higher WNK4 protein levels FHHt-like: high blood pressure, hyper-
kalemia with hyperchloremic meta-
bolic acidosis, higher SPAK, OSR1
and NCC expression. and
phosphorylation

(20)

WNK4-/- Deletion of exon 2 Absent WNK4 expression Gitelman-like: lower blood pressure
while on a low-NaCl diet and
decreased SPAK and NCC expres-
sion and phosphorylation

(15)

WNK4-/- Deletion of exons 1 and 2 Absent WNK4 expression Gitelman-like: lower NCC expression
and phosphorylation

(75)

WNK4L319F,L321F/L319F,L321F L319F and L321F Cl�-insensitive WNK4 and
therefore, constitutively
active kinase

FHHt-like: increased blood pressure,
higher plasma Kþ concentration,
and hyperchloremic metabolic aci-
dosis, with higher NCC expression
and phosphorylation

(76)

WNK, with no lysine kinase; FHHt, familial hyperkalemic hypertension; DCT, distal convoluted tubule; NCC, NaCl cotransporter;
OSR1, oxidative stress-responsive 1; SPAK, STE20/SPS1-related proline-alanine-rich protein kinase.
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(14). It is currently unknown whether this observation is
related to a neurological or reproductive defect or both.

In 2019, a mouse model generated with CRISPR/Cas9
was reported where specific missense mutations were
introduced in exon 3 of WNK4, causing the substitutions
L319F and L321F in the WNK4 protein [Chen et al. (76)]. In
vitro, these changes render WNK4 constitutively active,
as it no longer has the ability to bind Cl� (see Regulatory
Mechanisms below). As expected, these mice showed a
FHHt-like phenotype, with increased blood pressure and
higher plasma Kþ and Cl� concentrations as well as meta-
bolic acidosis, and higher levels of pSPAK/OSR1 and total
and pNCC.

All of these studies in murine models have been instru-
mental in establishing WNK4 as a major positive regulator of
SPAK/OSR1-NCC in the DCT in vivo, where this pathway is
regulated by different mechanisms that will be detailed in
later sections.

Interaction With Downstream Kinases SPAK and OSR1

As mentioned above, WNK4 promotes NCC activation by
phosphorylating and activating the intermediate kinases
SPAK and OSR1, which, in turn, phosphorylate NCC. The ini-
tial description of the participation of SPAK and OSR1 in this
pathway came when Piechotta et al. (38) identified the inter-
action of both kinases with the NH2 terminus of multiple
CCCs, mediated by the RFxV/I motifs present in the latter.
Later on, Dowd and Forbush showed in HEK-293 cells that
overexpression of wild-type SPAK significantly increased
NKCC1 activity, which correlated with increased cotrans-
porter phosphorylation, and that kinase-inactive SPAK
exerted dominant-negative effects on NKCC1 function, in-
hibiting activity and phosphorylation (80).

A couple of years later, a link was made betweenWNK and
SPAK/OSR1 activity, when Vitari et al. (9) discovered that
SPAK and OSR1 were among the proteins interacting with
WNK1 and WNK4 and, through kinase assays, showed that
the kinase domains of WNK1 and WNK4 were able to phos-
phorylate and increase the activity of SPAK and OSR1.
Similar observations were made simultaneously by Moriguchi
et al. (81). Two phosphorylation residues targeted by WNK
kinases were found: Thr233 and Ser373 in hSPAK and Thr185

and Ser325 in hOSR1. The first of these residues lies in the ki-
nases’ T-loop and is critical for its activation. Meanwhile,
the mutation of the second residue did not affect kinase ac-
tivity (9), but its phosphorylation has been used as a readout
of WNK activity toward SPAK/OSR1 (44, 64, 82, 83). A recent
report has suggested that phosphorylation of this site might
be involved in decreased SPAK degradation mediated by
CUL4 (84).

In Vivo Models With Genetically Modified SPAK and
OSR1 Reveal the Physiological Importance of These
Kinases for the Modulation of NCC byWNK4

Several mouse models with gain- and loss-of-function
mutations in SPAK or OSR1 have reinforced the concept that
these kinases lie upstream to CCC phosphorylation. In addi-
tion, as explained below, these models have also been useful
to demonstrate, for example, that SPAK and OSR1 serve as
substrates ofWNK4 in the DCT and thatmost of the function

of WNK4 within this nephron segment depends on SPAK/
OSR1 phosphorylation.

In 2010, Rafiqi et al. (85) reported that C57BL/6 mice carry-
ing an inactive version of SPAK (SPAKT243A/T243A mice) have
diminished phosphorylation of NCC, NKCC1, and NKCC2 in
the kidney. The decrease in NCC activity appears to predom-
inate, as the mice display a Gitelman syndrome-like pheno-
type with hypocalciuria instead of the characteristic
hypercalciuria observed in patients with Bartter syndrome
who have dysfunctional NKCC2. Other Gitelman syndrome-
like features observed were hypotension and hypokalemia
(the latter was observed only under a low-Naþ diet) (85). A
few years later, several groups reported the generation of
SPAK�/� mouse models, all of which also presented a
Gitelman syndrome-like phenotype (47, 86, 87).

Attempts to generate a global OSR1 loss-of-function
knockin or knockout mouse model have not been suc-
cessful, as complete lack of function of this kinase is le-
thal during embryonic life (85, 87). However, heterozygous
deletion of the kinase and kidney-specific knockout models
have been studied. OSR1þ /� mice are hypotensive but
have no differences in plasma or urinary electrolytes (87).
Meanwhile, kidney-specific OSR1 knockout mice (KS-OSR1�/�)
are normotensive on a normal Naþ diet but display hypokale-
mia and lower urinary osmolality, reduced sensitivity to loop
diuretics, along with hypercalciuria and diminishment of
pNKCC2, with an increase in total NCC and pNCC (88). Thus, it
was proposed that OSR1 activity is more relevant for NKCC2
regulation in the thick ascending limb of Henle’s loop, whereas
in the DCT its absence can be compensated for by SPAK activ-
ity. In contrast, SPAK plays a more relevant role for NCC regu-
lation in the DCT, where OSR1 cannot fully compensate for the
absence of SPAK activity.

Nevertheless, further evidence has shown that OSR1 does
play a role in NCC regulation and in the pathophysiology of
FHHt caused by overexpression of WNK4. For instance, Chiga
et al. (89) used WNK4D561A/þ mice and crossbred them with
SPAKT243A/þ and OSR1T185A/þ mice to analyze the effect of
reducing or impairing SPAK and OSR1 activity on the FHHt
phenotype. They observed that WNK4D561A/þSPAKT243A/T243A

mice had an intermediate phenotype between wild-type and
WNK4D561A/þ mice (with systolic blood pressure, plasma Kþ

concentration levels, and pNCC levels lower than in
WNK4D561A/þ mice but higher than in wild-type mice).
However, in WNK4D561A/þSPAKT243A/T243AOSR1T185A/þ mice,
systolic blood pressure, plasma Kþ concentration levels, and
pNCC levels were lower than in wild-type mice, showing that
overactivation of both SPAK and OSR1 by WNK4 is responsi-
ble for the FHHt phenotype.

A similar strategy was performed with SPAK�/� and KS-
OSR1�/� mice on a WNK4D561A/þ background, where similar
results were obtained (90). In this work, Chu et al. observed
that WNK4D561A/þSPAK�/� mice had similar levels of NCC
and pNCC to wild-type mice. Their systolic blood pressure
and plasma electrolytes along with their thiazide-sensitive
Naþ and Cl� urinary excretion were normal. However,
WNK4D561A/þSPAK�/� mice had higher levels of pNCC and
NCC than SPAK�/� mice, suggesting that most likely OSR1
was responsible for the observed phosphorylation. Indeed,
pNCC and NCC were further reduced in triple mutants
(WNK4D561A/þSPAK�/�KS-OSR1�/�).
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Additional evidence pointing to a relevant role for OSR1 in
DCT physiology comes from observations made in mice in
which NCC activity is stimulated by administration of a low-
Kþ diet. As discussed below in Role of Wnk4 in the Regulation
of NCC by Physiological Stimuli, low Kþ intake is one of the
more potent stimuli for NCC activation, and WNK4 plays a
key role in the signaling pathway that mediates this effect (75,
91). Interestingly, low Kþ -induced activation of NCC can be
clearly observed in SPAKT243A/T243A, SPAK�/�, and KS-OSR1�/�

mice (91, 92), whereas activation is dramatically reduced in
double-knockoutmice (SPAK�/�KS-OSR1�/�) (92).

Finally, Grimm et al. used an elegant strategy to generate
an in vivo model of gain of function of SPAK in the early
DCT (54). These mice express constitutively active SPAK
exclusively in parvalbumin-expressing cells, which in the
kidney are restricted to DCT cells. All other cell types are
effectively SPAK null. The mice were named CA-SPAK and
were shown to develop the classic FHHt phenotype with hy-
perkalemia, hypertension, and acidosis as well as a lower
fractional urinary excretion of Kþ , all of which resolved with
thiazides. These findings correlated with a significant
increase in NCC and pNCC and an increase in the area and
length of the DCT1 at the expense of a reduction of these
measurements in the CNT. Thus, this model demonstrated
that SPAK hyperactivity in the DCT is sufficient to produce
FHHt and that NCC hyperactivity is sufficient to drive mor-
phological changes in the ASDN.

In summary, as can be noted, mouse models of SPAK gain
or loss of function have many similarities in their renal phe-
notype with WNK4 gain- or loss-of-function mouse models,
respectively, as is expected for proteins that are in the same
signaling pathway. Taken together, all these findings
strongly suggest that the main mechanism through which
WNK4 mediates both the phosphorylation of NCC and
pathogenesis of FHHt is through the phosphorylation and
activation of SPAK and OSR1.

SPAK/OSR1-Independent Regulation of
Phosphorylation of CCCs

The presence of PF2-like domains in WNK4 led to the in
vitro finding of WNK4 being able to bind and directly phos-
phorylate NKCC1 and NKCC2 in the residues known to be
targeted by SPAK/OSR1 when overexpressed in conjunction
with Cab39/MO25 in X. laevis oocytes (93). Whether direct
phosphorylation of CCCs by WNK4 is physiologically rele-
vant in any in vivo condition remains unknown.

WNK4 Functions Not Involving NCC

In addition to the best-described role ofWNK4 in the regu-
lation of the SPAK/OSR1-NCC pathway, some works, mainly
performed in in vitro systems, have shown that WNK4 can
regulate other membrane transport proteins, many of which
also participate in renal electrolyte handling (Fig. 5). Below,
wemake a brief mention of some of these findings.

The SLC12 Family of Cotransporters

CCCs of the SLC12 family participate in a wide range of
physiological processes (6, 94), which include the regulation
of epithelial transport, regulation of intracellular Cl� concen-
tration of excitable cells, regulation of cellular volume, etc.

The seven well-characterized members of the SLC12 family
(NCC, NKCC1, NKCC2, KCC1, KCC2, KCC3, and KCC4) are all
subject to regulation by SPAK/OSR1-mediated phosphoryla-
tion (79, 80, 95, 96), and WNK4 is expressed in multiple tis-
sues where different CCCs are expressed (3, 41, 97). Thus, it is
possible that WNK4 could participate in the physiological
regulation of CCCs other thanNCC.

In vitro experiments have shown a possible role of WNK4
in the regulation of most members of the SLC12 family. For
instance, it can increase the activity of NKCC1 and NKCC2 in
X. laevis oocytes (45, 93, 98) and decrease the activity of
KCCs (99). WNK4-induced phosphorylation of NKCC2 can
also be observed in the HEK-293 cell system (100). However,
only a couple of studies have analyzed the possible role of
WNK4 in the regulation of these cotransporters in vivo.

For instance, a work by Terker et al. has recently suggested
a role for WNK4 in NKCC2 regulation (100) (Fig. 5A). Given
that WNK4�/� mice present normocalciuria, Terker and co-
workers hypothesized that this could be due to the additive
dysfunction of NKCC2 and NCC, since the dysfunction of the
former leads to hypercalciuria and dysfunction of the latter
leads to hypocalciuria. They observed that WNK4�/� mice
have markedly decreased pNKCC2 levels in Western blot
assays. However, recent findings have shown that, in mice
bred on the C57BL/6 background (such as WNK4�/� mice),
the most frequently used antibodies targeting pNKCC2
(Thr96/Thr101) mostly recognize NCC unspecifically in immu-
noblots (101). This is due to a genetic deletion of 15bp encod-
ing the highly conserved residues 96–100 of mouse (m)
NKCC2 that prevents binding of the phosphoantibodies to
NKCC2. Given this previously unknown fact, pNKCC2 levels
in WNK4�/� mice should be reassessed. However, a slight
decrease in pNKCC2 was also observed by immunofluores-
cence in NKCC2-positive tubules by using antibodies
directed against pThr96/Thr101 and another phosphoacceptor
site that is not affected by the deletion (pSer91).

Melo et al. also used WNK4�/� mice on a low-Naþ diet to
show that WNK4 was not required for the upregulation of
KCC4 in this condition (102). Whether the absence of WNK4
leads to different levels of baseline total or pKCC4 was not
examined.

Epithelial Naþ Channels

The description of FHHt-causative mutations in WNK4
and the renal origin of FHHt gave place to research focused
not only on WNK4’s regulation of NCC but also of other
transport proteins in the nephron whose dysregulation could
potentially contribute to the observed phenotype. One of
these proteins was ENaC. ENaC is a heterotrimeric amilor-
ide-sensitive channel formed by three subunits (a, b, and c)
expressed in many tissues. Within the kidney, it is expressed
in principal cells of the ASDN, where its activity drives Naþ

reabsorption and Kþ secretion (103, 104). Heterologous over-
expression in X. laevis oocytes showed that coexpression of
WNK4 with ENaC subunits led to a reduction of amiloride-
sensitive currents (Fig. 5C). This was preserved when catalyt-
ically inactive versions of WNK4 were coexpressed (105).
Other in vitro studies in distal tubular cells showed that
WNK4 facilitates the internalization of ENaC independently
of Nedd4-2 (106).
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WNK4�/� and WNK4 hypomorphic mice show an increase
in ENaC function (14, 74), consistent with these inhibitory
properties. However, it is unclear whether this is a direct con-
sequence of the absence of WNK4 or an adaptation that
occurs to compensate for NCC dysfunction. In the FHHt
WNK4þ /þ /Q562E/Q562E mouse model, in which WNK4 is overex-
pressed, an inverse phenomenon is observed: ENaC subunit lev-
els and amiloride-sensitive currents are diminished in the
kidneys of these animals (107). Interestingly, CA-SPAKmice also
have a decreased abundance of ENaC subunits in total kidney
lysates, which can be reversed with thiazides (54). This model
strongly suggests that NCC overactivation is sufficient to pro-
duce a compensatory decrease in ENaC expression levels.

Renal Outer Medullary Kþ Channels

Kir1.1, also known as the renal outer medullary Kþ chan-
nel (ROMK), mediates both Kþ recycling in the thick

ascending limb of the loop of Henle and Kþ secretion in the
ASDNwhen coupled with the activity of ENaC (108).

Kahle et al. showed that WNK4 is an inhibitor of ROMK in
X. laevis oocytes (109) (Fig. 5C). FHHt versions of WNK4
were more efficient inhibitors of ROMK in this system. This
effect was also independent of the kinase activity of WNK4,
was prevented by the phosphorylation of Ser1169 of WNK4
(105), and was shown to be mediated by intersectin, a scaf-
folding protein that participates in vesicle endocytosis (110).
The phosphorylation of tyrosine residues in WNK4 (Tyr1092

and Tyr1143) by c-Src have been postulated to enhance ROMK
inhibition by WNK4 (111, 112). WNK4þ /þ /Q562E/Q562E animals
have been recently found to possess lower activities of
ROMK in patch-clamp, single-channel current experiments
of their tubular cells (107), giving in vivo proof of the regula-
tion of this channel by WNK4 in whole organisms. How
much of a contribution is made to the FHHt phenotype by

A B

C

D

Figure 5. Proposed roles of with no lysine kinase 4 (WNK4) in the nephron. Works by different groups have suggested the participation of WNK4 in the
regulation of multiple kidney transport proteins. A: in the thick ascending limb of the loop of Henle, WNK4 has been reported to positively regulate the
activity of Naþ -Kþ -2Cl� cotransporter (NKCC2) through the phosphorylation of STE20/SPS1-related proline-alanine-rich protein kinase (SPAK)/oxidative
stress-responsive 1 (OSR1). Although a role for WNK4 in the regulation of renal outer medullary Kþ channels (ROMK) has been postulated, it is unknown
whether WNK4 specifically modulates this channel in the thick ascending limb. B: in the distal convoluted tubule (DCT), WNK4 is a positive regulator of
NaCl cotransporter (NCC) through the phosphorylation of SPAK/OSR1. It also seems to play a role in Ca2þ handling through the positive regulation of
transient receptor potential vanilloid 5 (TRPV5) channels. C: in the principal cells of the aldosterone-sensitive distal nephron (ASDN), WNK4 has been
implicated as a negative regulator of electrogenic Naþ reabsorption and Kþ secretion through epithelial Naþ channels (ENaC) and ROMK/large-con-
ductance Kþ (BK) channels, respectively. D: the Cl�/HCO�

3 antiporter pendrin has been postulated to be upregulated by WNK4, at least in the context of
familial hyperkalemic hypertension (FHHt). No mechanisms are known for this phenomenon (figure created with Biorender.com).
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the direct dysregulation of ENaC and ROMK is not under-
stood, since overactivity of WNK4 in the DCT is both neces-
sary (63) and sufficient (54) to induce the phenotype in its
totality.

Large-Conductance Kþ or Maxi-K Channels

Large-conductance Kþ (BK) channels are Ca2þ -activated
Kþ channels involved in the regulation of neuronal excit-
ability. They have also been described as flow-activated Kþ

channels that mediate Kþ secretion in the ASDN (108).
WNK4 can inhibit BK channels in HEK-293 cells express-

ing a- and b-BK channel subunits (Fig. 5C). Unlike what has
been observed for ENaC and ROMK, this inhibition is de-
pendent on its kinase activity (113). Inhibition is achieved
through a reduction in total and cell surface BK subunits
through lysosomal degradation, as was shown by the rescue
of the proteins with treatment with bafilomycin A1 or leu-
peptin. Wang et al. (114) found that the first CCD and first
PF2-like domain of WNK4 (residues 1–584 of mWNK4) are
necessary for its inhibition of BK channels. It is difficult to
reconcile this knowledge with the recent finding of SPAK
increasing BK channel activity (115), which is at odds with a
WNK4 kinase-dependent inhibition of BK.

Claudins

Claudins are some of the main components of tight junc-
tions, can facilitate paracellular epithelial transport of spe-
cific ions, and affect transepithelial resistance (116).

In mammalian cells expressing WNK4, claudin-1, -2, -3,
and -4 have been coimmunoprecipitated with WNK4, and
mutant WNK4 (D564A in hWNK4) showed an enhanced
interaction with these tight-junction components. The pres-
ence of WNK4 also increased the phosphorylation of these
claudins in different cell lines, with WNK4-D564A showing
higher activity than wild-type WNK4 (117). Transepithelial
Cl� permeability was increased in cells expressing wild-type
WNK4 and even more so in cells expressing FHHt mutants
(49, 117). In these cell systems, WNK4 FHHt mutants may
have been expressed at higher levels than wild-type WNK4.
However, this was not assessed by the authors.

Tatum et al. later found that WNK4 colocalizes with clau-
din-7 in kidney tubules and coimmunoprecipitated both pro-
teins from native tissues (Fig. 5C). Ser206 in claudin-7 was
characterized as a putative WNK4 phosphoacceptor site. Its
phosphorylation was determined to increase in the presence
of wild-type WNK4 and to a greater extent with WNK4-
Q562E, correlating with a decrease in transepithelial resist-
ance (118). Conversely, immortalized collecting duct cells
from mice lacking claudin-7 were shown to have increased
transepithelial resistance. Interestingly, greater levels of
WNK4 at the mRNA and protein levels were observed in
these cells. This was speculated to occur as part of a compen-
satorymechanism to promote claudin-7 function (119).

Transient Receptor Potential Vanilloid Channels

The transient receptor potential (TRP) vanilloid (TRPV)
subfamily of channels, which belongs to the TRP superfam-
ily, is composed of a group of Ca2þ -permeable channels
that, in the kidney, can mediate Ca2þ reabsorption and have
been postulated to play a role in osmolality and flow sensing

(119a). In other cells, they play other important roles, such as
heat and pain perception (119b).

Of all the TRPV channels, TRPV4 and TRPV5 have been
shown to be modulated by WNK4. Regarding TRPV4, down-
regulation of the channel occurs when it is coexpressed with
WNK4 in HEK-293 cells through a decrease in the surface
expression of the channel, which cannot be activated by
hypotonicity in the presence of this kinase (120).

Regarding TRPV5 (Fig. 5B), conflicting conclusions have
been reached by different groups. In X. laevis oocytes,
TRPV5 Ca2þ currents are stimulated in the presence of
WNK4. A dose-dependent inhibition of WNK4 stimulation of
TRPV5 occurs with increasing doses of NCC, which could
possibly be mediated by an increase in intracellular Cl� (121).
FHHtmutants ofWNK4 show similar activation of this chan-
nel. WNK4 might facilitate the forward trafficking of TRPV5
to the plasma membrane (121). On the other hand, negative
regulation of TRPV5 by WNK4 has also been reported, with
HEK-293 cells expressing WNK4 having an enhanced endo-
cytosis of the channel (122). In vivo, lack of WNK4 causes a
substantial reduction in TRPV5 measured by immunofluo-
rescence. Furosemide-sensitive calciuria is enhanced in
WNK4�/� mice, which might be the consequence of a
decrease in Ca2þ reabsorption proteins of the distal neph-
ron, including TRPV5 (123). It must be noted that this
finding goes in the opposite direction of the hypocalciu-
ria normally observed with NCC downregulation or
inhibition.

Cystic Fibrosis Transmembrane Conductance Regulator
Channels

Cystic fibrosis transmembrane conductance regulator
(CFTR) is a Cl�/HCO�

3 -permeable channel that is expressed
in many epithelial and glandular cells, where, in concert
with the activity of NKCC1, it mediates Cl� and water secre-
tion (124). The regulation of CFTR by WNK4 is unclear. An
initial report showed that, in X. laevis oocytes, WNK4 down-
regulated the presence of CFTR in the plasma membrane in-
dependently of its kinase activity in a dose-dependent
manner (125). A more recent report in mammalian cells
showed an enhancement of surface expression of CFTR by
WNK4, also independently of kinase activity (126).

Pendrin

Pendrin is an anion antiporter involved in ear and thyroid
physiology (127). In the kidney, it mediates Cl�/HCO�

3
exchange in b-intercalated cells and thus participates in
HCO�

3 secretion in the collecting duct. It has also been
shown to mediate electroneutral NaCl reabsorption when its
activity is coupled to Naþ /Cl�/HCO�

3 transport mediated by
the Naþ -driven Cl�/HCO�

3 exchanger (128) and has been
implicated in Naþ retention by aldosterone (129).

WNK4þ /þ /Q562E/Q562E animals have been shown to have
increased pendrin activity in their b-intercalated cells and
increased b-intercalated cell mass (Fig. 5D) (130). The
authors of that work argued that this protein could poten-
tially contribute to metabolic acidosis and Naþ retention in
FHHt, as deletion of pendrin in WNK4þ /þ /Q562E/Q562E mice
led to normalization of plasma HCO�

3 and Kþ and an
increase in renin mRNA levels. It is unknown whether the
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pathophysiological dysregulation of pendrin observed in
WNK4þ /þ /Q562E/Q562E mice occurs in all models of FHHt and
whether it is mediated directly by WNK4. The only pub-
lished in vitro assay of pendrin function in the presence of
WNK4 was made in X. laevis oocytes, where no effect was
seen with coexpression of both proteins (97).

REGULATORY MECHANISMS OF WNK4
FUNCTION

WNK4 function is regulated at different levels. At the tran-
scriptional level, no information is yet available about the
regulation of WNK4 mRNA levels. Posttranslationally, how-
ever, a pathway for regulation of WNK4 protein levels has
been well described. This pathway involves regulation of the
WNK4 degradation rate by the CUL3-KLHL3 E3 ubiquitin
ligase complex. In addition, kinase activity of WNK4 is also
tightly regulated, and more than one mechanism appears to
be involved (Fig. 6).

Regulation of the WNK4 Degradation Rate by the CUL3-
KLHL3 E3 Complex in the Kidney

Cullin-RING ligases (CRLs) are ubiquitin E3 enzymes that
regulate the ubiquitylation of a wide variety of substrates. It
has been estimated that �300 different CRL complexes may
exist in humans (131), each of them with different substrate
specificities that are determined by the cullin subtype and
substrate adaptor molecule that make up the complex.

As mentioned above, mutations in the genes encoding for
two proteins that are part of a CRL complex are responsible
for the most severe forms of FHHt (16, 17). These are CUL3,
the protein that forms the heterodimeric scaffold of the CRL
complex, and KLHL3, the protein that acts as the substrate
adaptor and that also binds to the NH2-terminal domain of
CUL3. Following the description of these mutations, it was
rapidly identified that WNK kinases are substrates for the
CUL3-KLHL3 E3 ligase complex. It was shown that, in vitro,
KLHL3 can bind WNK1, WNK2, WNK3, and WNK4 (18–20),
that the CUL3-KLHL3 E3 complex can promote ubiquityla-
tion of WNK1 and WNK4 (18–20), and that this decreases
WNK4 protein levels in cultured cells, suggesting that ubiq-
uitylation promotes proteasomal degradation (19, 20). The
observed binding, ubiquitylation, and degradation were
impaired when tested with KLHL3 or WNK4 FHHt
mutants. The acidic motif of WNK kinases, in which FHHt
mutations in WNK4 are clustered, was shown to function
as the binding site for KLHL3 (18).

In mutant mice carrying WNK4-FHHt mutations, incre-
ased renal levels of WNK4 were observed (19, 20), and inmu-
tant mice carrying the KLHL3-R528H and KLHL3-M131V
FHHt mutations, increased WNK4 and WNK1 renal expres-
sion levels were observed (66, 68). Given that KLHL3 expres-
sion in the kidney is largely restricted to the DCT (17, 132,
133), this upregulation is likely to exclusively occur within
this nephron segment. Interestingly, it was shown that
impaired activity of the CUL3-KLHL3 E3 complex (in
KLHL3�/� mice) increased WNK1 and WNK4 expression in
the kidney but did not affect their expression levels in extra-
renal tissues (134). Thus, in other tissues, WNK1 and WNK4
levels may not be subject to CRL-mediated regulation or,

alternatively, they could be subject to regulation by a differ-
ent CRL complex. A third possibility, given that KLHL3
expression is not kidney specific, is that KLHL3 absence may
be compensated for by another KLHL protein. For instance,
KLHL2 has been shown to be able to bind and promote ubiq-
uitylation of WNK kinases (135). KLHL2�/� mice were shown
to display higher WNK4 expression levels in the renal me-
dulla but not in the renal cortex. Expression levels of WNK
kinases in extrarenal tissues were not reported.

Figure 6. Regulatory mechanisms of with no lysine kinase (WNK)4 func-
tion. In the distal convoluted tubule (DCT), WNK4 protein levels are regu-
lated by the activity of the cullin 3 (CUL3)-Kelch-like family member 3
(KLHL3) E3 complex, which targets WNK4 for degradation by promoting
its ubiquitylation at several sites (94, 136). KLHL3 binds to the acidic motif
of WNK kinases through its propeller domain. Another level of regulation
involves the modulation of WNK4 kinase activity. Several mechanisms
have been described that participate in this regulation, which are the fol-
lowing. 1) Binding of Cl� to a pocket within the active site of the kinase sta-
bilizes an inactive conformation and prevents kinase autophosphorylation
(4, 115). Intracellular Cl� concentration levels are thus determinant on
WNK4 activity. 2) WNK4 contains five phosphorylation sites within a RRxS
motif, two located in the NH2-terminal domain and three located in a
COOH-terminal region. All five sites can be phosphorylated in vitro by
PKC and PKA (16), and at least the three COOH-terminal sites can be phos-
phorylated by serum/glucocorticoid regulated kinase-1 (SGK1) (101, 124,
129). Phosphorylation levels of two of these sites (Ser64 and Ser1196) corre-
late with levels of kinase activity [measured by its ability to autophosphoryl-
ate and to phosphorylate STE20/SPS1-related proline-alanine-rich protein
kinase (SPAK)]. Phosphoablative mutations at Ser64 and Ser1196 prevent
WNK4-mediated phosphorylation of SPAK in response to cretain stimuli, like
ANG II (16). 3) A protein phosphatase 1 (PP1)-binding site has been described
close to the COOH-terminal end of the protein. Absence of this motif pro-
motes WNK4 hyperphosphorylation and constitutive activation in cultured
cells (100). 4) Kidney-specific (KS-)WNK1 interacts with WNK4 through the
COOH-terminal coiled-coil domain (CT-CCD). Coexpression of KS-WNK1 in
Xenopus laevis oocytes promotes WNK4 autophosphorylation and activa-
tion by a mechanism that is currently unknown (3).WNK1mutations that pro-
duce amino acid substitutions within the acidic domain produce a mild
familial hyperkalemic hypertension (FHHt) phenotype in humans and mice
that has been speculated to be due to increased KS-WNK1-mediated activa-
tion of WNK4 (83) (figure created with Biorender.com).
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Finally, it is interesting to note that the upregulation of
SPAK and NCC activity (measured as phosphorylation)
observed in KLHL3-R528H mice was completely prevented
when these mice were crossed with WNK4�/� mice, despite
persistent WNK1 overexpression (67). Thus, the increased
WNK1 levels were unable to compensate for WNK4 absence,
and WNK4 seems to be key in the pathogenesis of FHHt
caused by mutations in KLHL3. It remains to be determined
whether the overexpressed WNK1 reported by Susa et al. cor-
responds to full-length WNK1 (L-WNK1) or the KS-WNK1 iso-
form. Interestingly, it has been recently shown that KS-
WNK1 is much more sensitive to CUL3-KLHL3 E3-induced
degradation than L-WNK1 (59).

All FHHt-causative mutations in CUL3 characterized so far
cluster in sites implicated in splicing of exon 9 and cause the
skipping of this exon. Thus, a protein with a 57-amino acid de-
letion is produced (CUL-D403–459) (16). It has been shown
that expression of CUL3-D403–459 protein prevents ubiquity-
lation of WNK kinases even in the presence of wild-type CUL3
(72). CUL3þ /D403–459 mice display higher levels of WNK4 pro-
tein, which drives downstream phosphorylation and activa-
tions of SPAK and NCC, causing FHHt. As CUL3-D403–459
promotes its autoubiquitylation and degradation and, thus,
CUL3þ /D403–459 mice have lower levels of CUL3 expression, it
was initially proposed that haploinsufficiency was the cause
for FHHt. However, it was later shown that Cul3þ /� (CUL3Het)
mice did not have a FHHt-like phenotype. In contrast, Cul3

Het

mice that also carried a copy of a transgene that allowed induc-
ible expression of CUL3-D403–459 (which were identified as
CUL3HET/D9 mice) did develop the FHHt phenotype. CUL3 pro-
tein levels were similarly decreased in both CUL3Het and
CUL3HET/D9 mice. However, only CUL3HET/D9 mice had higher
WNK4, NCC, and pNCC protein levels (70). These results sug-
gested that CUL3-D403–459 protein has a dominant-negative
effect on CUL3-KLHL3 E3-mediated degradation of WNK ki-
nases, resulting in higher WNK4 levels and increased down-
stream activation of NCC.

FHHt-causative CUL3 mutations are responsible for the
most severe form of FHHt (16). There is evidence that such
severe phenotype may be due, at least in part, to additive
effects of altered CUL3 function of renal electrolyte handling
and vascular function (71). However, given that CUL3 expres-
sion seems to be ubiquitous, the absence of other manifesta-
tions of extrarenal origin are intriguing.

WNK4 Kinase Activity Is Sensitive to Intracellular Cl�

Levels

Modulation of the activity of CCCs by intracellular Cl� lev-
els is a well-known phenomenon supported by a large body
of experimental evidence (136–139). Initial observations were
made as far back as 1983, when John Russell described that
intracellular Cl� inhibited bumetanide-sensitive Naþ -Kþ -
Cl� transport in the squid giant axon (140).

Later on, modulation of CCC activity by intracellular Cl�

concentration was shown to be related to their phosphoryla-
tion state (137, 141), and SPAK and OSR1 were shown to be
the kinases responsible for such phosphorylation (38, 80).
Thus, when WNK kinases were described as the upstream
regulators of SPAK and OSR1 (9, 81), it was immediately

tested and confirmed thatWNK activity is upregulated by in-
tracellular Cl� depletion (81).

Direct modulation of WNK activity by Cl� was not con-
firmed, however, until Piala and collaborators (5) described
the crystallographic structure of the WNK1 kinase domain
and the existence of a Cl�-binding site within the catalytic
site of the protein. This site is structurally similar to the Cl�-
binding sites found in Cl� channels of the ClC family, with
interactions to backbone amides and lateral chains of hydro-
phobic residues. It was shown that Cl� binding stabilizes an
inactive conformation of the kinase, preventing kinase auto-
phosphorylation and activation. Mutation of one of the resi-
dues that makes up the Cl�-binding site (Leu369) decreased
the inhibition of autophosphorylation observed at increasing
concentrations of Cl�.

Bazua-Valenti et al. showed that the ability of WNK4 to
activate NCC is alsomodulated by intracellular Cl� concentra-
tion (28). This observation helped to resolve the long-lasting
controversy of whether WNK4 acts as a positive or negative
modulator of NCC. According to observations of Bazua-
Valenti et al., in the X. laevis oocyte system, in which initial
characterization of WNK4-regulatory activity of CCCs was
performed, the intracellular Cl� concentration is high, which
renders WNK4 inactive. Thus, under basal conditions, WNK4
expression exerts an inhibitory effect on NCC activity, prob-
ably due to a dominant-negative effect over the endogenous
WNK kinase or kinases (42). However, decreasing intracellular
Cl� concentrations by different maneuvers promoted WNK4
activation, measured as kinase autophosphorylation and
through its ability to activate NCC (28). In addition, introduc-
tion of mutation L322F in hWNK4 (the residue equivalent to
Leu369 inWNK1) rendered the kinase constitutively active.

Bazua-Valenti et al.’s work and a later work by Terker et al.
suggested that WNK kinases, despite having very similar ki-
nase domains, present different sensitivities to inhibition by
Cl�. Interestingly, WNK4 has the more divergent kinase do-
main (with �80% identity with other WNKs, whereas the ki-
nase domains of other WNKs have �90% identity among
them) (6) and appears to be the family member that is more
sensitive to inhibition by Cl� (28, 83). It has been suggested
that such high affinity of WNK4 for Cl� is important for its
physiological role in the regulation of NCC, given that intra-
cellular Cl� concentration in the DCT has been estimated to
be rather low (142–144). Thus, the low intracellular Cl� con-
centration of DCT cells allows WNK4 to remain active under
basal conditions and allows rapid modulation of its activity in
response to changes in intracellular Cl� concentration.
Definitive proof that modulation of WNK4 activity by intracel-
lular Cl� concentration is physiologically relevant, at least in
the DCT, camewith the description of amousemodel carrying
the L319F/L321F-WNK4 mutation (L322F/L324F in hWNK4)
(76). As mentioned above in WNK4 in Physiology and
Pathophysiology, these mice present higher levels of NCC ac-
tivity accompanied by the expected FHHt phenotype.

WNK4 Activity Is Modulated by Phosphorylation of
Residues Located in Its Regulatory NH2- and COOH-
Terminal Domains

The initial description of a phosphorylation site located
within the regulatory COOH-terminal domain of WNK4,
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whose modification affects WNK4 function, was made by
Ring et al. (105). This site, Ser1169 (in mouse WNK4), was
identified through a search for serum/glucocorticoid-regu-
lated kinase-1 (SGK1) consensus phosphorylation motifs, as
it was hypothesized thatWNK4may act as a transducer of al-
dosterone signaling in the distal nephron. In in vitro kinase
assays, it was shown that SGK1 can indeed phosphorylate
thisWNK4 residue. Additionally, it was shown that introduc-
tion of the phosphomimetic mutation S1169D impaired the
ability of WNK4 to inhibit ENaC and ROMK in X. laevis
oocytes.

Later on, theworks by Rozansky et al. andNa et al. described
two additional phosphorylation sites within the COOH termi-
nus of WNK4 that can be phosphorylated in vitro by SGK1:
Ser1180 and Ser1196 in mouse WNK4 (Ser1201 and Ser1217 in
hWNK4) (45, 46). As mentioned above (in Structural Features),
these sites are clustered within a highly conserved region of
WNK4 and are present from zebrafish to humans (44).
Rozansky et al. showed that, in X. laevis oocytes, coexpression
of SGK1 with WNK4 and NCC prevented WNK4 inhibitory ac-
tivity on NCC and that the phosphomimetic mutant WNK4-
S1169D/S1196D lost its ability to inhibit NCC (46). In addition,
Na et al. showed, in the same expression system, that the phos-
phomimetic mutants S1169D/S1196D and S1169D/S1180D/
S1196D had an enhanced positive effect onNKCC2 activity (45).

Several years later, we performed a comprehensive study
of WNK4 phosphorylation sites by mass spectrometry analy-
sis of WNK4 peptides generated from the immunoprecipi-
tated protein from HEK-293 extracts (44). Eighteen pho-
sphorylation sites were reproducibly identified, includ-
ing the T-loop Ser332 autophosphorylation site (Ser335 in
hWNK4). Wewere particularly interested in five sites present
within an RRxS motif, all of them located in segments of the
protein that are highly conserved. These included, in addi-
tion to the Ser1169, Ser1180, and Ser1196 sites previously
described as SGK1 targets, the Ser47 and Ser64 sites, located
in the NH2-terminal domain of the protein. Given that PKC
and PKA show a preference for phosphorylation of sites
within the RRxS sequence (145, 146), we explored the possi-
bility that these sites might be targeted by these kinases.
Indeed, we observed that pharmacological activation of PKC
or PKA in HEK-293 cells promoted phosphorylation of all
RRxS sites. The ability of PKC and PKA to phosphorylate
these sites was also demonstrated in in vitro kinase assays.
Importantly, phosphorylation of these sites was shown to
promote WNK4 activation, measured by its ability to auto-
phosphorylate and to phosphorylate SPAK. In particular,
impaired phosphorylation of Ser64 and Ser1196 had the great-
est effect on WNK4 activity and kinase activity was com-
pletely abrogated in the S64A/S1196A double mutant. With
the use of phosphospecific antibodies, we showed that these
sites are phosphorylated in vivo in mouse kidney samples
and that their phosphorylation levels increase in volume-
depleted mice and in WNK4-FHHt mice. By immunofluores-
cent staining, the volume depletion-induced increase in
phosphorylation at Ser64 was observed to occur in the DCT.

Further studies will be necessary to determine whether
these sites are mainly targeted in vivo by PKC, PKA, and/or
SGK1. WNK4 phosphorylation by SGK1 was initially thought
to occur in response to aldosterone stimulation (46, 105),
since SGK1 expression is regulated by aldosterone (147).

However, the sensitivity of DCT cells to aldosterone stimula-
tion has recently been questioned (see Role of WNK4 in the
Regulation of NCC by Physiological Stimuli) (148, 149). Thus,
aldosterone-mediated regulation of WNK4 phosphorylation
may only occur in the ASDN, which excludes the DCT.
Within the DCT, phosphorylation of these sites may occur
through aldosterone-independent regulated activity of SGK1
or through activity of PKC and/or PKA.

Possible Regulation of WNK4 Activity by Calmodulin
Binding

Within the conserved region in which the COOH-terminal
RRxS sites are located, Na et al. have additionally described
the presence of a binding site for CaM (45). Their in vitro
experiments demonstrated that CaM binds to the 1175–1194
segment of hWNK4 (1154–1173 of mWNK4), which presents a
consensus CaM-binding site sequence, and that binding
requires the presence of Ca2þ . Deletion of the CaM-binding
site in WNK4 prevented binding and also increased the abil-
ity of WNK4 to activate NKCC2 in X. laevis oocytes. On the
basis of those observations, Na and coworkers proposed that
this segment of the protein exerts a negative effect onWNK4
activity that may be relieved by binding to Ca2þ /CaM or by
RRxS phosphorylation, although demonstration that WNK4
activity increases in the presence of Ca2þ /CaM is still miss-
ing. Indeed, Yang et al. have previously described a “nega-
tive regulatory signal region” within the last 47 amino acids
ofWNK4 (73).

Regulation of WNK4 Activity by PP1

Protein phosphatases target many components of the
WNK-SPAK/OSR1-CCC pathway. In WNK4, there are two
predicted PP1 sites with the consensus sequence KxVxF. Lin
and colleagues described that PP1 binds to mouse WNK4 in
amino acid regions 695–699 and 1211–1215, which both con-
tain PP1-binding sites (150). In 2018, our group showed that
the interaction betweenWNK4 and PP1 still occurred even in
the absence of the two PP1-binding sites previously identi-
fied by Lin et al. (41). This suggested that other regions in
WNK4may contribute to the binding of PP1, or perhaps indi-
rect binding through other endogenous WNKs was observed.
However, mutation or deletion of the second PP1 motif near
the COOH terminus of WNK4 resulted in a gain of function
with increased WNK4 phosphorylation levels at the T-loop
site Ser332 (in mWNK4) and RRxS sites as well as increased
WNK4-mediated phosphorylation of SPAK at Ser373.
Accordingly, coimmunoprecipitation between PP1 and a
shorter WNK4 COOH-terminal construct showed specific
binding to the second PP1 motif, confirming it as a bona
fide PP1-binding site that negatively modulates WNK4
phosphorylation and activity. PP1 a- and c-isoforms, but
not the b-isoform, were shown to promote dephosphoryl-
ation of WNK4 RRxS sites.

Interestingly, mutation of the first PP1 motif in WNK4
ablated the gain of function caused by the mutation of the
second PP1 motif. Since this first PP1 motif lies within the
predicted PF2b domain of WNK4 (see Structural Features),
this raises the question of whether this mutation disrupts
the function of the PF2 instead of preventing PP1 binding.
Notably, this site is conserved in other WNKs, and it has
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been shown that it does not mediate PP1 binding in the case
of WNK1 (151). In addition to PP1 sites, WNK4 also contains
predicted PP2A and PP2B motifs, but none of them have
been functionally described (http://elm.eu.org/).

Regulation of WNK4 Activity by Interaction With
KS-WNK1

KS-WNK1 is a short isoform of WNK1 that is produced by
transcriptional initiation at an upstream region regulated by
an alternative promoter located within intron 4 of theWNK1
gene. Transcription from this promoter introduces into the
transcript an alternative exon known as exon 4a. Thus, KS-
WNK1 differs from L-WNK1 in that it lacks the segment
encoded by exons 1�4 (that comprise most of the kinase do-
main) and contains a unique 30-residue segment in its NH2

terminus encoded by exon 4a (152, 153). As the name indi-
cates, this isoform is expressed only in the kidney, and its
transcript levels are much higher in the DCT than in other
nephron segments, although low levels have also been
observed in the CNT (154).

Despite lacking a kinase domain, work from our group
showed that KS-WNK1 can promote NCC activation when
expressed in X. laevis oocytes (155). Such activation seems to
be dependent on the interaction with an endogenous WNK
kinase, as it is prevented by WNK463 (a specific inhibitor of
WNK kinase activity). Coexpression of KS-WNK1 with WNK4
in the oocyte system promotes WNK4 autophosphorylation
at Ser332. The effect is not observed when a KS-WNK1 clone
with mutations in the CT-CCD that prevent binding to
WNK4 is expressed (26). Thus, interaction of WNK4 with KS-
WNK1 within the DCT may be key to modulate WNK4 activ-
ity. Interestingly, it has recently been shown that missense
mutations in the acidic domain of WNK1 produce a mild
form of FHHt (59), and it was suggested that this phenotype
is probably due to upregulation of KS-WNK1 protein expres-
sion, which then leads to increased activation of WNK4-
SPAK/OSR1-NCC. This proposal is based on the following
observations: 1) KS-WNK1 is more sensitive to CUL3-KLHL3
E3-induced degradation than L-WNK1 (59), and 2) KS-WNK1
is much more abundant in the DCT than L-WNK1. At the
transcript level, the abundance of KS-WNK1 is 80 times
higher than that of L-WNK1 (154). At the protein level, cer-
tain lines of evidence suggest that, in the DCT, L-WNK1 lev-
els may be negligible. This is best highlighted by the effects
of knockout of WNK4 in two different FHHt mouse models.
In the KLHL3-R528H model, knockout of WNK4 completely
abrogates NCC activity (measured by phosphorylation) (67).
Western blots show that KLHL3-R528H mice have higher re-
nal WNK1 levels. Although it was unclear to which isoform
they correspond, it may be deduced that WNK1 upregulation
in the DCT probably corresponds to KS-WNK1, as it does not
compensate for the absence of WNK4. In contrast, in the
WNK1-FHHt model (with an intronic deletion in WNK1 that
promotes ectopic expression of L-WNK1 in the DCT), knock-
out of WNK4 does not prevent the pathway upregulation
(42). Thus, in this model, the pathological ectopic expression
of L-WNK1 appears to override the WNK4-mediated regula-
tion of NCC. It is noteworthy that L-WNK1 is less sensitive to
inhibition by Cl� thanWNK4 and thus may be constitutively
active in intracellular Cl� concentration levels of the DCT.

ROLE OF WNK4 IN THE REGULATION OF
NCC BY PHYSIOLOGICAL STIMULI

NCC is regulated by multiple physiological stimuli (156).
Given that, as explained above, WNK4 appears to be the
major WNK kinase responsible for SPAK/OSR1 phosphoryla-
tion and activation in the DCT, this kinase plays a central
role in many of the signaling pathways that transduce the
extracellular signals that modulate NCC activity.

Extracellular Kþ Concentration

Dietary Kþ intake levels have been correlated with the
level of NCC activity (assessed by its phosphorylation status).
In rodent models, higher levels of NCC and pNCC are
observed in animals on low-Kþ diet (vs. control diet), and
lower levels of NCC and pNCC are observed on high-Kþ diet.
Suchmodulation is triggered by subtle changes in extracellu-
lar Kþ concentration that occur in response to the changes
in dietary Kþ content (51, 83, 157–159). Changes in extracel-
lular Kþ concentration affect the driving force for Kþ move-
ment through Kir4.1/Kir5.1 Kþ channels expressed in the
basolateral membrane of DCT cells (Fig. 7) (160, 161).
Movement of Kþ provokes changes in the membrane poten-
tial of DCT cells that, in turn, drive Cl� fluxes through baso-
lateral ClC-Kb channels (162, 163), ultimately affecting
intracellular Cl� concentration. These fluctuations in intra-
cellular Cl� concentration affect WNK4 activity and, thus,
activity of the SPAK/OSR1-NCC pathway. Hence, a low-Kþ

diet promotes Kþ efflux from DCT cells, membrane hyper-
polarization, reduction of intracellular Cl� concentration,
and WNK4 activation; the opposite effects are produced by a
high-Kþ diet.

It has been proposed that among WNK kinases WNK4 is
especially suited to participate in this mechanism, since, as
mentioned above (see Regulatory Mechanisms), its sensitiv-
ity to inhibition by Cl� is higher than that of other WNK ki-
nases (28, 83). As DCT intracellular Cl� concentration has
been estimated to be rather low (142–144), it has been sug-
gested that the other less sensitive WNK kinases would be
constitutively active under these intracellular Cl� concentra-
tion levels. The relevance that WNK4 plays in this regulatory
mechanism was evidenced by the absence of upregulation of
NCC phosphorylation in WNK4�/� mice when placed on a
low-Kþ diet (75, 91). Consequently, mice developed severe
hypokalemia. In addition, in mice expressing Cl�-insensitive
WNK4 (harboring the L319F/L321F mutations), administra-
tion of a low-Kþ diet did not promote NCC upregulation,
and administration of an acute oral Kþ load did not stimu-
late the NCC downregulation that was observed in wild-type
controls, supporting the idea that the regulation ofWNK4 ac-
tivity by Cl� is a key element in the signaling pathway for
the regulation of NCC by extracellular Kþ (76).

Besides the direct Cl�-sensing ability of WNK4, recent evi-
dence from our group has shown that WNK4 phosphoryla-
tion at RRxS sites can be stimulated by a decrease in
extracellular Kþ concentration (164). This may be important
to potentiate the activation of NCC. Interestingly, our data
show that phosphorylation of these sites upon exposure to a
decrease in extracellular Kþ concentration is also secondary
to the reduction in intracellular Cl� concentration but is
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independent of WNK kinase activity. The molecular play-
ers that link intracellular Cl� concentration depletion to
WNK4 phosphorylation at RRxS sites are currently under
investigation.

Finally, Ishizawa et al. have shown that CUL3-KLHL3 E3-
induced degradation of WNK4 decreases in mice exposed to
a low-Kþ diet by a mechanism that involves KLHL3 phos-
phorylation at an RRxS site located within the substrate
binding propeller domain (see Angiotensin II below) (165).
Interestingly, such phosphorylation would prevent not only
WNK4 degradation but also KS-WNK1 degradation (59). In
2018, Boyd-Shiwarski and colleagues coined the term “WNK
bodies” to refer to WNK signaling complexes that are formed
in the DCT under certain conditions (22). They also showed
that KS-WNK1 expression is essential for the formation of
WNK bodies, as these were absent in KS-WNK1�/� mice. One
of the conditions that have consistently been shown to

induce the formation of WNK bodies is Kþ deprivation (22,
51, 166). Thus, it is possible that KS-WNK1 induction under
these conditions could promote the formation of these com-
plexes. Interestingly, WNK bodies composed of WNK1 and
SPAK/OSR1 are still formed in mice lacking WNK4; however,
the phosphorylation of SPAK/OSR1 within the WNK bodies
entirely depends on WNK4 (23). This evidence suggests that
the localization of WNK4 to WNK bodies has functional
relevance.

Aldosterone

Until relatively recently, NCC was thought to be a target of
aldosterone. This idea was based on the observation that al-
dosterone infusion in rats increases NCC expression (167).
The current view, however, is that aldosterone affects NCC
activity indirectly, by affecting the levels of extracellular Kþ

concentration. That is, aldosterone promotes renal Kþ secre-
tion eventually leading to hypokalemia, and hypokalemia
promotes NCC activation. This view is supported by the fol-
lowing observations. First, kidney-specific mineralocorticoid
receptor (MR)-deficient mice have lower levels of NCC
expression and activity that are reversed when hyperkalemia
is corrected by a low-Kþ diet (149). Second, in mice in which
random deletion of MR occurs in only �20% of renal tubule
cells (148), low-Naþ diet-induced upregulation of NCC and
pNCC was observed in all cells irrespective of the absence or
presence of MR. Third, 11b-hydroxysteroid dehydrogenase
(11b-HSD) expression has been shown to be absent in the
DCT of mice (168, 169), although this may vary between spe-
cies (170, 171). This enzyme catalyzes the inactivation of glu-
cocorticoids, thus preventing their binding toMRs. Cells that
do not express 11b-HSD are aldosterone insensitive, because
in these cells MR is mainly occupied by glucocorticoids that
circulate in plasma at much higher levels than aldosterone.
In contrast, in cells that express 11b-HSD, intracellular levels
of glucocorticoids are much lower, and MR activity is mainly
regulated by aldosterone.

All these pieces of evidence together have put into ques-
tion the role that SGK1 plays on the regulation of the WNK4-
SPAK/OSR1-NCC pathway. SGK1 expression is regulated by
aldosterone in the ASDN, where phosphorylation of WNK4 by
this enzyme could be important for the modulation of ENaC
and ROMK. However, in the aldosterone-insensitive DCT,
SGK1-mediated phosphorylation of WNK4 would have to be
regulated by stimuli other than aldosterone. Alternatively,
SGK1 target sites may be phosphorylated by another kinase.
As mentioned above, we have observed that phosphorylation
of RRxS sites (including Ser1196) increases when extracellular
Kþ concentration decreases (164). Thus, aldosterone-induced
hypokalemia may promote NCC activation not only by
decreasing Cl� binding to the active site of WNK4 but also by
promoting RRxS phosphorylation. Nevertheless, the kinase
responsible for these phosphorylation events remains to be
uncovered. It is unlikely, however, that SGK1 is involved, as
the aldosterone-independent stimulation of SGK1 activity is
triggered by hyperkalemia (172).

Angiotensin II

NCC expression and phosphorylation levels are modu-
lated by dietary NaCl intake. Low-NaCl diets promote NCC

Figure 7. Role of with no lysine kinase 4 (WNK4) in the regulation of NaCl
cotransporter (NCC) by extracellular Kþ . In the face of hypokalemia, the
extracellular Kþ concentration ([Kþ ]e) gradient favors K

þ exit from the dis-
tal convoluted tubule (DCT) cell through basolateral Kþ channels formed
by Kir4.1 and Kir5.1 subunits. This leads to membrane hyperpolarization,
which, in turn, promotes exit of Cl�. The resulting decrease in intracellular
Cl� concentration ([Cl-]i) promotes WNK4 activation due to release of Cl�

from the Cl�-binding site, leading to increased STE20/SPS1-related pro-
line-alanine-rich protein kinase (SPAK)/oxidative stress-responsive 1
(OSR1) and NCC phosphorylation and activation (152). An opposite mecha-
nism may operate in hyperkalemia, although additional mechanisms are
thought to participate in this setting. The decrease in [Cl�]i induced by hy-
pokalemia appears also to be responsible for the increase in WNK4 phos-
phorylation levels at RRxS sites that is observed in response to decreases
in [Kþ ]e (99). The detailed mechanism is currently under investigation, but
it may involve activation of PKC and/or PKA, given that these kinases can
phosphorylate RRxS sites in vitro. In addition, phosphorylation of Kelch-
like family member 3 (KLHL3) in the RRxS site located within the substate-
binding propeller domain is also induced by decreases in [Kþ ]e (58).
Given the similarity of this last mechanism to the regulation of WNK4 by
phosphorylation at RRxS sites, it is possible that KLHL3-RRxS phosphoryla-
tion may also be secondary to [Cl�]i depletion in the setting of hypokale-
mia (figure created with Biorender.com).
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activation and high-NaCl diets promote NCC inhibition
(173–176). Aldosterone was initially thought to be behind
such modulation, as low NaCl intake is a well-known stimu-
lus for the activation of the renin-angiotensin-aldosterone
system. However, as explained above, current evidence sug-
gests that aldosterone does not regulate NCC directly.

Van der Lubbe et al. showed that NCC and pNCC levels are
regulated by ANG II independently of aldosterone by observ-
ing a stimulatory effect of ANG II infusion on NCC and
pNCC levels in adrenalectomized rats (177). Later on, we
showed thatWNK4 is a key element in the signaling pathway
that transduces ANG II stimulation into NCC activation. In
WNK4�/� mice, ANG II infusion did not promote the
increase in SPAK/OSR1 or NCC phosphorylation that was
observed in their wild-type littermates.

Subsequent works described two different mechanisms by
which WNK4 activity is regulated by ANG II (Fig. 8). First,
Shibata et al. showed that stimulation of the ANG II type 1
(AT1) receptor in HEK-293 cells (a Gaq-coupled seven-trans-
membrane receptor) upregulates WNK4 levels by promoting
PKC-mediated phosphorylation of KLHL3 within a site located
in the substrate-binding propeller domain (178). Phospho-
rylation of this site prevents KLHL3 binding to WNK4 and
thus prevents WNK4 degradation. In vivo, increases in WNK4
levels were reported in mice infused with ANG II. Second,
stimulation of cells with ANG II can also promote PKC-medi-
ated phosphorylation of WNK4 at RRxS sites. As discussed
above, phosphorylation of these sites, especially Ser64 and
Ser1196, promotes an increase in WNK4 activity. In HEK-293
cells stimulated with ANG II, pSPAK levels increased only in
the presence of WNK4. However, this effect was not observed
in the presence of mutant WNK4 with phosphoablative muta-
tions in Ser64 and Ser1196. Phosphorylation levels of these sites
were shown to increase in volume-depletedmice (44).

More recently, NCC expression and phosphorylation were
analyzed in AT1 receptor knockout models (179, 180). No dif-
ferences were observed between wild-type and AT1

�/� mice.
It remains to be determined whether this absence of effect is
due to compensatory mechanisms that maintain NCC
expression and activity in the absence of AT1 receptor signal-
ing or whether the reported ANG II effects on the DCT are in-
dependent of AT1 receptor activity.

Calcium-Sensing Receptor

Stimulation of the calcium-sensing receptor (CaSR) in
HEK-293 cells transfected with WNK4 and SPAK has been
recently shown to promote SPAK-activating phosphorylation
(82). This activation is WNK4 dependent and occurs through
similar mechanisms to the those described above for ANG II-
mediated regulation of WNK4 (Fig. 8). CaSR can be coupled
to Gaq proteins; thus, its stimulation can lead to activation of
PKC. PKC then phosphorylates KLHL3 and WNK4, leading
to increased levels of WNK4 expression and activity. It has
been postulated that this mechanism is important for pro-
moting NCC activation in circumstances in which increased
extracelluar Ca2þ levels promote CaSR-mediated NKCC2 in-
hibition that leads to a decrease in Ca2þ but also NaCl reab-
sorption in the thick ascending limb of Henle’s loop. In this
scenario, NCC activation would help to recover the NaCl to
prevent urinary salt losses.

Distal Luminal NaCl Delivery

Several groups have reported that increased distal NaCl
delivery to the DCT, induced by either loop diuretic adminis-
tration or NaCl loading, promotes NCC activation and DCT
hypertrophy (75, 173, 181, 182). In some of these models, loop
diuretic administration produced a decrease in plasma Kþ

concentration; thus, it remains to be reassessed whether the
observed effects on DCT were not due to changes in extracel-
lular Kþ concentration. In a more recent work, Yang et al.
investigated such phenomena by inducing increased distal
NaCl delivery in mice by subcutaneous injection of 0.5mL of
normal saline (with 0.1% KCl) for 3days (75). With this ma-
neuver, no changes in extracellular Kþ concentration or re-
nin levels occur. The amount of NaCl administered was low
compared with that used in high-NaCl diet experiments in
which NCC inhibition was observed. Interestingly, they
found that their NaCl loading protocol promoted NCC acti-
vation (increased pNCC and thiazide sensitivity) in wild-type
mice but also in WNK4�/� mice. They proposed that activa-
tion of NCC by increased luminal NaCl delivery is independ-
ent of WNK4.

Figure 8. Role of with no lysine kinase 4 (WNK4) in the regulation of NaCl
cotransporter (NCC) by ANG II and by extracellular Ca2þ . Stimulation of
ANG II type 1 receptors (AT1) or calcium-sensing receptor (CaSR) in human
embryonic kidney (HEK)-293 cells promotes PKC activation that, in turn,
phosphorylates RRxS sites in WNK4 and Kelch-like family member 3
(KLHL3) (5, 16, 135). KLHL3 phosphorylation prevents WNK4 degradation
(135), and WNK4 phosphorylation promotes kinase activation (16). In mice,
high circulating ANG II levels correlate with increased KLHL3 and WNK4
phosphorylation levels at RRXS sites as well as increased levels of WNK4
protein expression (16, 135). Higher levels of WNK4 expression and phos-
phorylation at an RRxS site are also observed in mice administered the
calcimimetic R-568, which acts as a positive allosteric modulator of CaSR
(5). On the basis of this evidence, our group has proposed that activation
of ANG II receptors and CaSR receptors in distal convoluted tubule cells
promotes NCC activation via the depicted pathway (figure created with
Biorender.com).
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Other Hormonal Regulators of NCC Activity

Other hormones that have been shown to promote NCC
activation include norepinephrine, insulin, fibroblast growth
protein-23 (FGF23), prolactin, estrogens, and progesterone
(180, 183–187). Insulin was also shown to promote SPAK and
OSR1 phosphorylation (187) as well as estradiol and proges-
terone (186). Interestingly, Terker et al. reported that the
effect of norepinephrine on NCC activation is dependent on
OSR1 but not on SPAK activity (180). Regarding WNK4,
Takahashi et al. showed that the insulin-induced activation
of NCC is not observed in WNK4�/� mice (15), suggesting
that insulin promotes NCC activation via WNK4. In addition,
work by Andrukhova et al. suggested that WNK4 is also
involved in NCC activation induced by FGF23, given that
they observed increased phosphorylation levels of WNK4 in
renal cortex proteins extracted from mice treated with
recombinant FGF23 (183).

CONCLUDING REMARKS

The study of the kinase WNK4 and its central role in renal
physiology began with the identification of gain-of–function
mutations causing inherited salt-sensitive hypertension in
humans. Even though FHHt is a rare disease, that finding
opened a field of research that had led to understanding sev-
eral physiological and pathophysiological processes. It has now
been established that the signaling pathway comprised of
WNK4-SPAK/OSR1-NCC plays a pivotal role in the regulation
of electrolyte homeostasis, such as Naþ , Cl�, and Kþ homeo-
stasis, which have an impact on physiological parameters like
blood pressure and extracellular Kþ concentration levels.
Additionally, these physiological parameters regulate the activ-
ity of WNK4 through different mechanisms, such as direct Cl�

binding, phosphorylation of different sites, and/or proteasomal
degradation, forming negative feedback loops responsible for
homeostatic balance. All this has been achieved in a record
amount of time by thework of several groups of renal physiolo-
gists, increasingly collaborating at the international level. A lot
of interesting discoveries are ahead of us in this exciting field.
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ABSTRACT

Background Hypercalciuria can result from activation of the basolateral calcium-sensing receptor (CaSR),
which in the thick ascending limb of Henle’s loop controls Ca2+ excretion and NaCl reabsorption in re-
sponse to extracellular Ca2+. However, the function of CaSR in the regulation of NaCl reabsorption in the
distal convoluted tubule (DCT) is unknown. We hypothesized that CaSR in this location is involved in
activating the thiazide-sensitive NaCl cotransporter (NCC) to prevent NaCl loss.

Methods We used a combination of in vitro and in vivo models to examine the effects of CaSR on NCC
activity. Because the KLHL3-WNK4-SPAK pathway is involved in regulating NaCl reabsorption in the DCT,
we assessed the involvement of this pathway as well.

Results Thiazide-sensitive 22Na+ uptake assays in Xenopus laevis oocytes revealed that NCC activity in-
creased in aWNK4-dependentmanner upon activation of CaSRwithGd3+. In HEK293 cells, treatmentwith
the calcimimetic R-568 stimulated SPAK phosphorylation only in the presence of WNK4. The WNK4 in-
hibitor WNK463 also prevented this effect. Furthermore, CaSR activation in HEK293 cells led to phos-
phorylation of KLHL3 and WNK4 and increased WNK4 abundance and activity. Finally, acute oral
administration of R-568 in mice led to the phosphorylation of NCC.

Conclusions Activation of CaSR can increase NCC activity via the WNK4-SPAK pathway. It is possible that
activation of CaSR by Ca2+ in the apical membrane of the DCT increases NaCl reabsorption by NCC, with
the consequent, well known decrease of Ca2+ reabsorption, further promoting hypercalciuria.

J Am Soc Nephrol 29: ccc–ccc, 2018. doi: https://doi.org/10.1681/ASN.2017111155

The calcium-sensing receptor (CaSR) is a member of
classCof theGprotein–coupled receptors (GPCR) and
its role is to constantlymonitorCa2+ in the extracellular
environment.1 In the kidney, CaSR is essential for sens-
ingCa2+ in both the urinaryfiltrate and interstitialfluid
to adequately modulate calcium excretion. To achieve
this, CaSR is expressed all along the nephron.2–5
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Ca2+ and salt (NaCl) handling in the kidney are particularly
integrated in two segments of the nephron: the thick ascending
limb of Henle’s loop (TALH) and the distal convoluted tubule
(DCT). In the TALHCa2+ is reabsorbed by a paracellular route, a
process which is largely dependent on NaCl reabsorption.6,7

Apical NaCl influx via the Na+-K+-2Cl2 cotransporter
(NKCC2) is accompanied by potassium recycling to the lu-
men, through the apical renal outer medullary K+ channel
(ROMK, KCNJ1), and by the basolateral extrusion of NaCl by
the Na+/K+-ATPase and the chloride channel Kb (CLCNKB).8

The apical recycling of K+ generates a transepithelial voltage
difference providing a driving force that drags paracellular re-
absorption of cations, among them, Ca2+.9 Consequently, a
positive correlation exists betweenNaCl and Ca2+ reabsorption
in this nephron segment. For instance, patients with Bartter
syndrome exhibit a salt-losing nephropathy and hypercalciu-
ria.10 Likewise, clinicians have taken advantage of this positive
correlation phenomenon by using loop diuretics to treat
hypercalcemia.11

In the TALH, CaSR is expressed in the basolateral mem-
brane2,5 where it senses increased interstitial Ca2+ and pro-
motes its urinary excretion by halting NKCC2 and ROMK
activity.4,12–15 In this manner, the increase in Ca2+ excretion
is due to decreased NaCl reabsorption in the TALH that must
be reabsorbed beyond the macula densa. Indeed, gain-of-
function mutations of CaSR have been reported to
produce a Bartter-like syndrome.16,17

The DCT reabsorbs approximately 5%–10% of the filtered
NaCl and Ca2+.6,7,18 Its effect on BP and Ca2+ excretion is
prominent because NaCl reabsorption beyond the macula
densa is not regulated by tubuloglomerular feedback and no
specific Ca2+ reabsorption pathways are present beyond this
point.7 In the DCT, reabsorption of NaCl occurs through the
thiazide-sensitive Na+-Cl2 cotransporter (NCC), whereas that
of Ca2+ occurs through the apical transient receptor potential
cation channel subfamily V (TRPV5).18 In this part of the
nephron, NaCl and Ca2+ transport occurs in opposite direc-
tions; increased NaCl reabsorption is associated with decreased
Ca2+ reabsorption.19 For instance, patients with Gitelman syn-
drome present a salt-losing nephropathy accompanied by hy-
pocalciuria.20 Clinicians have taken advantage of this inverse
reabsorption by using thiazide diuretics to promote Ca2+ re-
absorption in patients with urolithiasis.21 The exact mecha-
nism for this inverse relationship is still unclear. CaSR is
expressed both in the basolateral and apical membranes of
DCT cells.4,5,22 However, the role CaSR might play in regulat-
ing NaCl reabsorption in this nephron segment is not known.

The activity of NCC is modulated by a kinase pathway con-
sisting of the with-no-lysine-kinases (WNKs) acting upon the
Ste20-related proline alanine–rich kinase (SPAK).23 Active
WNK kinases phosphorylate SPAK,24 which subsequently
phosphorylates and activates NCC.25 Two proteins, Cullin 3
(CUL3) and Kelch-like 3 (KLHL3), are part of an E3-RING
ubiquitin ligase complex that in turn regulates WNK ki-
nases. KLHL3 specifically binds to WNKs marking them for

degradation.26,27 Disease-causing mutations in WNK4,
KLHL3, or CUL3 result in impaired degradation of WNK ki-
nases leading to increased NCC activity that results in a syn-
drome called pseudohypoaldosteronism type II.28,29

Hormones that regulate NaCl reabsorption in the DCT do
so by affecting the KLHL3-WNK-SPAK-NCC pathway. An-
giotensin II (AngII) regulates NCC activity in a WNK4-
dependent manner.30,31 This regulation occurs via protein
kinase C (PKC), which directly phosphorylates WNK4 in
two main sites, S64 and S1196, increasing WNK4 activity.32

PKC also promotes phosphorylation of KLHL3 in a serine
residue (S433) that lays in the WNK4-binding domain pre-
venting degradation of WNK4.33 The effects of AngII in the
DCT are mediated by the AT1 receptor, a pleiotropic GPCR
whose intracellular signaling mechanisms are similar to that
of CaSR.34 Both receptors are preferentially coupled to Gaq
and thus activate PLC transduction pathway, increasing in-
tracellular Ca2+ and activating PKC.14,35 In this work, using a
combination of in vitro and in vivo approaches, we sought to
test the hypothesis that activation of CaSR modulates NCC
activity through the KLHL3-WNK4-SPAK pathway.

METHODS

In Vitro Experiments
To test the effects of CaSR on NCC activity in vitro we assessed
NCCactivity inXenopus laevis oocytes bymeasuring tracer 22Na+

uptake when CaSR was stimulated with gadolinium chloride
(GdCl3), as described in the complete methods (Supplemental
Material). In mammalian cells, the effect of CaSR activation was
assessed in HEK-293 cells transiently transfected with CaSR wild
type (WT), CaSR mutants, mWNK4-HA, and hSPAK-GFP-HA,
with/without KLHL3 and mWNK4-5A-HA mutant. Cells were
stimulatedwith the calcimimeticNPSR-568 (R-568) (Tocris Bio-
sciences) and SPAK phosphorylation, and WNK4 abundance
and phosphorylation were assessed by western blot analysis
(complete methods, Supplemental Material).

In Vivo Experiments
To test the effect of activating CaSR on theWNK4-SPAK-NCC
pathway in vivowe used C57BL/6male mice, 12–16 weeks old,

Significance Statement

Extracellular calcium modulates calciuria by acting on the basolateral
membrane calcium-sensing receptor (CaSR) of the thick ascending
limb of Henle’s loop (TALH), reducing calcium reabsorption at the
expense of apical NaCl absorption. CaSR is also expressed in the
apicalmembraneof thedistal convoluted tubule.Here,weshowusing
in vitro and in vivo models that stimulation of the CaSR induces acti-
vation of the NaCl cotransporter (NCC), by a pathway that involves a
PKC-induced activation of the KLHL3-WNK4-SPAK pathway that ul-
timately phosphorylates NCC, increasing its activity. This study
proposes a mechanism through which NaCl reabsorption is upregu-
lated beyond the TALH to recover NaCl, while calcium is excreted.
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exposed to vehicle or R-568 (3.0 mg/g of weight) by oral ga-
vage,36,37 or a single furosemide (Sigma) ip dose of 15 mg/kg58.
Three hours later, kidneys were extracted and proteins were
prepared for western blot (complete methods, Supplemental
Information). We also used ex vivo kidney preparations such as
the Langendorff system, as previously described.38,39 Kidneys
were perfused with vehicle or the calcimimetic, R-568, at a rate
of 0.60 mg/ml per minute for 30 minutes.

Statistical Analyses
Unpaired t test (two tailed) was used for comparison between
two groups. One-way ANOVA with Dunnett’s multiple com-
parison test was performed for comparison between multiple
groups. P,0.05 was considered significant. Values are report-
ed as mean6SEM.

RESULTS

CaSR Activates NCC in a WNK4-Dependent Manner in
X. laevis Oocytes
Xenopus oocytes were coinjected with WT CaSR and NCC
cRNA, with or withoutWNK4 orWNK1 cRNA, and subjected
to thiazide-sensitive tracer 22Na+ transport assays as previ-
ously reported.40 Coexpressing NCC with WNK4 or WNK1
promoted marked increases in basal NCC activity of two- and
four-fold (P,0.01), respectively (Figure 1A), as previously de-
scribed.41,42 However, this increase was not affected by the
presence of CaSR (Figure 1A). Thus, unstimulated CaSR by

itself had no effect on NCC activity. We
then tested the effect of CaSR stimulation
in the absence or presence of WNK1 or
WNK4 kinases. As Figure 1B shows, after
exposing oocytes to the type 1 CaSR ago-
nist, Gd3+, NCC uptake increased two-fold
(P,0.001) only in oocytes coexpressing
both CaSR andWNK4 (Figure 1B). We ob-
served no effect of Gd3+ in oocytes injected
withNCC+CaSRorNCC+WNK1D11+CaSR.
These results suggest that, similar to the ef-
fects of AngII,30,31WNK4 is required for the
activation of CaSR to have an effect on
NCC.

CaSR Phosphorylates SPAK in a
WNK4-Dependent Manner in HEK-
293 Cells
To test whether the CaSR-NCC effect could
also be observed in a human cell model, we
analyzed the effects of activating CaSR on
SPAK phosphorylation (pSPAK), as a surro-
gate of SPAK-NCC activation by WNKs in
HEK-293 cells.24 Cells were transiently trans-
fected with SPAK-GFP-HA,WNK4-HA, and
CaSR and then treated with the calcimimetic

R-568.43–45 Results show that R-568 induced a time- and dose-
dependent pSPAK increase in cells fasted in a serum-freemedium
(Supplemental Figure 2, A and B). We next evaluated the role of
WNK4 on SPAK phosphorylation by CaSR. HEK-293 cells were
transfected with SPAK-GFP-HA, CaSR, and/or WNK4-HA. In
cells transfected with CaSR alone, pSPAK did not increase after
treatment with the calcimimetic. Only in the presence of CaSR
and WNK4 together did the calcimimetic promote a significant
increase in pSPAK (P,0.05) (Figure 2, A and B). To further test
that WNK4 is required for translating CaSR activation to SPAK
phosphorylation, we assessed the effect of the highly specific
WNK inhibitor, WNK463,46 on CaSR-induced SPAK phosphor-
ylation. As shown in Figure 2, C and D, the positive effect of R-
568 on pSPAK was completely prevented by the presence of
WNK463 inhibitor, confirming that in mammalian cells the
effect of CaSR is WNK4-dependent. It is known that CaSR acti-
vation leads to activation by phosphorylation of the mitogen-
activated protein kinase ERK1,2.47 Therefore, we analyzed
ERK1,2 phosphorylation to verify CaSR activation in these ex-
periments. As shown in Figure 2A, a clear functional activation of
CaSRwas achievedwith R-568 in CaSR-transfected cells, as dem-
onstrated by increased ERK1,2 phosphorylation, but SPAKphos-
phorylation by CaSR only increases in the presence of WNK4.

An Activating Mutation of CaSR Increases WNK4
Abundance
Mutations in the CASR gene result in Mendelian disorders
characterized by altered Ca2+ homeostasis.48 Activating mu-
tations of the receptor cause autosomal dominant

Figure 1. CaSR activates NCC in a WNK4-dependent manner in X. laevis oocytes. (A)
The presence of non-activated CaSR has no effect on WNK4- or WNK1-induced ac-
tivation of NCC. Functional expression assay shows the thiazide-sensitive Na+ uptake
in groups of oocytes injected with NCC, NCC+hWNK4, and NCC+WNK1D11 cRNA
(black bars), or together with CaSR cRNA (gray bars), as stated. Uptake in oocytes
injected with NCC cRNA alone was arbitrarily set to 100% and the corresponding
groups were normalized accordingly. **P,0.01 versus NCC. (B) Activation of CaSR
with GdCl3 increased the activity of NCC only in the presence of WNK4. Uptake was
performed in control conditions (black bars) or after stimulation with GdCl3 80 mM for
15 minutes. Each group in control conditions (black bars) was arbitrarily set to 100%
and the corresponding group with GdCl3 was normalized accordingly (gray bars).
***P,0.001 versus its own control. Supplemental Figure 1 shows the same experi-
ments but with data expressed as picomoles per oocyte per hour. cRNA, comple-
mentary RNA.
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hypocalcemia, whereas inactivating mutations cause domi-
nant familial hypocalciuric hypercalcemia or recessive neona-
tal severe hyperparathyroidism.15,49,50 We used two reported
mutations, one activating, CaSR-E228K, and one inactivating,
CaSR-R185Q, to assess their effects on theWNK4-SPAK-NCC
pathway.51–53 We transfected HEK-293 cells with the WT
CaSR or the mutants with WNK4 and observed that CaSR-
E228K increased WNK4 abundance (Figure 3, A and C). We
reasoned that if CaSR was acting by the same signal transduc-
tion pathway as the AT1 receptor, the presence of KLHL3
would enhance this effect on WNK4. As expected, cotransfec-
tion of KLHL3 induced a significant decrease of WNK4 abun-
dance (Figure 3, A and B) that was prevented by CaSR-E228K,
but not by CaSR-R185Q, establishing a significant KLHL3-
dependent increase in WNK4 total protein levels only in the
presence of the active mutant CaSR-E228K (Figure 3D). These
results are consistent with the proposal that active CaSR may
elicit the same signal transduction pathway as that of AT1

receptor, resulting in decreased degrada-
tion of WNK4, likely due to inhibition of
KLHL3.33

CaSR Promotes KLHL3 and WNK4
Phosphorylation by PKC
Two previous studies have demonstrated
that AngII effects on WNK4 are due to a
Gaq-PKC signaling transduction path-
way.32,33 To further determine whether
CaSR activation elicited similar effects,
we assessed if PKC-mediated phosphory-
lation of KLHL3 andWNK4 occurred after
CaSR activation. KLHL3-Flag was immu-
noprecipitated from lysates of HEK-293
cells cotransfected with CaSR WT or
CaSR mutants and subjected to immuno-
blotting with an mAb that recognizes PKC
phosphorylation site, pRRXS.32,33,54 In the
presence of the active mutant CaSR-
E228K, KLHL3 pRRXS phosphorylation
remarkably increased (P,0.01), whereas
this was not observed with the inactive
mutant CaSR-R185Q (Figure 4A). If PKC
was responsible for these effects, we would
expect that inhibition of PKC would pre-
vent CaSR-induced pRRXS increase in
KLHL3. As shown in Figure 4B, bisindo-
lylmaleimide I, used at a concentration
considered to be an inhibitor of PKC,55

significantly reduced KLHL3 pRRXS phos-
phorylation.

We next evaluated if CaSR-induced ac-
tivation of PKC also promoted WNK4
phosphorylation. To this end we analyzed
whether activating CaSR in HEK-293 cells
with R-568 promoted phosphorylation

of a key WNK4 PKC phosphorylation site, serine residue
S1196.32 After transfection of WNK4-HA, SPAK-GFP-HA,
and CaSR, incubation with the calcimimetic resulted in a
clear increase in S1196 phosphorylation P,0.05 (Figure
4C). Because the experiment was done with an acute CaSR
activation of 30 minutes, no changes were seen in total
WNK4 abundance; however, activation by phosphorylation
of this site has been previously established32, partially ex-
plaining why we can see an effect before WNK4 abundance
increases. Furthermore, we used aWNK4mutant that has all
five serines of the PKC consensus sites (RRXS sites) mutated
to alanines (WNK4–5A), which prevents PKC-induced
phosphorylation.32 The 5A mutation did not alter WNK4
abundance but remarkably reduced the CaSR effect on SPAK
phosphorylation (Figure 4D), suggesting that phosphoryla-
tion of these sites, and the consequent activation of WNK4
by PKC, is necessary for the complete effect of CaSR on the
WNK4-SPAK pathway.

Figure 2. CaSR phosphorylates SPAK in a WNK4-dependent manner in HEK-293
cells. (A) Representative immunoblot of cells transfected with hSPAK-GFP-HA,
mWNK4-HA, and hCaSR in different combinations, as stated. The day before the
experiment, cells were serum-starved in the normal growth medium and left over-
night. The next day, cells were stimulated with R-568 (200 nM) for 30 minutes. (B)
Densitometric analysis of (A). SPAK transfection alone in control conditions was arbi-
trarily set to 1 and the corresponding groups were normalized accordingly. Bars
represent mean6SEM of at least three independent experiments. *P,0.05 versus
control. (C) Representative immunoblot showing two experiments of cells transfected
with empty vector (Empty), hSPAK-GFP-HA, mWNK4-HA, and hCaSR and treated as in
(A). The WNK inhibitor WNK463 was added to the medium for 2 hours on the day of
the experiment to a final concentration of 4 mM. (D) Densitometric analysis of (C).
SPAK in control conditions was arbitrarily set to 1 and the corresponding groups were
normalized accordingly. Bars represent mean6SEM of at least three independent
experiments. *P,0.05 versus control (no stimulation with R-568 and no WNK463).
***P,0.01 versus R-568.
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CaSR Promotes NCC Phosphorylation In Vivo
To define whether the CaSR effect on NCC occurred in vivo, we
administered C57BL/6 male WTmice with an acute oral treat-
ment of R-568 (3 mg/g body wt)36,37 and, 3 hours later, mice
were euthanized to investigate the effects on NCC phosphory-
lation by immunoblotting. Calcimimetics directly target the
TALH CaSR function,12 thereby decreasing NKCC2 activ-
ity (hence, phosphorylation) and promoting increased luminal
Ca2+ andNaCl delivery to the distal nephron.12 To test if this effect
occurred in our in vivomodel we assessed NKCC2 phosphoryla-
tion after the administration of the calcimimetic. Figure 5, A andB,
shows that mice treated with the calcimimetic exhibited a signifi-
cant decrease of NKCC2 phosphorylation P,0.05.

Activation of NCC is associated with increased phosphor-
ylation of three residues, T55, T60, and S73, in human
NCC25,56; therefore, phosphorylation of any of these residues
has been extensively used as surrogate of NCC activation.56 As
expected, treatment with the calcimimetic induced a 1.5-fold
increase in NCC phosphorylation (P,0.05) (Figure 5, C and
D), without promoting changes in total NCC (NCC/b-actin
1.00 versus 0.96531, P=NS). Moreover, in concordance with

our in vitro data, activation of CaSR resulted
in a significant increase in total WNK4 pro-
tein (1.7-fold increase, P,0.05) (Figure 5, C
and D). To evaluate if the increased WNK4
protein was activated by PKC, we analyzed
the phosphorylation of residue S64, as pre-
viously reported.32 We found that most of
the WNK4 protein in the calcimimetic-
administered group was phosphorylated in
S64 (Figure 5C). However, the pS64/WNK4
ratio between vehicle and R-568 groups re-
mained similar (pS64/WNK4 1.00 versus
1.3050, P=NS). The absence of significance
between the vehicle- andR-568–administered
groups could be due to the concurrent in-
crease in WNK4 protein. Additionally, im-
munofluorescence microscopy of kidneys
extracted from WT mice showed increased
membrane abundance after an acute dose of
the calcimimetic (Figure 5E). Interestingly,
the increase in NCC phosphorylation was
not present in knock-in mice in which
SPAK cannot be activated by WNKs (muta-
tion T243A)57 (pNCC/NCC 1.00 versus
0.99, P=NS) (Figure 5, F and G).

CaSR is expressed at both the apical and
basolateral membranes of DCT cells. To in-
vestigate if increasing Ca2+ delivery to the
DCT, and therefore, only activation of the
apical CaSR is sufficient to elicit NCC phos-
phorylation, we administered C57BL/6
male WT mice with an acute treatment of
furosemide (15mg/kg over 3 hours), as pre-
viously described.58 This specific dosage and

short time of treatment has been described to increase Ca2+ and
NaCl delivery to the DCT, without promoting dehydration.58

No changes in plasma potassium after 3 hours were observed
(vehicle 4.3673 versus furosemide 4.360.25, P=NS). As expec-
ted, furosemide administration increased NCC phosphoryla-
tion four-fold (P,0.05) while not increasing total NCC
(NCC/b-actin 1.00 versus 0.9456, P=NS) (Figure 6, A and B).
In addition, furosemide administration was associated with in-
creased WNK4 total protein and increased phosphorylation of
WNK4 at S64 (Figure 6, C and D). Taken together, these results
suggest that the acute inhibition of NKCC2 is associated with
increasedWNK4-NCCphosphorylation thatwas probably trig-
gered by increased luminal Ca2+.

CaSR Promotes NCC Phosphorylation Ex Vivo
The administration of the calcimimetic in the previous ex-
periments could have promoted NCC activation either by a
direct effect on the kidney, through themechanismproposed
in our hypothesis, or by a secondary effect due to activation/
modification of any of the multiple hormonal systems that
can activate NCC.59 Acute calcimimetic administration is

Figure 3. An activating mutation of CaSR increases WNK4 abundance. (A) Repre-
sentative immunoblot of HEK-293 cells transfected with mWNK4-HA, hCaSR WT, and
CaSR mutants with or without KLHL3 DNA (40 ng). For this set of experiments, cells
were maintained in normal growth medium after transfection. (B) Densitometric
analysis of (A), where the expression of WNK4 alone (WNK4) was set to 1 and the rest
of the groups were normalized accordingly. Bars represent mean6SEM of at least
three independent experiments. ***P,0.001 and **P,0.05 versus WNK4. (C and D)
Densitometric analysis where WNK4 (Control) (C) without KLHL3 cotransfection or (D)
with KLHL3 were set to 1 and the rest of the groups were normalized accordingly. Bars
depict mean6SEM of at least three independent experiments. **P,0.001 versus
WNK4+KLHL3 (Control of [D]).
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associated with decreased activity of the renin-AngII sys-
tem,60,61 making this possibility unlikely. Nevertheless, we
studied NCC phosphorylation using an ex vivo system
where intervention of the central nervous system and other
extra renal hormonal systems are not expected to be pre-
sent. Kidneys of WT male Wistar rats were perfused with
physiologic saline with vehicle or with R-568 (0.60 mg/ml
per minute). The concentration of R-568 used in these
experiments did not change the perfusion pressure, arguing
against the presence of an intrarenal AngII effect. As shown
in Figure 7, A and B, NCC and SPAK phosphorylation
levels were significantly higher in kidneys perfused with
the calcimimetic.

DISCUSSION

In this study, we show that CaSR activation is associated with
increased NCC activity in vitro and in vivo. This increase

involves PKC activation of the WNK4-SPAK pathway,
supporting the hypothesis that CaSR modulates NCC activity.
As previously shown for AngII, modulation of NCC viaWNK4-
SPAK occurs by two different pathways—phosphorylation and
concurrent activation of WNK4, and prevention of WNK4
degradation by KLHL3 phosphorylation. CaSR-induced acti-
vation of NCC has an implication in the physiologic response
to increased extracellular Ca2+, which requires the kidney to
promote its excretion at the apparent expense of reducing NaCl
reabsorption in the TALH, thus increasing the delivery of NaCl
and Ca2+ to the distal nephron.14 Integration of NaCl and Ca2+

homeostasis by CaSR in the DCT could prevent unwanted
NaCl loss, while further permitting Ca2+ excretion. In this
regard, CaSR expression in the apical membrane of the DCT
has been clearly established by many groups and recent studies
colocalize CaSR with NCC in human and mouse kidneys.5,22

Taking together the observations in this study, we propose the
existence of a mechanism in the DCT, where apical CaSR re-
sponds to increased intratubular Ca2+ concentration evoking a

Figure 4. CaSR promotes KLHL3 and WNK4 phosphorylation by PKC. (A) Representative immunoblot of immunopurified KLHL3-Flag
from HEK-293 cells transfected with KLHL3, WT hCaSR, and CaSR mutants. Cells were maintained in normal growth medium after
transfection. Graph depicts densitometric analysis of at least three independent experiments. KLHL3 immunopurified from transfection
alone (Control) was set as 1 and the rest of the groups were normalized accordingly. Bars represent mean6SEM. **P,0.01 versus
Control. (B) Representative image of immunopurified KLHL3-Flag from HEK-293 cells transfected with KLHL3, CaSR-E228K, and
treated with a PKC inhibitor (bisindolylmaleimide I [BIM]). BIM (4 mM) was added to the normal growth medium and left overnight. The
next day, cells were lysed and immunoblotted. Graph shows densitometric analysis of at least three independent experiments. Bars
represent mean6SEM. *P,0.05 versus KLHL3 CaSR-E228K without BIM. (C) Representative immunoblot of cells transfected with
SPAK-GFP-HA, mWNK4-HA, and WT hCaSR, serum-starved and stimulated with R-568 (200 nM) for 30 minutes. Lysates were blotted
with the indicated antibodies. The graph depicts densitometric analysis. *P,0.05 versus Control (no stimulation with R-568). (D) Cells
were transfected with SPAK-GFP-HA, mWNK4-HA, and WT hCaSR or the mutant mWNK4-5A, which has all PKC-phosphorylation sites
mutated to alanines, and then stimulated as in (C). The graph represents densitometric analysis of at least three independent ex-
periments for the mWNK45A mutant. Bars are mean6SEM. ***P,0.001 versus its own control (data for SPAK-mWNK4-CaSR are shared
with Figure 2D). IP, immunoprecipitation.
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Figure 5. CaSR promotes NCC phosphorylation in vivo. Animals were administered with vehicle or with R-568, 3 mg/g body wt through oral gavage.
Three hours later, kidneys were harvested and processed for immunoblot. Each column of the representative immunoblot represents the kidneys from
one animal. (A and C) Representative immunoblot of the effect of oral R-568 administration on NCC and NKCC2 phosphorylation, WNK4 abundance,
and phosphorylation in S64 in WT mice (upper image). pS64/WNK4 1.00 versus 1.3050, P=NS. (E) Immunofluorescent staining of kidney sections from
WT mice treated with Vehicle or R-568. Scale bars, 20 mm. (F) Representative immunoblot of the effect of R-568 on NCC phosphorylation in SPAK
knock-in mice (SPAK243A/243A). (B, D, and G) Densitometric analysis of representative immunoblots. Bars represent mean6SEM. *P,0.05 versus Vehicle.
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CaSR-Gaq-PKC-WNK4-SPAK signaling transduction pathway
that promotes NCC activation to recover the NaCl that was not
reabsorbed in the TALH, due to NKCC2 and ROMK inhibition
(Figure 8). Because it is known that increased NaCl reabsorption
in the DCT is associated with decreased Ca2+ absorption,14 this
mechanism not only claims the NaCl, but also further promotes

hypercalciuria. The controversy of whether
the thiazide effect on Ca2+ excretion occurs
directly in the DCTor elsewhere62,63 does not
contradict our findings.

We are aware of the possibility that the
basolateral CaSR in DCTmay also elicit a re-
sponse to activate NCC, and our results do
not rule out this possibility. In this scenario,
increased extracellular Ca2+ could simulta-
neously reduce NKCC2 activity in the TALH
but increase NCC activity in the DCT, by
activating the basolateral receptor in both
segments. However, because of the presence
ofCaSR andNCC in the apicalmembrane, is
it likely that luminal Ca2+ is also involved in
this response. NCC activation elicited by a
single acute dose of furosemide, known to
promote increased Ca2+ delivery to DCT,
supports the fact that activation of apical
CaSR is enough to provoke the proposed
response. It is also worth mentioning that
patients with autosomal dominant hypocal-
cemia (due to CaSR activating mutations)
may exhibit a Bartter-like syndrome (also
known as Bartter syndrome type V) that has
been described as mild in most patients.16,17

Perhaps CaSR activation in the DCT helps to
reduce natriuresis, as compared with other
types of Bartter syndrome.

A similarmechanismpromptedbyCaSR in thenephronhas
been described before. It has been clinically recognized for
many years that hypercalcemia induces polyuria.64,65 Increas-
ing urinary Ca2+ to the distal nephron could also promote
precipitation of Ca2+ and phosphate salts. Sands et al.66 ele-
gantly demonstrated that apical CaSR in the collecting duct

responds to increased luminal Ca2+ to
blunt vasopressin-induced insertion of
AQP-2 water channels into the apical
membrane. The latter would prevent water
reabsorption in the collecting duct, allow-
ing the urine to be diluted and thus pre-
venting Ca2+ precipitation and formation
of renal stones. The authors also demon-
strated that the signaling pathway and mo-
lecular mechanisms initiated by CaSR was
by Gaq and PKC proteins.66More recently,
other groups have further established the
association of active apical CaSR with de-
creased AQP2 abundance.67–69

The observation that CaSR activation
modulates NCC activity via WNK4-SPAK
pathway may have further implications be-
yond the physiologic mechanism of how
NaCl is recovered in DCT when TALH
NaCl reabsorption is decreased by Ca2+.

Figure 6. An acute furosemide treatment promotes NCC phosphorylation in vivo.
Animals were administered with vehicle or with furosemide, 15 mg/kg body wt through
ip injection. Three hours later, kidneys were harvested and processed for immunoblot.
Each column of the representative immunoblot represents the kidney from one animal.
(A and C) Representative immunoblots of the effect of the acute administration of fu-
rosemide on NCC phosphorylation, WNK4 abundance, and phosphorylation in S64 in
WT mice. pS64/WNK4 1.00 versus 1.53, P=NS. (B and D) Densitometric analysis of n=8
controls and n=7 furosemide-administered mice. Bars represent mean6SEM. *P,0.05
versus Vehicle (B was analyzed with Mann-Whitney U test).

Figure 7. CaSR promotes NCC phosphorylation ex vivo. (A) Representative immu-
noblot of protein extracts from ex vivo perfused rat kidneys. The kidneys were per-
fused with physiologic saline with vehicle or with R-568 at a rate of 0.60 mg/ml per
minute. Each column of the immunoblot represents one kidney. (B) Bars represent
mean6SEM of the densitometric analysis of (A). n=6 vehicles and n=7 R-568.
**P,0.01 versus vehicle. *P,0.05 versus vehicle.
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First, it is known that arterial hypertension is highly prevalent
in primary hyperparathyroidism, ranging from 40% to 65%,
which is much higher than the expected 25%–30% of hyper-
tension in the general adult population.70 Given our
observations, a possible mechanism could be that increased
Ca2+ in the tubular fluid, as occurs in hypercalcemia, stimu-
lates the activity of NCC promoting NaCl reabsorption and,
hence, the development of hypertension. Second, it has been
recently demonstrated that glucose and other sugars act as
type II calcimimetics, enhancing CaSR affinity for Ca2+.71

This could be relevant in the apical membrane of the DCT
because all of the filtered glucose is reabsorbed in the prox-
imal tubule and therefore these cells are not continuously
exposed to glucose. In patients with diabetes, the excess
filtered glucose often escapes reabsorption in the proximal
tubule, allowing a significant amount of glucose in the
tubular fluid that reaches the DCT. It is possible that the
presence of glucose acting as a calcimimetic increases apical
CaSR sensibility, enhancing NCC activity of thus NaCl reab-
sorption, which could help to explain the higher prevalence
of hypertension in patients with diabetes.72 These possibili-
ties are speculative but can certainly be explored in future
studies.
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Vegfa promoter gene 
hypermethylation at HIF1α binding 
site is an early contributor to CKD 
progression after renal ischemia
Andrea Sánchez‑Navarro1,2, Rosalba Pérez‑Villalva1,2, Adrián Rafael Murillo‑de‑Ozores1,2, 
Miguel Ángel Martínez‑Rojas1,2, Jesús Rafael Rodríguez‐Aguilera3, Norma González2, 
María Castañeda‑Bueno2, Gerardo Gamba1,2, Félix Recillas‑Targa3 & Norma A. Bobadilla1,2*

Chronic hypoxia is a major contributor to Chronic Kidney Disease (CKD) after Acute Kidney Injury (AKI). 
However, the temporal relation between the acute insult and maladaptive renal response to hypoxia 
remains unclear. In this study, we analyzed the time‑course of renal hemodynamics, oxidative stress, 
inflammation, and fibrosis, as well as epigenetic modifications, with focus on HIF1α/VEGF signaling, 
in the AKI to CKD transition. Sham‑operated, right nephrectomy (UNx), and UNx plus renal ischemia 
(IR + UNx) groups of rats were included and studied at 1, 2, 3, or 4 months. The IR + UNx group 
developed CKD characterized by progressive proteinuria, renal dysfunction, tubular proliferation, and 
fibrosis. At first month post‑ischemia, there was a twofold significant increase in oxidative stress and 
reduction in global DNA methylation that was maintained throughout the study. Hif1α and Vegfa 
expression were depressed in the first and second‑months post‑ischemia, and then Hif1α but not 
Vegfa expression was recovered. Interestingly, hypermethylation of the Vegfa promoter gene at the 
HIF1α binding site was found, since early stages of the CKD progression. Our findings suggest that 
renal hypoperfusion, inefficient hypoxic response, increased oxidative stress, DNA hypomethylation, 
and, Vegfa promoter gene hypermethylation at HIF1α binding site, are early determinants of AKI‑to‑
CKD transition.

Clinical, epidemiological, and experimental studies have shown that AKI is an independent risk factor for the 
development of CKD and end-stage renal disease (ESRD)1,2. In this transition, the initial insult severity and 
duration is proportional to the risk of CKD, besides, age is another preponderant  factor3–6.

AKI is characterized by an abrupt reduction in renal blood flow with consequent hypoxia, endothelial and 
proximal epithelial injury, and renal dysfunction. After an AKI episode, a cascade of events occurs, such as 
brush border loss, cell polarity alterations, increased oxidative stress, and mitochondrial dysfunction of proxi-
mal tubular epithelial  cells7,8, as a result, some of these cells undergo necrosis or  apoptosis9. These processes are 
also accompanied by macrophage infiltration and  inflammation7,10,11. Although the tubular epithelium has the 
capacity for  regeneration12, the injured epithelium is no longer the same. A subpopulation of dedifferentiated 
and proliferating tubular cells that recover from the acute renal insult suffer cell cycle arrest and cannot be re-
differentiated, leading to tubular atrophy; all these events contribute greatly to the tubulointerstitial fibrosis that 
is observed in the long  term12,13.

Consequently, a maladaptive repair  occurs11,14,15, where there is persistent macrophage  infiltration16–18, dis-
sociation of pericytes from the tubular  capillaries19, and arrest of some tubular cells in the G2/M  phase20, leading 
to a progressive fibrotic  kidney20–22. Some mechanisms involved have been elucidated, such as trans-differen-
tiation of pericytes into  myofibroblasts19,23, uncontrolled proliferation of epithelial  cells22, the emergence of an 
abnormal proximal-tubule  phenotype24, excessive production of TGFβ by both the tubular  epithelium22 and 
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local  myofibroblasts25,26, accumulation of extracellular matrix  proteins27,28, vascular  rarefaction29–31, chronic 
 hypoxia30,32, and chronic stress of the endoplasmic  reticulum33.

In addition, it has been recently shown that epigenetic modifications may be involved in several renal patholo-
gies. However, the specific molecular mechanisms by which epigenetic modifications alter renal physiology are 
little known. The most studied epigenetic regulations in AKI are the chromatin compaction, DNA methylation 
and histone acetylation/deacetylation. In AKI, obstructive renal injury, and diabetic nephropathy, epigenetic 
modifications induced an increase in proinflammatory and profibrotic cytokines such as monocyte chemoat-
tractant protein-1 (MCP-1), complement protein 3 (C3), transforming growth factor β (TGF-β), which in turn 
perpetuate inflammation and promote epithelial-to-mesenchymal transition (EMT) that contributes to renal 
 fibrosis34–38. Although some mechanisms have been elucidated, many others remain unknown, and less is known 
about temporal changes during CKD progression, such as renal hemodynamics, structural injury, HIF signaling, 
and epigenetic modifications.

We have previously shown that an AKI episode induced by moderate or severe bilateral renal ischemia/
reperfusion (IR) in male rats is sufficient to induce CKD progression after nine  months22,27. Interestingly, this 
transition was not observed in female rats, despite a similar magnitude of AKI in both male and female rats. The 
unique difference in the early phase post-ischemia was that females did not exhibit oxidative stress, suggesting 
a pivotal role of reactive oxygen species generation in this  transition21.

Thus, it is relevant to establish a temporal understanding of the pathophysiological mechanisms throughout 
the AKI-to-CKD transition. In this study, we used the model of unilateral renal IR plus contralateral nephrec-
tomy, which allowed us to induce CKD after four months. We found abnormal renal hemodynamics, reduced 
HIF-1α signaling, increased oxidative stress, and global DNA hypomethylation in the early phase of the AKI to 
CKD transition. We also showed that the HIF-1α/Vegfa signaling reduction was associated with the DNA hyper-
methylation of the Vegfa gene promoter, beginning at an early stage post-ischemia and suggesting that reduced 
VEGF expression is an early contributor that triggers renal hypoxia and the consequent fibrosis.

Results
Renal injury induced by unilateral ischemia after 24 h of reperfusion. First, we corroborated that 
the initial insult induced by IR in the uninephrectomized rats was similar among the groups studied at 1, 2, 3, 
or 4 months postischemia. All IR + UNx rats were randomly assigned to the different periods of follow-up. After 
24 h of inducing renal ischemia, all the IR + UNx rats exhibited significant proteinuria that was of the same 
magnitude among the groups assigned to 1, 2, 3 and, 4 months of follow-up (Fig. 1A), together with a similar 
reduction in renal function (Fig. 1B); these alterations were not observed in the S (n = 16) or UNx (n = 16) groups 
after 24 h of the surgery as is shown by the individual data presented in Fig. 1A, B. Consequently, the S or UNx 
rats were also randomly assigned to the different periods of follow-up. The urinary hydrogen peroxide levels 
were also evaluated and reflected significant oxidative stress in all IR + UNx groups (Fig. 1C). The urinary HSP72 
levels, known to be a sensitive AKI biomarker, were also  analyzed39–42. As expected, all rats that underwent 
IR + UNx exhibited a significant and similar increase in urinary HSP72 levels corrected by urinary creatinine 
(UHSP72/UCreat), (Fig. 1D). These findings show that all the IR + UNx rats exhibited a similar AKI degree. This 
was important to ensure that the changes observed in the long term were due to the initial insult itself rather than 
differences in the severity of the ischemic injury.

Temporal progression of renal dysfunction and structural injury after an AKI episode. To 
evaluate the precise moment at which the functional, structural, and molecular alterations occur along with 
AKI to CKD transition, the groups were euthanized at 1, 2, 3, or 4 months after the initial ischemic insult. No 
differences in body weight were found among the studied groups (Fig. 2A). As expected, the UNx and IR + UNx 
groups showed a significant increase in kidney weight/body weight (KW/BW) starting in the first-month com-
pared to that of the S group (Fig. 2B). All experimental groups remained normotensive at the time of evaluation 
(Fig. 2C). The IR + UNx group exhibited a progressive increase in proteinuria starting in the second month of 
follow-up that was not evident in the S and UNx groups (Fig. 2D). Due to the renal mass reduction, the UNx 
group exhibited renal hyperperfusion, but when it was correct to the kidney weight, renal blood flow (RBF) was 
similar to the S group (Fig. 2E). This finding, in the UNx group, was related to the maintenance of normal renal 
function (Fig. 2F). Interestingly, this compensatory response was not seen in the IR + UNx group. RBF/KW was 
significantly lower than that of the S and UNx groups, starting in the first-month, and renal hypoperfusion was 
maintaining along the study course (Fig. 2E). At the end of the study, the IR + UNx group had significant renal 
dysfunction (Fig. 2F). The renal urinary biomarker HSP72 and KIM1 normalized by urinary creatinine, were 
significantly elevated starting in the first-month and third-month respectively, and increased even more by the 
end of the study (Fig. 2G, H). In Table 1 appears urinary flow, fractional excretion of sodium (FENa) and osmo-
larity. No differences were found among the groups along the study, except that the osmolarity was lower in the 
IR + UNx group at fourth-month compared to S group. 

The long-term consequences of an AKI episode were also evidenced by the presence of tubulointerstitial 
fibrosis starting in the second-month post-ischemia, which progressively increased, whereas this injury was not 
detected in the UNx group (Fig. 3A). Although increased Tgfb1 mRNA levels were not observed in the early 
stages of the AKI to CKD transition, a significant upregulation in Tgfb1 mRNA and protein levels was evident in 
the fourth-month post-ischemia compared to that of the S and UNx groups (Fig. 3B, C). Accordingly with this, 
Col1a1 (collagen 1) mRNA levels were significantly increased in the fourth-month (Fig. 3D). We only measured 
TGFβ protein levels at the fourth-month, because the Tgfb1 mRNA levels and its target gene Col1a1 were only 
significantly increased in this point of the follow-up. Besides, the IR + UNx group exhibited higher levels of Ki67 
positive tubular cells (Fig. 3E, F), similar to our previous  findings22.
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These results show that an AKI episode induced functional and structural alterations that mostly appear 
beginning at an early stage, highlighting the fact that there was no compensatory renal hyperperfusion expected 
by the renal mass lost in the IR + UNx group.

Temporal course of oxidative stress and vasoactive factors in the CKD progression induced by 
an AKI episode. Oxidative stress and renal inflammation have a pivotal role in CKD progression; thus, the 
temporality of these two pathways was also analyzed. An increase in oxidative stress (Fig. 4A) and a reduction in 
mRNA levels of the transcription factor Nfe2l2, which stimulates the antioxidant response, was observed begin-
ning in the initial stage of the AKI to CKD transition (Fig. 4B), even though Nox4 mRNA levels were reduced 
in the late stage of the disease (Fig. 4C). An imbalance in vasoactive factors was also observed at the end of the 
study. NOS3 mRNA levels were significantly decreased (Fig. 4D), whereas the endothelin vasoconstrictor effect 
was increased (Fig. 4E, F).

Inflammatory pathways in the time course of CKD induced by AKI. The mRNA levels of inter-
leukin 6 (Il6), monocyte chemoattract protein (Mcp1), and interleukin 10 (Il10) were measured throughout the 
study. Il6 was upregulated in the IR + UNx group in the fourth-month after renal ischemia, as demonstrated by 
the significant elevation in interleukin 6 mRNA and protein levels (Fig. 5A, B). Because, we only observed a 
significant increase in Il6 mRNA levels in the IR + UNx group at fourth-month post-ischemia, the IL6 protein 
levels were only evaluated in the Sham and IR + UNx groups in this specific time of the study. Mcp1 mRNA 
levels increased in the first-month, and this elevation was observed again in the fourth month (Fig. 5C). The 
mRNA levels of the anti-inflammatory cytokine Il10 showed a reduction starting in the first-month that became 

Figure 1.  Renal injury induced by unilateral ischemia after 24 h of reperfusion. (A) Proteinuria, (B) Creatinine 
clearance, (C) Urinary hydrogen peroxide, and (D) Urinary HSP72 corrected by urinary creatinine, including 
a representative cropped blot image. Data are represented as the mean ± SE (for S, n = 16, for UNx, n = 16 and 
n = 20 for IR + UNx groups). White bars represent the S, gray bars represent UNx, and black bars represent 
IR + UNx groups. The one-way analysis of variance (ANOVA) was used to determine statistical differences, 
using the Bonferroni correction for multiple comparisons. *p < 0.05 versus S group and + p < 0.05 versus UNx 
group. Full-length blots are presented in Supplementary Fig. 3.
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Figure 2.  Follow-up of renal function in the AKI to CKD transition. (A) Body weight, (B) Ratio kidney 
weight/body weight, (C) Mean arterial Pressure, (D) Proteinuria, (E) Renal blood flow / kidney weight, (F) 
Creatinine clearance, (G) Urinary HSP72 corrected by urinary creatinine, and (H) Urinary KIM-1 corrected 
by urinary creatinine, including representative cropped blots, along the follow-up. Data are represented as the 
mean ± SE. n = 4, 4, and 5 for the S, UNx, and IR + UNx groups in each studied period: 30, 60, 90, and 120 days 
post-ischemia. White circles represent the S, gray squares represent UNx and black triangles represent IR + UNx 
groups. The one-way analysis of variance (ANOVA) was used to determine statistical differences, using the 
Bonferroni correction for multiple comparisons. *p < 0.05 versus S group and + p < 0.05 versus UNx group in 
their respective period. Full-length blots are presented in Supplementary Figs. 4 and 5.
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significant in the second month and returned to normal levels by the third month compared to that of the S and 
UNx groups (Fig. 5D).

These findings suggest that oxidative stress, rather than renal inflammation, is an initial trigger of the sub-
sequent damage.

Hypoxic response in the timing of CKD progression. As we showed, the UNx group exhibited renal 
hyperperfusion starting in the first-month post ischemia (Fig.  2E). In contrast, because renal compensatory 
hyperperfusion was absent in the IR + UNx group, the HIF1α signaling pathway was studied. The gene expres-
sion Hif1a and one of its target genes, Vegfa, were assessed during AKI to CKD transition. In the UNx group, 
Hif1a mRNA levels were significantly reduced in the first and second-month post-ischemia, whereas HIF1α 
protein levels remained unaltered during follow-up. This response was explained and expected in part by the 
compensatory renal hyperperfusion seen in these rats. In contrast, there was an inefficient response to hypoxia in 
the IR + UNx group that exhibited renal hypoperfusion because there was a significant decrease in Hif1a mRNA 
levels in the first and second-month after ischemia (Fig. 6A). In support of this inefficient response, Vegfa mRNA 
and protein levels were significantly reduced starting in the first-month and remained so on during follow-up 
(Fig. 6B–D), despite Hif1a mRNA and protein levels being reestablished by the third-month, suggesting that an 
independent mechanism maintains Vegfa gene expression downregulation and could be related with the vascu-
lar rarefaction characteristic of the AKI to CKD  transition29–31.

Time course global DNA methylation during CKD progression induced by AKI. Numerous stud-
ies have demonstrated that renal injury is associated with epigenetic changes, including histone modifications, 
DNA methylation, and the expression of various non‐coding  RNAs43. We found that rats experiencing the AKI 
to CKD transition exhibited mainly hypomethylation of global DNA, which started in the first-month post-
ischemia and was maintained throughout follow-up (Fig. 7A). These changes were only seen in the renal cortex, 
whereas no differences were observed in the renal medulla (Fig. 7B). In general, the renal medulla exhibited 
lower levels of DNA methylation compared to that of the renal cortex.

Based on the changes observed in the global methylation of DNA and the possible independent mechanisms 
regulating the decreased expression of VEGF in the AKI to CKD transition, we decided to evaluate the specific 
methylation of the Vegfa gene promoter.

Vegfa gene promoter DNA methylation during AKI to CKD transition. With the interest to know 
if DNA methylation was associated with the modulation of Vegfa and Hif1a expression in AKI to CKD transi-
tion, we assessed the methylation state on 5′-upstream promoter region by bisulfite sequencing. According to 
the decreased Vegfa gene expression, we localized a DNA hypermethylated region in the noncoding upstream 
region of this gene, since the first-month post-ischemia (Fig. 8A), which was maintained until the fourth-month 
of follow-up (Fig. 8B). Therefore, we discovered that in the binding site for HIF1α, located at the region 2 of the 
Vegfa gene promoter, contains a specific CpG that was highly methylated in the IR + UNx group since the first-
month and (75%) compared to that of the S (12%) and UNx groups (30%) (Fig. 8A). Moreover, the hypermethyl-
ated region was maintained at the end of the study in the IR + UNx group (91%) compared to that of the S (18%) 
and UNx (40%) groups (Fig. 8B).

Consistent with our transcriptional findings, we did not found any methylation in the noncoding upstream 
promoter region of Hif1a among the groups (Suppl. Fig. 2).

Table 1.  Urine Chemistries along the study for all the included groups. *p < 0.05 versus respective Sham.

Urinary flow (mL/min) FENa (%) Osmolarity (mOsm/L)

Sham

30 days 0.031 ± 0.004 0.17 ± 0.03 350 ± 77

60 days 0.026 ± 0.007 0.10 ± 0.00 481 ± 107

90 days 0.023 ± 0.003 0.11 ± 0.02 729 ± 123

120 days 0.014 ± 0.003 0.08 ± 0.03 1226 ± 178

UNx

30 days 0.029 ± 0.005 0.19 ± 0.04 494 ± 172

60 days 0.025 ± 0.005 0.15 ± 0.05 703 ± 119

90 days 0.014 ± 0.007 0.16 ± 0.04 936 ± 72

120 days 0.024 ± 0.004 0.09 ± 0.02 746 ± 129

IR + UNx

30 days 0.026 ± 0.005 0.21 ± 0.07 448 ± 59

60 days 0.037 ± 0.003 0.26 ± 0.14 440 ± 39

90 days 0.030 ± 0.002 0.24 ± 0.07 501 ± 30

120 days 0.024 ± 0.004 0.20 ± 0.08 678 ± 145*
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Discussion
Acute kidney injury is a public health problem and despite the advances in modern medicine, its incidence has 
not diminished in recent  decades44. Also, the alarming increase in patients with CKD  worldwide45, coupled with 
the recent recognition that AKI is an independent risk factor for CKD  development1,2 requires joint work between 
biomedical and clinical researchers to avoid this complication. Therefore, it is imperative to study the temporality 
of the mechanisms that affect and lead to the AKI to CKD transition, which will allow for the identification of the 
key points and mediators in the development of this disease and propose specific therapeutic targets according to 
the stages of CKD. Many efforts have been made, and some pathways, such as trans-differentiation of pericytes 
into  myofibroblasts19,23, uncontrolled proliferation of epithelial  cells22, excessive production of TGFβ by both 
tubular  epithelium22 and local  myofibroblasts25,26, accumulation of extracellular matrix  proteins27,28, chronic 
 hypoxia30,32, vascular  rarefaction29,31,46, and chronic stress of the endoplasmic  reticulum33, have been identified, 
but many others remain to be elucidated.

In this study, we evaluated ischemic renal damage after 24 h of reperfusion plus right nephrectomy compared 
to that of the S and UNx groups. AKI induced by IR was characterized by elevated proteinuria, renal dysfunction, 
and oxidative stress. All IR + UNx rats exhibited the same magnitude of AKI. In the long term, the nephrectomy 
plus I/R model was able to accelerate the development of CKD. After four months, the IR + UNx group presented 
a progressive increase in proteinuria and a significant decrease in renal function. Among the alterations that 
occurred in the early phase of the transition, we found a significant increase in oxidative stress that was main-
tained throughout the study follow-up and a significant decrease in global DNA methylation, suggesting that 
both are early key players in the AKI to CKD transition.

As expected, the UNx group exhibited renal hyperperfusion and hyperfiltration to compensate the renal mass 
reduction for maintaining renal function within standard values, as the S group had. Interestingly, the IR + UNx 
group displayed sustained hypoperfusion that was observed beginning at an early phase and impacted the 
expected renal function compensation. Our results suggest that this poor renal hemodynamic response after an 
AKI episode could be one of the responsible mechanisms involved in the AKI to CKD transition, contributing 
to chronic renal hypoxia.

Previous studies have demonstrated that chronic hypoxia is a trigger mechanism in the AKI to CKD transition 
that coordinates the interaction between inflammation, oxidative stress, and progressive  fibrosis13,16–18,20–22,47. 
Hif1α serves as a master regulator of adaptive responses against hypoxia, although, the levels of HIF1α can 
also be regulated by oxygen independent  pathways48. This transcription factor induces an angiogenic pathway 
throughout the induction of Vegfa gene  expression49,50. In this regard, we found an inefficient response against 
renal hypoxia in the IR + UNx group. Hif1α mRNA levels were decreased in the first and second-month post-
ischemia, similar to those observed in the UNx group. Although, this response could be explained in the UNx 
group due to the compensatory elevation in RBF, which when normalized by kidney weight was similar to the S 
group. Since, HIF1α is regulated by proteasomal degradation pathways in response to oxygen  levels51, it is very 
likely that in the UNx group, there is a greater metabolic work to maintain renal function and therefore, the state 
of renal oxygenation could not have changed. But this HIF1α response was unexpected in the IR + UNx group 
that exhibited renal hypoperfusion, a condition in which proteasomal degradation is not expected to occur. This 
inefficient response of HIF1α was also demonstrated by the reduction in its target gene Vegfa. Thus, Vegfa mRNA 
levels were reduced starting in the first-month, and interestingly, they remained reduced throughout the study, 
despite the restoration of HIF1α levels. The decreased Vegfa expression was also corroborated at the protein 
level throughout the study. Recent studies have reported that the late response of HIF1α could be related to the 
activation of inflammatory processes and the generation of renal  fibrosis52. It is well known that the reduction 
in Vegfa gene expression is partly responsible for vascular  rarefaction46,53–55 that accompanies the AKI to CKD 
transition, which also perpetuates chronic hypoxia. Although Hif1a mRNA levels were restored at the end of the 
study and protein levels remained unaltered, Vegfa levels continued diminishing; this opened the possibility of 
an alternative regulation of Vegfa gene expression through the involvement of epigenetic mechanisms.

It has been shown that the hypoxia response element (HRE) in the Vegfa promoter gene contains several 
cytosines in a CpG context that are potentially methylated. This methylation could reduce the HIF1α interaction 
with the Vegfa gene  promoter56,57. In vitro studies have demonstrated that DNA hypermethylation in the Vegfa 
promoter region induces silencing of this  gene58. To understand the reduction in Vegfa expression despite sus-
tained renal hypoperfusion and recovery of Hif1a mRNA levels, we analyzed the methylation of the noncoding 
upstream region of Vegfa during the AKI to CKD transition. Interestingly, we found DNA hypermethylation 
in the promoter region of Vegfa. More importantly, we demonstrated that the HRE, as well as the core region 
for HIF1α interaction was hypermethylated since the first-month post-ischemia and it was maintained at the 
fourth-month of the follow-up. This site matches with the region 2, previously described to be important in Vegf 

Figure 3.  Temporally induction of tubulointersticial fibrosis by TGFβ activation. (A) Tubulointersticial 
fibrosis, (B) mRNA levels of Tgfb1, (C) Protein levels of TGFβ, at fourth-month post-ischemia, including a 
representative cropped blots. (D) mRNA levels of Collagen1a1, (E) Representative microphotographs of Ki67 
immunostaining for the S and IR + UNx groups. (F) Quantification of Ki67 positive epithelial cells (cells/
mm2). Data are represented as the mean ± SE. n = 4, 4, and 5 for S, UNx, and IR + UNx groups, in each studied 
period: 30, 60, 90, and 120 days post-ischemia. White circles/bar represent the S, gray squares/bar represent the 
UNx and black triangles/bar represent the IR + UNx groups. The one-way analysis of variance (ANOVA) was 
used to determine statistical differences, using the Bonferroni correction for multiple comparisons. *p < 0.05 
versus S group and + p < 0.05 versus UNx group in their respective period. Full-length blots are presented in 
Supplementary Fig. 6.
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gene transcription  regulation59. Using the transcription factor binding site predictor tool PROMO (version 8.3 
of TRANSFAC, http:// alggen. lsi. upc. es), TFsitescan (http:// www. ifti. org/ cgi- bin/ ifti/ Tfsit escan. pl) and JASPAR 
database (http:// dbcat. cgm. ntu. edu. tw), we found that this hypermethylated region contains a putative binding 
sequence responsible for the interaction of Hif1α, C/EBPα and the p300. This complex is essential for Vegfa tran-
scription regulation and contributes to the pro-angiogenic  pathway60,61. Our findings suggest that the reduction 
in Vegfa gene expression in the IR + UNx group resulted from epigenetic regulation, which could be partially 
responsible for inducing vascular rarefaction and chronic renal hypoxia, which are mechanisms implicated in 
the AKI to CKD  transition19,29–31,46. In agreement with our results, it has been demonstrated that treatment with 
VEGF-121 was effective in suppressing the AKI to CKD transition induced by IR in rats. Although VEGF-121 
did not affect AKI, the loss of peritubular capillaries in the cortex and outer stripe of the outer medulla was 

Figure 4.  Oxidative stress and vasoactive mediators over the course of AKI to CKD transition. (A) Urinary 
hydrogen peroxide, (B) mRNA levels of Nfe2l2 (C) mRNA levels of Nos3, (D) mRNA levels of NOX4, (E) 
mRNA levels of Edn1 and (F) mRNA levels of endothelin receptor A (Endra). Data are represented as the 
mean ± SE. n = 4, n = 4, and n = 5 for the S, UNx, and IR + UNx groups, in each studied period: 30, 60, 90, 
and 120 days post-ischemia. The one-way analysis of variance (ANOVA) was used to determine statistical 
differences, using the Bonferroni correction for multiple comparisons. *p < 0.05 versus S group and + p < 0.05 
versus UNx group in their respective period.

http://alggen.lsi.upc.es
http://www.ifti.org/cgi-bin/ifti/Tfsitescan.pl
http://dbcat.cgm.ntu.edu.tw
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significantly  attenuated55. Further experimental and clinical studies are required to evaluate VEGF therapeutic 
power in preventing the AKI to CKD transition. In this hypermethylated region, we also found a putative bind-
ing site for Nrf2, which is a master regulator of the antioxidant  response62. Because hypermethylation of the 
Vegfa promoter region occurred from the first-month post-ischemia, it suggests that this epigenetic mechanism 
plays an important role in the onset of the disease, promoting chronic hypoxia and concomitant development 
of renal fibrosis. In a recent study, it was observed that indeed, epigenetic modifications occur early after folic 
acid-induced kidney damage. In particular, it was observed that de novo methylation of histone H3K4 is nec-
essary for the differentiated cells to re-enter mitosis and regenerate the proximal tubular  epithelium63. These 
findings together, highlighted the crucial role of the early epigenetic modifications in the long consequences 
after an ischemic insult. Furthermore, our results open an exciting research field to explore the mechanisms by 
which hypermethylation of the Vegfa promoter gene is occurring, in which cell subpopulations occur, as well 
as the molecular mediators of this phenomenon, such as histone modifications and the enzymes involved in 
this pathophysiological condition. In this context, previous reports have demonstrated that the up-regulation 
of DNA methyltransferase 1 (Dnmt1), DNA methylation, and transcriptional silencing are linked to fibroblast 
activation and kidney  fibrosis37.

In addition to the mentioned changes, the IR + UNx group exhibited activation of renal inflammation. Pro-
inflammatory molecules, as indicated by Mcp1 and Il6 mRNA levels, increased, while the anti-inflammatory 
molecule, Il10, decreased beginning at the early phase of the transition of this disease. These changes could 
result from the global DNA hypomethylation observed in the IR + UNx, as previous studies have shown in AKI, 
diabetic nephropathy, and CKD  models34,37,38.

Figure 5.  Inflammatory mediators participation during AKI to CKD transition. (A) mRNA levels of Il6, (B) 
Protein levels of IL-6 at fourth-month post-ischemia, including a representative cropped blots, (C) mRNA levels 
of Mcp1 and (D) mRNA levels of Il10. Data are represented as the mean ± SE. n = 4, 4, and 5 for the S, UNx, and 
IR + UNx groups in each studied period: 30, 60, 90, and 120 days post-ischemia. White circles/bar represent the 
S, gray squares represent the UNx and black triangles/bar represent the IR + UNx groups. The one-way analysis 
of variance (ANOVA) was used to determine statistical differences, using the Bonferroni correction for multiple 
comparisons. *p < 0.05 versus S group and + p < 0.05 versus UNx group in their respective period. Full-length 
blots are presented in Supplementary Fig. 7.
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In summary, our study shows that early renal hypoperfusion, inefficient hypoxia response, increased oxida-
tive stress, and increased inflammation play an important role in the AKI to CKD transition. Specifically, the 
inefficient hypoxia response results from the inadequate hypermethylation of the Vegfa promoter gene at the 
site of HIF1α binding that occurs in the early stage post-ischemia.

Methods
All the experimental procedures in the animals were conducted following the Guide for the Care and Use of 
Laboratory Animals and were approved by the animal research ethics committee of the Instituto Nacional de 
Ciencias Médicas y Nutrición Salvador Zubirán with the approval number NMM-1852. The study was carried 
out in compliance with the ARRIVE guidelines.

Experimental model: right nephrectomy and contralateral ischemia. Fifty-nine male Wistar rats 
weighing between 300 and 320 g were included. Seven rats did not meet our inclusion and exclusion criteria, two 
were excluded due to bleeding during the nephrectomy surgical procedure and five due to postoperative death 
in the first 72 h as a consequence of renal ischemia–reperfusion injury. Therefore, a total of 52 rats were included 
and randomly divided into three groups: the sham surgery group (S, n = 16), the right nephrectomy group (UNx, 
n = 16), and the group with right nephrectomy and simultaneous left renal ischemia of 45 min in the left kidney 
(IR + UNx, n = 20). Based on our previous experience with the IR experimental model, we calculated the sample 
size for comparison of two means, using the creatinine elevation after 24 h post-ischemia. Although, we did not 
use a method to generate the randomization sequence, each block of 3 rats was randomly assigned to each of the 
studied groups: S, UNx or IR + UNx and so on. The study was not blinded because no pharmacological interven-
tion was carried out.

Figure 6.  Temporal course of HIF-1α signaling during AKI to CKD transition. (A) mRNA levels of Hif1a, (B) 
mRNA levels of Vegfa, (C) Protein levels of HIF-1α, including a representative cropped blot, and (D) Protein 
levels of VEGF, including a representative cropped blot. Data are represented as the mean ± SE. n = 4, for S, UNx, 
and IR + UNx groups, in each studied period: 30, 60, 90, and 120 days post-ischemia. White circles represent the 
S, gray squares represent the UNx and black triangles represent the IR + UNx groups. The one-way analysis of 
variance (ANOVA) was used to determine statistical differences, using the Bonferroni correction for multiple 
comparisons. *p < 0.05 versus S group and + p < 0.05 versus UNx group in their respective period. Full-length 
blots are presented in Supplementary Figs. 8 and 9.
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The animals were anesthetized with sodium pentobarbital (30 mg/kg) and kept in a thermoregulated bed to 
perform the surgery at 37 °C. Under anesthesia, an abdominal incision was made to expose the two kidneys, 
first, the nephrectomy of the right kidney was performed, dissecting the peri-renal fat, as well as, separating the 
adrenal gland from the kidney with delicacy to avoid damaging it. For the IR + UNx group, in addition to the 
nephrectomy, a clip was placed in the left kidney for 45 min, to induce the ischemic process and the reperfusion 
was achieved when the clip was removed, using the recovery of the coloration of the kidney, as an indicator. 
The animals were bred and kept in our animal facility; on a 12/12 h light/dark cycles and permitted ad libitum 
access to food and water. Each studied group was followed for 1, 2, 3, and 4 months, respectively. At the end of 
each experimental period, the following parameters were assessed: mean arterial pressure (MAP), renal blood 
flow (RBF), creatinine clearance, glomerular diameter, tubule-interstitial fibrosis, Ki67 positive cells, urinary 
 H2O2 excretion urinary biomarkers of renal injury, RNA and protein levels of antioxidant enzymes and anti-
inflammatory cytokines, DNA methylation and promoter VEGF methylation.

Renal functional studies. The animals were placed in metabolic cages every month, to collect urine for 
at least 18 h to determine urinary protein excretion and creatinine clearance. A blood sample from the retro-
orbital plexus was also collected monthly. Urine collections were carried out at the same schedule in all animals, 
starting between 4 and 6 pm and ended 18 h later, to avoid diurnal variations. For the determination of serum 
and urine creatinine, the colorimetric method of picric acid was used and quantified at 510 nm in a spectro-
photometer. To calculate the creatinine clearance, the formula of C = (U*V)/S was used, where U is the urinary 
creatinine multiplied by the urinary volume (V), and S corresponds to the serum creatinine. Urinary protein 
excretion was determined by the turbidimetric method of trichloroacetic acid (TCA) and quantified at 420 nm 
in a spectrophotometer.

By the end of each experimental period, the animals were anesthetized with sodium pentobarbital (30 mg/
kg) and were placed in a thermoregulated pad. The trachea was cannulated with a PE-240 polyethylene tube and 
the femoral arteries were catheterized with a polyethylene tube PE-90. The mean arterial pressure was recorded 
by one of the catheters placed in the femoral artery, using a pressure transducer (Model p23 db, Gould, Puerto 
Rico). Subsequently, an abdominal incision was made to expose the left kidney, the renal artery was dissected 
and an ultrasound probe was placed to register the renal blood flow (1RB, Transonic, Ithaca, NY).

The right kidney from the S group was ligated and removed and the left kidney upper and lower pole for the 
UNx and the IR + UNx groups were excised to separate renal medulla and cortex, both sections were immediately 
frozen at − 70 °C for further molecular analysis. The left kidney was then perfused through the femoral artery 
catheter with 20 mL of saline and then fixed with 20 mL of 4% formaldehyde, and removed immediately after. 
The animals were euthanized with an intraperitoneal delivery of an overdose of pentobarbital (100 mg/kg) after 
1, 2, 3, and 4 months of renal reperfusion.

Light microscopy and immunohistochemistry analysis. After tissue fixation, the kidneys were dehy-
drated and embedded in paraffin. Renal slices of 4 μm were obtained and stained with Periodic Acid Schiff 

Figure 7.  Global DNA methylation over the course of AKI to CKD transition. (A) Percentage change of 
global DNA methylation in renal cortex from the UNx (gray squares) and IR + UNx (black triangles) groups. 
(B) Percentage change of global DNA methylation in renal medulla from the UNx (gray squares) and 
IR + UNx (black triangles) groups, for each studied period: 30, 60, 90, and 120 days The one-way analysis of 
variance (ANOVA) was used to determine statistical differences, using the Bonferroni correction for multiple 
comparisons. *p < 0.05 versus S group.
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(PAS) or Sirius red. In the slices stained with PAS, ten microphotographs (Magnification 400x) were obtained 
from different renal cortex fields of each kidney and glomerular diameter was quantified in at least 40 glomeruli 
per rat using a Nixon camera incorporated to the microscope. In the slices stained with Sirius red, five to eight 
subcortical periglomerular fields per section were randomly selected in kidneys from the groups studied (Mag-
nification 100x). Tubulo-interstitial fibrosis consisted of extracellular matrix expansion with collagen deposition 
together with distortion and collapse of the tubules; fibrosis was evidenced by red coloration in Sirus red-stained 
slides. The affected area was delimited and the percentage of tubulointerstitial fibrosis was calculated by dividing 
the fibrotic by the total area, excluding the glomerular area. Researchers were blind to the experimental group.

To evaluate tubular cell proliferation, conventional immunoperoxidase assays for Ki67 (anti-Ki67 antibody, 
Abcam Cat. No. ab66155) were performed. For signal detection, HRP/DAB Detection System (Bio SB, Santa 
Barbara CA, USA Cat. No. BSB 0001) was used, slides were counterstain with hematoxylin. The number of 
Ki-67-positive epithelial cells on each slide was counted in at least 10-subcortical fields (100 × magnification).

Hydrogen peroxide urinary excretion. In the urine collected during the follow-up time, the determina-
tion of urine hydrogen peroxides as an oxidative stress marker was carried out, using a commercial kit (Amplex 
Red Hydrogen Peroxide/Peroxidase Assay, Roche, Cat. No. A22188) following the manufacturer’s instructions. 
The determination is based on the presence of peroxidase which, when reacted with hydrogen peroxide, pro-
duces a red-fluorescent compound, which was quantified in a spectrophotometer at 560 nm and extrapolated 
with a standard curve.

Figure 8.  Bisulfite sequencing of two non-codifying upstream regions of Vegfa promoter for (A) the first-
month and (B) the fourth month of follow-up for the Sham, UNx and IR + UNx groups, respectively. Arrows 
represented the forward and reverse primers for each amplicon. HIF-1α, p300, C/EBPα, and Nrf2 binding sites 
as is stated. White circles represented non-methylated CpG, and black circles represented methylated CpG, each 
circle represented an individual clone. Each C represented a cytosine in CpG context. TSS-Transcription star 
site; HRE-Hypoxia response element (ACGTG).
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RNA extraction and quantitative PCR. The total RNA was isolated from the kidneys using the TRIzol 
method (Invitrogen, Carlsbad, CA, Cat. No. 15596026) and checked for integrity using 1% agarose gel elec-
trophoresis. To avoid DNA contamination, total RNA samples were treated with DNase (DNase I; Invitrogen, 
Carlsbad, CA, Cat. No. 18068015). Reverse transcription (RT) was carried out with 1 µg of total RNA and 200 
U of Moloney murine leukemia virus reverse transcriptase (Invitrogen). The mRNA levels of Hif1a, Vegfa, pre-
pro-endothelin (Edn1), endothelin receptor A (Ednra), endothelial NOS 3 (NOS3), transforming growth factor 
(Tgfb1), monocyte chemoattractant protein 1 (Mcp1), nuclear factor erythroid 2 like 2 (Nfe2l2), NADPH oxidase 
4 (Nox4), collagen-1 (Col1a1) interleukin 6 (Il6), and interleukin 10 (Il10) were quantified by real-time PCR on 
an ABI Prism 7300 Sequence Detection System (TaqMan, ABI, Foster City, CA, Cat. No. 4331182). Primers and 
probes were ordered as a kit as follows: Hif1a, (Rn0057756_m1), Vegfa (Rn01511602_m1), Edn1 (Rn00561129_
m1), Ednra (Rn00561137_m1), NOS3 (Rn004352204_m1), Tgfb1 (Rn00572010_m1), Mcp1 (Rn00580555_m1), 
Nfe2l2 (Rn00582415_m1), Nox4 (Rn00585380_m1), Col1a1 (Rn1463848_m1), Il6 (Rn01410330_m1), and Il10 
(Rn99999012_m1). As an endogenous control, eukaryotic 18S rRNA (predesigned assay reagent Applied by ABI, 
external run, Rn03928990_g1, Cat. No. 4319413E was used. The relative quantification of each gene expression 
was performed with the comparative threshold cycle (Ct) method.

Western blot and antibodies. The renal cortex proteins were homogenized with a lysis buffer contain-
ing: 50 mM HEPES pH 7.4, 250 mM NaCl, 5 mM EDTA, 0.1% NP-40 and complete protease inhibitor (Roche, 
Cat. No.. 11,697,498,001). The proteins concentration was assessed by Lowry protein assay (Bio-Rad, Cat. No. 
5000113 and 5,000,114). Renal cortex protein levels were detected by Western blot, tissue proteins (20–40 µg) 
were electrophoresed in a denaturing 8.5% acrylamide gel with SDS. The samples were prepared with loading 
buffer in a 1:1 ratio with a final volume of 20 μL. The membranes were incubated with the primary antibody 
TGFβ (Thermo Fisher, Cat. No. MA5-15,065, 1:1000), HIF-1alpha (Abcam, Cat. No.. ab2185, 1:5000) VEGFA 
(Invitrogen, MA1-16,629, 1:5000), IL-6 (Abcam, Cat. No. ab9324, 1:1000), and HRP β-Actin antibody [AC-
15] (Abcam, Cat. No. ab49900, 1:1,000,000) overnight at 4  °C. Three 10-min washes were performed with 
TBS-1 × Tween and then incubated with the secondary antibody coupled to HRP, anti-rabbit or anti-mouse IgG 
(Santa Cruz, Cat. No. sc-2031 or sc-2004, respectively 1: 5000). Tissue proteins assessed by Western blot were 
normalized by β-Actin detection.

Detection of urinary biomarkers by western blot. Urinary HSP72 levels were detected by Western 
blot, each urine was diluted 1:10 in 0.9% saline solution, and 10 µL of each dilution was loaded and resolved 
by 8.5% SDS-PAGE, as previously  described39–42,64. The membranes were incubated with mouse anti-HSP72 
antibody (ENZO Life Sciences, Cat. No. ADI-SPA-819F, 1:5000 dilution) or KIM-1 (Boster, Cat. No. PA1632, 
1:5000) overnight at 4 °C. Thereafter; membranes were incubated with a secondary antibody, HRP-conjugated 
goat anti-mouse IgG, or anti-rabbit IgG, respectively (1:5000, Cat. No. sc-2031 or sc-2004, respectively, Santa 
Cruz). The proteins were detected using a commercial chemiluminescence kit (Millipore, Cat. No. WBKLS0500) 
and were normalized by urinary creatinine (UCreat).

Genomic DNA extraction and quantification of global DNA methylation. For genomic DNA 
extraction, 50 mg of tissue was homogenized in 200 μL of 1X PBS (10 mM PO4, 137 mM NaCl, and 2.7 mM 
KCl), 60 μL of digestion buffer (Tris–HCl 1 M, EDTA 0.5 M, SDS 10%, NaCl 5 M, pH = 8), then 26 μL of Pro-
teinase K (Sigma, Cat. No. P2308-100 mg, 10 mg/mL) was added and kept on ice for 5 min. Subsequently, the 
mixture was left overnight at 56 °C, then the samples were treated with 3 μL of RNase A (Qiagen, Cat. No. 19101, 
10 mg/mL) and incubated for 3 h at 37 °C. By the end, 250 μL of phenol–chloroform-isoamyl alcohol (Sigma, 
Cat. No. 77617-100ML) was added, centrifuged for 20 min, 16.1 g at 4 °C. Only the upper phase was taken and 
83 μL of ammonium acetate (7.5 M) and 250 μL of absolute ethanol were added. The samples were incubated 
at − 20 °C overnight, centrifuged and the supernatant was discarded. Two washes were made with 250 μL of 70% 
ethanol. The pellet was re-suspended in 200 μL of DNase⁄RNase-Free Distilled Water. To analyze the global DNA 
methylation, the commercial methylation kit of 5mC DNA (Zymo Research Cat. No. D5326) was used, 100 ng 
of DNA from each sample was used and it was taken to a volume of 100 μL with 5mC of coating buffer. The mix 
was incubated at 98 °C for 5 min and then left on ice for 10 min. Then it was added to the plate and incubated 
at 37 °C for 1 h and the excess was discarded and washed with 200 μL of 5mC Elisa Buffer. Thereafter, 200 μL 
of 5mC Elisa buffer was added to each well and incubated at 37 °C for 30 min. A mixture of 5-methyl cytosine 
primary antibody (1:2,000) and HRP-coupled secondary anti-rabbit antibody (1:1000) was added. Finally, 100 
μL of HRP developer was added to each well, incubated 1 h, and measured in a spectrometer at 405–450 nm. The 
results were extrapolated with a standard curve and the correction was made for the percentage of cytosines and 
guanine dinucleotides (CpGs), which have been previously reported for the rat  genome65.

Sequence analysis and bisulfite primer design. Three binding Hif1α sequences in the promoter Vegf 
gene in the rat have been previously identified and were named as region 1 (− 976 to − 857), region 2 (− 724 
to − 645), and region 3 (− 470 to − 369), respectively (Suppl. Fig. 1)59. DataBase of CpG islands and Analytical 
Tool (DBCAT) (http:// dbcat. cgm. ntu. edu. tw) software-assisted us to identify the CpG islands in the promoter 
and the first part of the coding regions of Vegf gene. This analysis showed that only regions 2 and 3 were enriched 
of CpG islands, suggesting that these regions are susceptible to methylation. Consequently, optimal primers 
were designed in the Methyl Primer Express software for bisulfite sequencing of Hif-1α and Vegf gene promot-
ers. For Hif-1α the primers were: 5′-GTA GAG AGT AGA GAT TGA GTT-3′ (forward) and 5′-CAA AAC CTA ACC 
AAA CAC TAC-3′ (reverse) that amplified the region from − 1390 to − 688 (702 bp): As was commented before 
there are three HIF1α binding sequences in the promoter of Vegfa, but only two are susceptible to methylation: 

http://dbcat.cgm.ntu.edu.tw
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the region 2, from − 724 to − 645, and the region 3. from − 470 to − 369, we amplified together with the follow-
ing primers: 5′-GGT TTT GTT AGA TTT TAT AGTG-3′ (forward) and 5′-CCA TAA CCT AAA AAT TAT CTATC-3′ 
(reverse) yielding a product of 763 bp.

Sodium bisulfite DNA conversion and sequencing. Genomic DNA (3 μg) was processed with sodium 
 bisulfite66, DNA fragments of interest were PCR-amplified. The amplified DNA fragments were cloned into the 
pGEM-T Easy system (Promega, Cat. No. A1360), and Sanger sequenced using its respective reverse primer. At 
least 8 clones were evaluated for each region.

Statistical analysis. The results are presented as the mean ± SE. The significance of the differences between 
groups was assessed by 1-way ANOVA using the Bonferroni correction for multiple comparisons. All compari-
sons passed the normality test. Statistical significance was defined when the p-value was < 0.05. All the graphs 
and statistical analyses were performed using the statistical GraphPad Prisma 8 software for Mac (GraphPad 
Software, San Diego, CA, USA).
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Abstract

The physiological role of the shorter isoform of with no lysine kinase (WNK)1 that is exclusively expressed in the kidney (KS-WNK1),
with particular abundance in the distal convoluted tubule, remains elusive. KS-WNK1, despite lacking the kinase domain, is neverthe-
less capable of stimulating the NaCl cotransporter, apparently through activation of WNK4. It has recently been shown that a less
severe form of familial hyperkalemic hypertension featuring only hyperkalemia is caused by missense mutations in the WNK1 acidic
domain that preferentially affect cullin 3 (CUL3)-Kelch-like protein 3 (KLHL3) E3-induced degradation of KS-WNK1 rather than that of
full-length WNK1. Here, we show that full-length WNK1 is indeed less impacted by the CUL3-KLHL3 E3 ligase complex compared with
KS-WNK1. We demonstrated that the unique 30-amino acid NH2-terminal fragment of KS-WNK1 is essential for its activating effect on
the NaCl cotransporter and recognition by KLHL3. We identified specific amino acid residues in this region critical for the functional
effect of KS-WNK1 and KLHL3 sensitivity. To further explore this, we generated KLHL3-R528H knockin mice that mimic human muta-
tions causing familial hyperkalemic hypertension. These mice revealed that the KLHL3 mutation specifically increased expression of
KS-WNK1 in the kidney. We also observed that in wild-type mice, the expression of KS-WNK1 was only detectable after exposure to a
low-Kþ diet. These findings provide new insights into the regulation and function of KS-WNK1 by the CUL3-KLHL3 complex in the dis-
tal convoluted tubule and indicate that this pathway is regulated by dietary Kþ levels.

NEW & NOTEWORTHY In this work, we demonstrated that the kidney-specific isoform of with no lysine kinase 1 (KS-WNK1) in
the kidney is modulated by dietary Kþ and activity of the ubiquitin ligase protein Kelch-like protein 3. We analyzed the role of
different amino acid residues of KS-WNK1 in its activity against the NaCl cotransporter and sensitivity to Kelch-like protein 3.

distal convoluted tubule; hypertension; salt transport; STE20/SPS1-related proline-alanine-rich protein kinase; with no lysine kinase 4

INTRODUCTION

Familial hyperkalemic hypertension (FHHt) encompasses a
spectrum of diseases that aremainly the consequence of over-
activity of the renal thiazide-sensitive NaCl cotransporter
(NCC) of the distal convoluted tubule (DCT) (1). NCC activity
is modulated by with no lysine kinase (WNK)1 and WNK4,
whose half-life is, in turn, regulated by the cullin–RING E3

ligase complex containing Kelch-like protein 3 (KLHL3) and
cullin 3 (CUL3) proteins. The severity of FHHt depends on
which one of these genes is affected and is defined by age of
diagnosis, Kþ levels, blood pressure levels, and percentage of
affected individuals with hypertension before the age of 18 yr
old. The more severe disease presentation is due to exon 9 de-
letion of CUL3, followed by dominant or recessive mutations
in KLHL3 (2, 3). These mutations impair the ubiquitylation
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and degradation of WNK kinases in the DCT. Less severe is
FHHt due to missense mutations in the acidic motif of
WNK4, which constitutes the recognition site for KLHL3 (4, 5)
and thus abrogate only WNK4 ubiquitylation (6). Finally, the
mildest form of FHHt is due to intronic deletions in theWNK1
gene that apparently result in ectopic expression of the full-
length catalytic isoform of this kinase (known as L-WNK1) in
the DCT (7). Louis-Dit-Picard et al. (8) have recently described,
however, an even milder form of FHHt. In this work, humans
and mice with heterozygous mutations in the acidic domain
of WNK1 display an inherited phenotype with hyperkalemia,
hyperchloremia, and metabolic acidosis, but without arterial
hypertension, that is nevertheless accompanied by low renin
expression levels, suggesting a mild volume expansion that is,
however, not enough to produce hypertension.

The major product of the WNK1 gene in the kidney is a
shorter isoform known as kidney-specific WNK1 (KS-WNK1)
(9–11). This isoform is transcribed from an alternative promoter
located between exons 4 and 4a that lacks the kinase domain
and contains a unique 30-amino acid residues sequence
encoded by exon 4a. Despite lacking a kinase domain, recent
evidence suggests that KS-WNK1 may function as an activator
of NCC. First, in Xenopus laevis oocytes, we have shown that
KS-WNK1 is able to induce phosphorylation and activation of
NCC by interacting with other WNKs and reducing its sensitiv-
ity to Cl�. For instance, in the presence of KS-WNK1, WNK4 is
active at higher levels of intracellular Cl� concentration,
increasing the activity of the intermediate kinase, STE20/SPS1-
related proline-alanine-rich protein kinase (SPAK), toward
NCC (12). Second, it has been observed that under conditions
in which NCC activity is expected to be increased, like in
response to low dietary Kþ , conglomerations of WNKs, known
as WNK bodies, are formed in DCT cells, and their formation
requires the presence of KS-WNK1 (13, 14), also supporting that
KS-WNK1 is associated with activation of NCC. Third, Louis-
Dit-Picard et al. (8) suggested that the FHHt phenotype
observed in patients with mutations in the acidic domain
of WNK1 is likely due to increased protein expression of
KS-WNK1 in DCT cells because it was observed that the
sensitivity of KS-WNK1 to the CUL3-KLHL3 E3 ligase com-
plex is several times higher than that of L-WNK1 and, thus,
mutations of the acidic motif in WNK1 seem to preferen-
tially protect KS-WNK1 from ubiquitylation by the CUL3-
KLHL3 E3 ligase complex.

Given that both KS-WNK1 and L-WNK1 contain the acidic
motif involved in KLHL3 binding, the different sensitivity to
CUL3-KLHL3 E3 ligase complex-mediated degradation is
surprising. Our goal in the present study was to analyze and
characterize the effect of the CUL3-KLHL3 E3 ligase complex
on KS-WNK1 and to define the protein domains responsible
for the difference in sensitivity. In addition, we began to
explore the physiological stimuli that regulate KS-WNK1 pro-
tein expression levels bymodulating its targeting to degrada-
tion by the CUL3-KLHL3 E3 complex.

METHODS

Generation of KLHL3þ /R528H Mice

KLHL3þ /R528H knockin mice were generated through ho-
mologous recombination strategies by TaconicArtemis

(https://www.taconic.com/). For vector construction, mouse
genomic fragments (obtained from the C57BL/6J RPCIB-731
BAC library) and selected features (such as desired point
mutation, recombination sites, and selection markers, as pro-
vided in Supplemental Fig. S1; see https:/doi.org/10.6084/m9.
figshare.13721791) were assembled into the targeting vector.

The linearized vector was transfected into the
TaconicArtemis C57BL/N Tac embryonic stem (ES) cell line.
Homologous recombinant clones were isolated using positive
(PuroR) and negative [thymidine kinase (TK)] selection.
Specific ES clones were selected by Southern blot analysis of
genomic DNA. Blastocysts were isolated from the uterus of
pregnant BALB/c females at day postcoitum 3.5 and injected
with 10–15 targeted C57BL/6NTac ES cells. After recovery,
eight injected blastocysts were transferred to each uterine
horn of 2.5 days postcoitum, pseudopregnant Naval Medical
Research Institute (NMRI) females. Chimerism was measured
in chimeras (G0) by coat color contribution of ES cells to the
BALB/c host (black/white). Highly chimeric mice were bred to
C57BL/6-Tg(CAG-Flpe)2 Arte females for elimination of the
puromycin resistance cassette. This produced mice that con-
stitutively express mutated KLHL3 protein. The remaining
FRT recombination site in these mice is located in a noncon-
served region of the genome. Primers 6560_31 (50-CACTG-
TGTTCTGCCTTTCAGG-30) and 6560_32 (50-CAGACCAAGAC-
CAGAGAGAAGG-30) were used to confirm the presence of the
R528H mutation by PCR amplification and product
sequencing.

For genotyping analysis, genomic DNA was extracted from
tail biopsies and analyzed by PCR. Primer 1 (50-GATA-
CCCACTGGCATTTGG-30) and primer 2 (50-GGTAAGGGCAG-
CATTACTGG-30) were used to detect wild-type and knockin al-
leles. The wild-type allele generates a 308-bp product, whereas
the knockin allele generates a 383-bp product. The latter prod-
uct is larger due to the presence of the FRT site and flanking
region that remains in an intronic region following Flp-medi-
ated excision of the puromycin selection cassette.

Generation of KLHL3R528H/R528H/KS-WNK1�/� Mice

KS-WNK1�/� mice were a kind gift from Hadchouel (15)
(INSERM Paris), and the generation and genotyping have been
described in the supporting information of the cited article.

Mice were crossed with of KLHL3þ /R528H to produce the
desired genotypes: wild type, KLHL3R528H/R528H, KS-WNK1�/�,
and KLHL3R528H/R528H/KS-WNK1�/�. Male mice were used for
experimental purposes.

Low-Kþ Diet Experiments

Wild-type and KLHL3þ /R528H mice were placed on normal
(1% Kþ ) or Kþ -deficient diets (0.0% Kþ ) for 4 days. The
OpenStandard diet with no added Kþ (D16120202) was pur-
chased from Research Diets and used as the Kþ -deficient
diet. The normal-Kþ diet was prepared by adding KCl. By the
end of the 4-day period, mice were euthanized under isoflur-
ane anesthesia, and kidney samples were collected.

Western Blot Analysis of Mouse Kidney Proteins

Kidney lysates were prepared with lysis buffer containing
50 mM Tris-HCl (pH 7.5), 1 mM EGTA, 1 mM EDTA, 50 mM
sodium fluoride, 5 mM sodium pyrophosphate, 1 mM
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sodium orthovanadate, 1% (w/v) Nonidet P-40, 0.27 M su-
crose, 0.1% (v/v) 2-mercaptoethanol, and protease inhibitors
(1 tablet per 50 mL). Lysates (20 mg) in SDS sample buffer
were subjected to electrophoresis on polyacrylamide gels
and transferred to nitrocellulose membranes. Membranes
were incubated for 30 min with Tris-buffered saline-Tween
20 (TBS-T) containing 5% (w/v) skim milk. Membranes were
then immunoblotted in 5% (w/v) skim milk in TBS-T with
the indicated primary antibodies overnight at 4�C. Sheep
antibodies were used at a concentration of 1–2 mg/mL. The
incubation with phospho-specific sheep antibodies was per-
formed with the addition of 10 mg/mL of the dephospho-pep-
tide antigen used to raise the antibody. Blots were thenwashed
six times with TBS-T and incubated for 1 h at room tempera-
ture with secondary horseradish peroxidase (HRP)-conjugated
antibodies diluted 5,000-fold in 5% (w/v) skim milk in TBS-T.
After the washing steps were repeated, the signal was detected
with an enhanced chemiluminescence reagent. Immunoblots
were developed using a film automatic processor (SRX-101,
KonicaMinolta Medical), and films were scanned with 600-dpi
resolution on a scanner (PowerLook 1000, UMAX).

For the detection of KS-WNK1, kidney tissue was homoge-
nized in lysis buffer containing 250 mM sucrose, 10 mM tri-
ethanolamine, 1� protease inhibitors (Roche), 50 mM
sodium fluoride, 10 mM sodium pyrophosphate, and 1 mM
sodium orthovanadate.

Protein samples were subjected to polyacrylamide gel
electrophoresis and then transferred to PVDF membranes
for 2 h at 10 mV. Membranes were blocked for 2 h in 10%
nonfat dry milk dissolved in TBS-T solution (2 mM Tris-HCl,
150mMNaCl, and 0.2% Tween 20, pH 7.5).

Membranes were incubated overnight with the indicated
antibodies diluted in 5% nonfat dry milk in TBS-T, followed
by incubation for 1 h at room temperature with HRP-conju-
gated secondary antibodies diluted in 5% nonfat dry milk in
TBS-T. After the incubation, membranes were washed six
times for 10 min with TBS-T. For signal detection by chemi-
luminescence, Luminata Forte Western HRP substrate
(Merck Millipore) was used, and LI-COR equipment was
used to perform the reading.

The following antibodies were used. Rabbit anti-WNK4
(1:4,000) was a gift from David Ellison (Oregon Health &
Science University) (16). For WNK1 detection, we used com-
mercially available rabbit anti-WNK1 antibody from Bethyl
Laboratories (1:1,000, A301-515A, pan-WNK1). The following
antibodies were raised in the sheep and affinity purified on
the appropriate antigen by the Division of Signal Transduction
Therapy Unit of the University of Dundee: WNK4 total anti-
body (S064B, second bleed, raised against residues 1,221�1,243
of human WNK4), NCC phospho-Thr60 antibody (S995B, resi-
dues 54–66 of human NCC phosphorylated at Thr60,
RTFGYNpTIDVVPT), NCC total antibody (S965B, residues
906–925 of human NCC, CHTKRFEDM-IAPFRLNDGFKD),
SPAK NH2-terminal antibody (S668D, raised against residues
2�76 of mouse SPAK), oxidative stress response-1 (OSR1)
mouse antibody (S149C, residues 389–408 of mouse OSR1,
SAHLPQPAGQMPTQPAQVSL), SPAK/OSR1 (S motif) phos-
pho-Ser373/Ser325 antibody [S670B, raised against residues
367–379 of human SPAK, RRVPGS(S)GHLHKT, which is
highly similar to residues 319–331 of human OSR1, in which
the sequence is RRVPGS(S)GRLHKT]. a-Epithelial Naþ

channel (ENaC) antibody was kindly provided by Land (17);
p44/42 MAPK (Erk1/2) antibody (3062) was purchased from
Cell Signaling Technology. Secondary antibodies coupled to
HRP used for immunoblot analysis were obtained from
Pierce. All antibodies used and their corresponding validation
studies are cited in Supplemental Table S1; see https://doi.
org/10.6084/m9.figshare.13721797).

Immunofluorescent Staining of Mouse Kidney Sections

Harvested mouse kidneys were immersion fixed in fresh
4% (w/v) formaldehyde-PBS (pH 6.9) for 16 h at 37�C, washed
three times in PBS, and stored at 4�C until paraffin embed-
ded. Sections (5 mm) were deparaffinized in Histoclear
(National Diagnostics) and rehydrated in graded methanol
steps. An antigen retrieval step was performed with R-
Universal buffer in the 2100 antigen retriever for a single
heat-pressure cycle (Aptum Biologics). Sections were perme-
abilized with 0.05% (v/v) Triton X-100-PBS for 20 min and
blocked for 1 h at 37�C with 2% (v/v) donkey serum in 0.05%
(v/v) Triton X-100-PBS. Primary antibodies were incubated
overnight for 16 h at 4�C at the following concentrations
diluted in 1% (v/v) donkey serum in 0.05% (v/v) Triton X-100-
PBS: 2 mg/mL for total SPAK and phospho-SPAK S373 and
anti-a-ENaC (Novus Biologicals, 1:500). Phospho-specific anti-
bodies included the addition of 10 μg/mL of the nonphospho-
peptide used to raise the antibody per 2 mg/mL of antibody
used. Negative controls omitted the primary antibody and
were processed in parallel. Slides were then washed for 20
min in 0.05% (v/v) Triton X-100-PBS and incubated in sec-
ondary antibody for 1 h at 37�C. Preabsorbed donkey IgG-con-
jugated Alexa Fluor 488, 633, and 647 secondary antibodies
(Life Technologies/Abcam) were used at 1:200 diluted in 1%
(v/v) donkey serum in 0.05% (v/v) Triton X-100-PBS for im-
munofluorescent labeling. Slides were washed as above, coun-
terstained using Sytox orange nucleic acid stain (S11368, Life
Technologies), mounted using Prolong gold antifade (P36930,
Life Technologies), and shielded from light.

Mutagenesis and Constructs

Rat NCC, human WNK4-Flag, human L-WNK1-D11-c-Myc,
and human KS-WNK1-D11-c-Myc have been previously
described (12, 18, 19). KS-WNK1-D4a, KS-WNK1-2CxS (KS-
2CxS), KS-WNK1-6CxS (KS-6CxS), KS-WNK1-5Q (KS-5Q),
KS-WNK1-V11A, KS-WNK1-F12A, KS-WNK1-V13A, KS-WNK1-
I14A, and KS-WNK1-I15A were made from KS-WNK1-D11
using the QuikChange mutagenesis system (Stratagene). All
modifications were confirmed by DNA sequencing. cRNA
was made from linearized cDNA using the T7 RNA polymer-
ase mMESSAGE kit (Ambion). The KLHL3-Flag clone was a
gift from Richard P. Lifton (Rockefeller University). The
open reading frame was subcloned into a pGEMHE vector.

Functional Expression of NCC

Oocytes were extracted in clusters from adult female X.
laevis frogs anesthetized by submerging them in 0.17%
Tricaine. Oocytes were incubated with collagenase type 2 (3
mg/mL) eluted in Ca2þ -free ND-96 (96 mMNaCl, 2 mM KCl,
1.0 mM MgCl2, and 5 mM HEPES, pH 7.4) for 1.5 h, washed
three times with Ca2þ -free ND-96, and incubated again with
collagenase type 2 for 1.5 h. Oocytes were washed with ND-

KS-WNK1 SENSITIVITY TO KLHL3

F736 AJP-Renal Physiol � doi:10.1152/ajprenal.00575.2020 � www.ajprenal.org
Downloaded from journals.physiology.org/journal/ajprenal at UNAM Fac De Med Dir Gen De Biblio (132.248.009.041) on May 31, 2021.

https://doi.org/10.6084/m9.figshare.13721797
https://doi.org/10.6084/m9.figshare.13721797
http://www.ajprenal.org


96 solution (96.0 mM NaCl, 2.0 mM KCl, 1.8 mM CaCl2, 1.0
mM MgCl2, and 5.0 mM HEPES, pH 7.4) three times and
incubated overnight at 16�C.

Oocytes were injected with 20 ng of each of the indi-
cated cRNAs and then incubated at 16�C for 48 h in ND-
96 before protein extraction for Western blot analysis or
72 h before transport experiments. MG132 (100 mM) was
added to the media 16 h before protein extraction in the
described cases.

Consent for the Performance of Animal Experiments

The use of X. laevis oocytes as well as wild-type and trans-
genic mice were approved by Institutional Animal Care and
Use Committee of the Instituto Nacional de Ciencias
Medicas y Nutricion Salvador Zubiran and in accordance
with regulations set by the Universities of Cambridge and
Dundee and the United Kingdom Home Office. Only male
mice at 12–16 wk old were used.

Western Blot Analysis of X. laevisOocyte Proteins

Twenty oocytes per experimental group were collected,
and samples were extracted using 5 mL/oocyte of lysis buffer
containing 50 mM Tris-HCl (pH 7.5), 1 mM EGTA, 1 mM
EDTA, 50 mM sodium fluoride, 10 mM sodium pyrophos-
phate, 1 mM sodium orthovanadate, 1% (w/v) Nonidet P-40,
0.27 M sucrose, and protease inhibitors (Complete tablets,
Roche).

Western blots were performed as described above. The
antibody concentrations used were anti-Flag 1:5,000
(Sigma), anti-Myc 1:1,000 (Sigma), and anti-actin 1:2,500
(Santa Cruz Biotechnology). Densitometric analysis was per-
formed using ImageStudioLite software.

Transport Assays

NCC activity was evaluated using the radioactive tracer
22Naþ (Perkin Elmer Life Sciences). Oocytes were injected as
previously described; 72 h later, 15 oocytes per group were
incubated at room temperature for 30 min in Cl�-free ND-96
medium [containing (in mM) 96 sodium isethionate, 2 potas-
sium gluconate, 1.8 calcium gluconate, 1 magnesium gluco-
nate, and 5 HEPES, pH 7.4] containing 1 mM ouabain, 100
mM amiloride, and 100 mMbumetanide in the presence or ab-
sence of 100 mM trichlormethiazide. Oocytes were trans-
ferred to Kþ -free uptake medium [containing (in mM) 40
NaCl, 56 NMDG-Cl, 1.8 CaCl2, 1 MgCl2, and 5 HEPES, pH 7.4]
with ouabain, amiloride, and bumetanide with or without
trichlormethiazide and with 0.5 μCi of 22Naþ for 60 min at
32�C. Oocytes were washed five times in an ice-cold radioac-
tive-free medium and placed in individual tubes with 1%

SDS. After lysis scintillation counting, liquid (ecolume, MP
Biomedicals) was added.

Statistical Analysis

In experiments with n � 3, statistical significance was cal-
culated with one-way ANOVA with multiple comparisons
using GraphPad Prism 8.4.3. Significance was defined as P �
0.05. Results are presented asmeans ± SEM.

RESULTS

Generation and Characterization of a New Strain of
KLHL3 Knockin Mice

KLHL3 knockin mice carrying the FHHt mutation R528H
that prevents binding to WNK kinases (20, 21) were gener-
ated by TaconicArtemis (http://www.taconic.com/wmspage.
cfm?parm1=1453).

Phenotypic characterization under basal conditions
showed that the mice displayed the expected FHHt-like phe-
notype with hyperkalemia, metabolic acidosis, and hyper-
chloremia (Table 1). The abundance and phosphorylation of
relevant renal transporters and regulatory proteins were also
studied. As previously reported for a KLHL3þ /R528H strain
generated by Susa and collaborators (22), higher WNK4 and
NCC expression levels as well as higher NCC (Thr60) and
SPAK (Ser373) phosphorylation levels were observed in
KLHL3þ /R528H mice compared with wild-type mice. These
differences were more dramatic in KLHL3R528H/R528H mice
(Fig. 1). In homozygotes, SPAK and OSR1 expression levels
were also higher than in wild-type mice. Additionally, in
contrast to what was reported by Susa et al., a clear decrease
in the abundance of the full-length and cleaved forms
of a-ENaC was observed in both KLHL3þ /R528H and
KLHL3R528H/R528Hmicemade for this study. This finding was
corroborated by immunofluorescent staining of kidney sec-
tions (Fig. 2). Finally, in sections stained with SPAK and
phospho-SPAK (Ser373) antibodies, a punctate signal was
observed in the cytoplasm of some cortical tubular cells of
KLHL3þ /R528H and KLHL3R528H/R528H mice that contrasted
with the apical signal observed in wild-type mice. In the
medullary portion, an apical expression pattern was
observed in some tubules of wild-type and mutant mice, and
this signal intensity was higher inmutant mice.

KS-WNK1 Is Highly Sensitive to CUL3-KLHL3 E3 Ligase
Complex-Mediated Degradation in Vivo

To analyze the effect of the KLHL3-R528Hmutation onWNK1
expression, we used an antibody directed against a COOH-termi-

Table 1. Serum electrolytes of wild-type, KLHL3þ /R528H, and KLHL3R528H/R528H mice

KLHL3þ /þ KLHL3þ /R528H KLHL3R528H/R528H

Naþ , mM 146.6 ± 1.06 (n = 17) 147.3 ± 0.45 (n = 28) 148.5 ± 0.77 (n = 16)
Kþ , mM 4.63 ± 0.09 (n = 18) 5.40 ± 0.1 (n = 28)� 5.56 ± 0.13 (n = 16)�
Cl�, mM 115.3 ± 1.46 (n = 17) 123.8 ± 1.94 (n = 24)� 123.3 ± 2.03 (n = 14)�
Ca2þ , mM 2.21 ± 0.05 (n = 4) 2.28 ± 0.05 (n = 5) 2.36 ± 0.09 (n = 5)
pH 7.32 ± 0.03 (n = 6) ND 7.18 ± 0.03 (n = 3)�
Data are means ± SE; n represents the number of mice included in the analyses. KLHL3, Kelch-like protein 3. �P < 0.05 versus wild-

type mice.
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nal epitope of the protein that can recognize both L-WNK1 and
KS-WNK1 (pan-WNK1 antibody). Given that several bands were
observed in the blots performed with this antibody, in order to
identify the band corresponding to KS-WNK1, we included in
these experiments lysates from KS-WNK1 knockout mice [KS-

WNK1�/�, a kind gift of Hadchouel (15), INSERM Paris] and
KLHL3R528H/R528H;KS-WNK1�/� doublemutants.

Interestingly, we observed no band at the expected size for
KS-WNK1 in wild-type mice, but a robust band of this size was
observed in KLHL3R528H/R528H mice (Fig. 3). Its absence in

Figure 1. Kelch-like protein 3 (KLHL3)þ /R528H

and KLHL3R528H/R528H mice display the
expected changes in the expression and
phosphorylation levels of components of
the with no lysine kinase 4 (WNK4)-
STE20/SPS1-related proline-alanine-rich
protein kinase (SPAK)/oxidative stress
response-1 (OSR1)-NaCl cotransporter
(NCC) pathway. A: total kidney extracts
from wild-type (WT), KLHL3þ /R528H [het-
erozygrous (HET)] and KLHL3R528H/R528H

[homozygous (HOM)] mice were sub-
jected to Western blot analysis with the
indicated antibodies. Each sample was
derived from a separate littermate ani-
mal. B: band intensities were quantified
using ImageJ, and the results are pre-
sented relative to the expression of
GAPDH. Increased expression of NCC
and WNK4 as well as increased phospho-
rylation of SPAK (Ser373) and NCC (Thr60)
were observed in KLHL3þ /R528H mice.
Such differences were more dramatic in
KLHL3R528H/R528H mice, in which an
increase in the expression of SPAK and
OSR1 was also observed. ENaC, epithelial
Naþ channel; ns, not significant.
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Figure 2. Immunofluorescent staining of kidney sections was performed. The primary antibodies used are indicated. Representative images from corti-
cal and medullary regions are shown. Fluorescence intensity was quantified using ImageJ, and the results are presented in the corresponding bar
graphs. ENaC, epithelial Naþ channel; KLHL3, Kelch-like protein 3; pSPAK, phospho-SPAK; SPAK, STE20/SPS1-related proline-alanine-rich protein ki-
nase; WNK1, with no lysine kinase 1.
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double-mutant mice confirmed that indeed this band corre-
sponds to KS-WNK1. These observations suggest that the KS-
WNK1 protein expression level is very low (undetectable by
Western blot) in kidneys fromwild-type mice under basal con-
ditions, which is striking given the high KS-WNK1 mRNA lev-
els that have been reported for renal tissue (11). This
observation supports, as suggested by Luis-Dit-Picard et al. (8),
that KS-WNK1 is highly sensitive to CUL3-KLHL3 E3-mediated
degradation, given the large upregulation observed in
KLHL3R528H/R528H mice in which WNK-KLHL3 binding is
impaired.

Finally, a band of higher molecular weight that may corre-
spond to L-WNK1 was observed with the pan-WNK1 antibody,
whose intensity was similar in all genotypes. We cannot rule
out, however, that this may be a nonspecific band. WNK4
expression in the kidneys from wild-type and KS-WNK1�/�

mice was similar, whereas, as expected, it was increased in
KLHL3R528H/R528Hmice and double-mutantmice.

Knockout of KS-WNK1 Does Not Prevent the FHHt
Phenotype of KLHL3R528H/R528H Mice

Given the striking KS-WNK1 protein upregulation that we
observed in KLHL3R528H/R528H mice, we decided to evaluate
whether this upregulation is implicated in the pathogenesis of
FHHt. Thus, we studied the phenotype of KLHL3R528H/R528H;
KS-WNK1�/� mice and compared it with the phenotype of
KLHL3R528H/R528H mice. We observed that double-knockout
mice have an FHHt phenotype with serum Kþ , Cl�, HCO3

�,
and pH levels similar to those observed in KLHL3R528H/R528H

mice (Table 2). Thus, KS-WNK1 upregulation does not
seem to play a central role in the pathogenesis of FHHt. In
further experiments, administration of diets with altered
content of Kþ and Naþ may help to uncover phenotypic
differences. However, this was out of the scope of this
work.

KS-WNK1 and L-WNK1 Exhibit Different Sensitivity to
CUL3-KLHL3 E3-Mediated Degradation

Our preliminary data, published in Louis-Dit-Picard et
al. (8), showed that KS-WNK1 is heterologously expressed
in X. laevis oocytes and in human embryonic kidney
(HEK)-293 cells is readily degraded when coexpressed with
KLHL3. In contrast, L-WNK1 is resistant to such degrada-
tion. To further explore this phenomenon, we began by
analyzing the effect of KLHL3 coexpression on KS-WNK1
and L-WNK1-mediated activation of NCC. We microin-
jected X. laevis oocytes with NCC cRNA in the absence or
presence of L-WNK1 or KS-WNK1 cRNA with or without
KLHL3 cRNA. Three days later, thiazide-sensitive tracer
Naþ uptake was assessed. As we have previously shown
(12), both KS-WNK1 and L-WNK1 were able to increase the
activity of NCC, despite the fact that KS-WNK1 has no ki-
nase domain (Fig. 4A). Our previous work supported that
the effect of KS-WNK1 on NCC is likely due to an interac-
tion of KS-WNK1 with an endogenous WNK kinase, since
the presence of KS-WNK1 increased the phosphorylation
of SPAK and NCC, and the effect was prevented by the spe-
cific WNK inhibitor WNK463 (12). Consistent with our pre-
liminary observations (8), the effect of KS-WNK1 on NCC
was completely prevented by coinjection with KLHL3 cRNA,
whereas the effect of L-WNK1 on NCCwas not.

We then analyzed the effect of KLHL3 expression on
L-WNK1, KS-WNK1, WNK3, and WNK4 abundances. This
effect has been previously described. However, no study
has compared the effect of KLHL3 on all these WNK iso-
forms in parallel (4, 5, 21). Figure 4B shows a representative
image of such analysis. Oocytes were injected with each
WNK cRNA alone or coinjected with KLHL3 cRNA. L-
WNK1, KS-WNK1, and WNK3 expression was assessed with
anti-c-myc antibodies and WNK4 and KLHL3 with anti-
Flag antibodies. Consistent with the results shown in Fig.
4A, the presence of KLHL3 had little to no effect on the L-
WNK1 expression level, whereas the expression of KS-
WNK1 in the presence of KLHL3 was completely abrogated.
In addition, we observed that WNK3 and WNK4 exhibited
high sensitivity to CUL3-KLHL3 E3-mediated degradation.
Thus, according to the densitometric analysis (Fig. 4C), it
appears that at least in X. laevis oocytes the sensitivity of L-
WNK1 to the effect of the CUL3-KLHL3 E3 complex was sig-
nificantly lower than that observed for the other WNKs. A
similar observation has also been reported in HEK-293 cells
by Louis-Dit-Picard et al. (8).

The Unique KS-WNK1 Segment Encoded by Exon 4a Is
Involved in the Sensitivity to the CUL3-KLHL3 E3 Ligase
Complex

L-WNK1 and KS-WNK1 have different NH2-terminal por-
tions but are identical from the beginning of the segment
encoded by exon 5 until the end of the protein. Thus, they

Figure 3. Kidney-specific with no lysine kinase (WNK)1 (KS-WNK1) protein
levels are undetectable in kidney tissue of wild-type mice but are high in
mice in which cullin 3-Kelch-like protein 3 (KLHL3) E3-mediated degrada-
tion is prevented. Total kidney lysates from KLHL3R528H/R528H mice, KS-
WNK1�/� mice, and double mutants (KLHL3R528H/R528H; KS-WNK1�/� mice)
were analyzed byWestern blot to assess the expression of WNK1 isoforms
(as measured by the pan-WNK1 antibody). The robust band observed in
KLHL3R528H/R528H mice (arrow) that was absent in wild-type mice corre-
sponds to KS-WNK1, as corroborated by its absence in the double
mutants. The WNK4 blot is presented at the bottom. The expected
increase in WNK4 expression was observed in KLHL3R528H/R528H samples
and in KLHL3R528H/R528H; KS-WNK1�/� mice.
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both contain the acidic motif (EPEEPEADQHQ) that medi-
ates interactions with KLHL3 (Supplemental Fig. S2; see
https://doi.org/10.6084/m9.figshare.13721794).

The first 30-amino acid residues of KS-WNK1 are unique
to this isoform because they are encoded by exon 4a,
which is not included in the L-WNK1 transcript. Exon 4a is
highly conserved across evolution since its amino acid
sequence is almost identical from coelacanths to humans
(13), suggesting that it plays a key role in species that have
evolved a renal tubule. This segment has been shown to be
key for the formation of KS-WNK1-dependent WNK bodies
(13). Thus, to evaluate its effect on KS-WNK1 activity and
CUL3-KLHL3 E3-mediated degradation, we generated the
KS-WNK1-D4a clone that lacks this fragment. We assessed
its ability to activate NCC and its sensitivity to degradation
promoted by CUL3-KLHL3 E3. As previously described
(12), the absence of the 4a fragment prevents the positive
effect of KS-WNK1 on NCC activity (Fig. 5A). Interestingly,
this modification prevented KS-WNK1 functionality and
also prevented its degradation, as demonstrated by the
representative blot shown in Fig. 5B and the densitometric
analysis shown in Fig. 5C. We observed a mild protective
effect of the proteasome inhibitor MG132 against CUL3-
KLHL3-RING-induced degradation of KS-WNK1, suggest-
ing that other pathways may also be involved in degrada-
tion (Fig. 5B).

The Cysteines in Region 4a Are Important for KS-WNK1
Function but Not for Its CUL3-KLHL3 E3-Mediated
Degradation

Boyd-Shiwarski et al. (13) have previously analyzed the
degree of conservation of individual residues within the 4a
segment and have identified a cluster of conserved cysteines
and a cluster of conserved hydrophobic residues (Fig. 6A).
Mutagenic analysis led them to conclude that these clusters,
which they termed the “cysteine-rich hydrophobic motif,”
are key for the formation of KS-WNK1-dependent WNK
bodies. Thus, we decided to evaluate their role on KS-WNK1-
dependent NCC activation and sensitivity to CUL3-KLHL3
E3-induced degradation.

We first decided to analyze the role of conserved cysteines.
For this purpose, we generated a clone with the six con-
served cysteines mutated to serine (KS-6CxS mutant) and a
clone in which only the outer two cysteines were mutated to
serine (KS-2CxS mutant; Fig. 6A). According to the data by
Boyd-Shiwarski et al. (13), the KS-6CxS mutation prevents
the formation of WNK bodies, but the KS-2CxS mutation
only partially does so.

We injected oocytes with NCC and wild-type KS-WNK1 or
mutants KS-6CxS or KS-2CxS and treated them with or with-
out MG132 to evaluate their function and degradation. We
observed that the ability of the KS-6CxS mutant to activate
NCC was completely abrogated, whereas that of the KS-2CxS
mutant was only partially impaired (Fig. 6B). Regarding
CUL3-KLHL3 E3-mediated degradation, we observed that
both mutants were degraded in the presence of KLHL3, sug-
gesting that, although the whole exon 4a seems to be impor-
tant in conferring sensitivity to CUL3-KLHL3 E3-mediated
degradation, the cysteine residues are not involved (Fig. 6, C
andD).

The Cluster of Hydrophobic Residues in the 4a Segment
of KS-WNK1 Are Key for NCC Activation and Confers KS-
WNK1 Sensitivity to CUL3-KLHL3 E3-Mediated
Degradation

We next analyzed the role of the cluster of hydrophobic
residues on KS-WNK1 ability to activate NCC and on its sen-
sitivity to CUL3-KLHL3 E3-mediated degradation. This clus-
ter includes the five hydrophobic amino acid residues
between the positions 11 and 15 (valine, phenylalanine, va-
line, isoleucine, and isoleucine; Fig. 6A). We generated a
clone in which these five residues were mutated to gluta-
mine (KS-5Q mutant). We decided to mutate these residues
to glutamine given that Boyd-Shiwarski et al. (13) used this
strategy to substitute the hydrophobic residues for hydro-
philic ones and showed that these mutations prevented
WNK body formation. Thus, we evaluated if the same muta-
tions can also affect kidney-specific function and KLHL3-
induced degradation. We observed that the ability of this
mutant to activate NCC was completely impaired (Fig. 7A).
Interestingly, however, we observed that this mutant was
insensitive to CUL3-KLHL3 E3-induced degradation (Fig. 7,
B and C).

Valine 11 and Valine 13 of KS-WNK1 Are Relevant for Its
CUL3-KLHL3 E3-Mediated Degradation

To evaluate the role of individual residues within the
hydrophobic cluster on KS-WNK1 activity and degradation,
we generated the five single residue mutants and studied
them in the oocyte system as performed for the other
mutants. For the individual mutants, we decided to mutate
each of the hydrophobic amino acid residues to alanine to
explore whether the sole absence of the hydrophobic lateral
chain is sufficient to produce these effects. We observed that
the V11A mutant was unable to activate NCC and that this
function was significantly reduced for the V13A mutant. For

Table 2. Serum electrolytes of wild-type, KLHL3R528H/R528H, KS-WNK1�/�, and double-mutant mice

KLHL3þ /þ ; KS-WNK1þ /þ KLHL3R528H/R528H; KS-WNK1þ /þ KLHL3þ /þ ; KS-WNK1�/� KLHL3R528H/R528H; KS-WNK1�/�

Naþ , mM 151 ± 0.56 (n = 6) 152 ± 0.56 (n = 6) 150 ± 0.61 (n = 6) 153 ± 0.58 (n = 6)
Kþ , mM 4.5 ± 0.16 (n = 6) 5.1 ± 0.10 (n = 6)� 4.7 ± 0.12 (n = 6) 5.0 ± 0.12 (n = 6)�
Cl�, mM 118 ± 0.61 (n = 6) 123 ± 0.22 (n = 6)� 118 ± 0.53 (n = 6) 122 ± 0.40 (n = 6)�
Ca2þ , mM 4.2 ± 0.3 (n = 6) 4.5 ± 0.06 (n = 6) 4.2 ± 0.12 (n = 6) 4.3 ± 0.04 (n = 6)
pH 7.3 ± 0.03 (n = 6) 7.2 ± 0.01 (n = 6) 7.3 ± 0.02 (n = 6) 7.2 ± 0.01 (n = 6)
HCO3

�, mM 20 ± 0.76 (n = 6) 14 ± 0.42 (n = 6)� 17 ± 0.36 (n = 6) 15 ± 0.52 (n = 6)�
Data are means ± SE; n represents the number of mice included in the analyses. KLHL3, Kelch-like protein 3; WNK1, with no lysine ki-

nase 1. �P < 0.05 versus wild-type mice.
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the remaining three mutants, this function was only
slightly reduced (Fig. 8A). CUL3-KLHL3 E3-mediated deg-
radation was impaired for the V11A and V13A mutants (Fig.
8, B and C), suggesting that these residues may participate

in conferring the sensitivity to CUL3-KLHL3E3-mediated
degradation.

KS-WNK1 Protein Expression Is Upregulated in Kidneys
of Mice Maintained on Low-Kþ Diet

Ishizawa et al. (23) recently showed that phosphorylation
of KLHL3 in a residue located within the substrate-binding
domain is upregulated in mice that are maintained on a low-
Kþ diet. This reduces CUL3-KLHL3 E3-targeted degradation

A

B

C

Figure 4. Kidney-specific with no lysine kinase (WNK)1 (KS-WNK1), WNK3,
and WNK4, but not full-length WNK1 (L-WNK1), are degraded when coex-
pressed with Kelch-like protein 3 (KLHL3) in oocytes. A: thiazide-sensitive
22Naþ uptake was assessed in Xenopus laevis oocytes injected with the
indicated cRNAs. Uptake values observed in the control group (NCC only)
were set to 100%, and the other groups were normalized accordingly.
While both L-WNK1 and KS-WNK1 increased Naþ uptake, KLHL3 coex-
pression prevented NaCl cotransporter (NCC) activation by KS-WNK1 but
not by L-WNK1. Dots represent uptake values for individual oocytes. At
least three independent experiments were performed with >10 oocytes
per group (����P< 0.0001 vs. NCC; three points outside graphic limits). B:
representative Western blots showing the effect of KLHL3 coexpression
on L-WNK1, KS-WNK1, WNK3, and WNK4 levels. Oocytes were injected
with cRNAs encoding for c-Myc-tagged L-WNK1, KS-WNK1, or WNK3 or
Flag-tagged WNK4 with or without Flag-tagged KLHL3. All kinases except
L-WNK1 were degraded in the presence of KLHL3. C: densitometric analy-
sis of the Western blots presented in B. Two independent experiments
were performed with similar results. c-Myc-tagged L-WNK1, KS-WNK1, or
WNK3 or Flag-tagged WNK4 were normalized to 100% and compared
with those observed in groups expressing KLHL3.

A

B

C

Figure 5. The segment encoded by exon 4a in kidney-specific with no ly-
sine kinase 1 (KS-WNK1) is needed to activate NaCl cotransporter (NCC)
and to be targeted for degradation by cullin-3 (CUL3)–Kelch-like protein 3
(KLHL3) E3. A: thiazide-sensitive Naþ uptake of NCC cRNA-injected
oocytes was set to 100%, and uptake values of additional groups were
normalized accordingly. KS-WNK1 coexpression increased NCC activity,
but the KS-WNK1-D4a mutant failed to activate (n = 3 transport assays,
����P < 0.0001 vs. NCC; one point outside graphic limits). B: representa-
tive Western blots showing KS-WNK1 and KS-WNK1-D4a expression in the
absence or presence of KLHL3. CUL3-KLHL3 E3-induced degradation of
KS-WNK1 is observed regardless of proteosome inhibition, whereas KS-
WNK1-D4a is expressed but resistant to CUL3-KLHL3 E3-induced degra-
dation. C: densitometric analysis of the Western blots presented in B.
Results from four different experiments were included. Expression of KS-
WNK1 or KS-WNK1-D4a in the absence of KLHL3 were arbitrarily set to
100% and compared with expression levels observed in the presence of
KLHL3 (n = 4 Western blots, ���P> 0.001 vs. control without KLHL3).
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ofWNK4. Thus, to evaluate whether Kþ restriction is a possi-
ble physiological stimuli for induction of KS-WNK1 expres-
sion, wild-type, and KLHL3þ /R528H mice were placed on
low-Kþ diet for 7 days and then euthanized for renal tissue
collection. Kidney lysates were prepared and analyzed by
Western blot analysis with pan-WNK1 and WNK4 antibod-
ies (Fig. 9).

The band corresponding to KS-WNK1 was only barely
observed in samples from KLHL3þ /R528Hmice (Fig. 9), in con-
trast to what we previously observed with KLHL3R528H/R528H

mouse samples (Fig. 3). This suggests that the residual activity
of the CUL3-KLHL3 E3 complex present in heterozygous mice
is sufficient to almost entirely degrade KS-WNK1. A more ro-
bust band was observed in samples from wild-type and
KLHL3þ /R528H mice maintained on the low-Kþ diet, showing
that indeed KS-WNK1 expression is induced under conditions
of dietary Kþ restriction. WNK4 upregulation was also
observed, as previously reported (23).

DISCUSSION

In the present study, we show that KS-WNK1 is more sen-
sitive to CUL3-KLHL3 E3-mediated degradation than L-

WNK1, and we began to explore the elements of their pri-
mary sequence that are responsible for this difference. Given
that the known binding site for KLHL3 inWNK kinases is the
acidic motif, the observation is puzzling as both proteins
present the exact same binding site. Interestingly, we
observed that removal of the unique sequence of KS-WNK1
encoded by exon 4a decreases its sensitivity to CUL3–KLHL3
E3-mediated degradation. This shows that targeting by
KLHL3 of the COOH-terminal segment of WNK1 (comprising
the sequence encoded from exon 5 until the end that
includes the acidic motif) is not efficient unless this 30-
amino acid residue segment is present. We also showed that
this segment is critical for the ability of KS-WNK1 to activate
NCC. Other works also support the key role of exon 4a for
KS-WNK1 function. For instance, Argaiz et al. (12) showed
that the ability of KS-WNK1 to activate NCC by promoting
WNK4 phosphorylation is impaired by the removal of this
segment, although KS-WNK1 binding to WNK4 was not
affected, and Boyd-Shiwarski et al. (13) showed that exon 4a
is necessary for the KS-WNK1-dependent formation of WNK
bodies.

Interestingly, the analysis of the effects of mutation of cer-
tain conserved residues within exon 4a showed that some of

Exon 4a MDIKKKDFCSVFVIINSHCCCCPQKDCINE
KS-WNK1 ∆4a MDIKKKDFCSVFVIINSHCCCCPQKDCINE
KS-WNK1 2CxS MDIKKKDFSSVFVIINSHCCCCPQKDSINE
KS-WNK1 6CxS MDIKKKDFSSVFVIINSHSSSSPQKDSINE
KS-WNK1 5Q MDIKKKDFCSQQQQQNSHCCCCPQKDCINE
KS-WNK1 V11A MDIKKKDFCSAFVIINSHCCCCPQKDCINE
KS-WNK1 F12A MDIKKKDFCSVAVIINSHCCCCPQKDCINE
KS-WNK1 V13A MDIKKKDFCSVFAIINSHCCCCPQKDCINE
KS-WNK1 I14A MDIKKKDFCSVFVAINSHCCCCPQKDCINE
KS-WNK1 I15A MDIKKKDFCSVFVIANSHCCCCPQKDCINE

A B

C D

Figure 6.Mutation of the six conserved cysteines encoded in exon 4a impairs the ability of kidney-specific with no lysine kinase 1 (KS-WNK1) to activate
NaCl cotransporter (NCC) but does not prevent cullin-3 (CUL3)-Kelch-like protein 3 (KLHL3) E3-induced degradation. A: amino acid sequence encoded
by exon 4a. Different KS-WNK1 mutants were generated for this work with variations in the sequence of this region. The modifications introduced in
each mutant are indicated. B: NCC was coexpressed in oocytes with KS-WNK1, KS-6CxS (in which all six cysteines were mutated to serine), or KS-2CxS
(in which the two peripheral cysteines were mutated to serine). Thiazide-sensitive Naþ uptake of NCC-expressing oocytes was set to 100% and com-
pared with all other groups, which were normalized accordingly. KS-WNK1-6CxS did not activate NCC, whereas KS-WNK1-2CxS did activate NCC, albeit
at a lower level than wild-type KS-WNK1 (n = 3 transport assays, ����P< 0.0001 vs. NCC; 3 points outside graphic limits). C: representative Western blots
showing the expression of KS-WNK1-6CxS and KS-WNK1-2CxS. Both mutant proteins are targeted for degradation by CUL3-KLHL3 E3, whereas treat-
ment with MG132 could prevent KS-WNK1-2CxS degradation. D: compiled results of densitometric analysis from at least two different Western blot
experiments like that presented in (B). Expression levels of KS-WNK1, KS-WNK1-6CxS, and KS-WNK1-2CxS in the absence of KLHL3 were normalized to
100% and compared with groups expressing KLHL3 (n = 2�4 Western blots, ��P< 0.01 and ����P< 0.0001 vs. control without KLHL3).
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these modifications alter KS-WNK1 ability to activate NCC,
but not its targeting by KLHL3, whereas those that affect
KLHL3 targeting also affect the ability to activate NCC. Thus,
although the same segment is key to define the sensitivity to
CUL3-KLHL3 E3 and the ability of KS-WNK1 to activate NCC,
these properties can be dissociated, suggesting that they are
not strictly dependent on one another.

B

C

A

Figure 7. Mutation of the five conserved hydrophobic residues encoded
in exon 4a impairs the ability of kidney-specific with no lysine kinase 1 (KS-
WNK1) to activate NaCl cotransporter (NCC) and prevent cullin-3-Kelch-
like protein 3 (KLHL3) E3-induced degradation. A: NCC was coexpressed
in oocytes with KS-WNK1 or KS-5Q (in which all five hydrophobic residues
were mutated to glutamine), and thiazide-sensitive Naþ uptake was
assessed. Uptake levels observed for NCC-expressing oocytes were
normalized to 100% and compared with those observed for groups
expressing KS-WNK1 and KS-5Q. The strong activation of NCC induced
by KS-WNK1 was not observed in the KS-5Q mutant (n = 5 transport assays,
����P < 0.0001 vs. NCC; 2 points outside graphic limits). B: representative
Western blots showing the expression of KS-WNK1 and KS-5Q. KS-WNK1
was degraded in the presence of KLHL3, whereas KS-5Q was not
degraded. Treatment with MG132 increased KS-5Q expression, probably
by impairing degradation even more. C: compiled results of densitometric
analysis from three different experiments like that presented in B.
Expression levels of KS-WNK1 and KS-5Q in the absence of KLHL3 were
normalized to 100% and compared with those observed in groups express-
ing KLHL3 (n = 3Western blots, ��P< 0.01 vs. control without KLHL3).

A

B

C

Figure 8. Mutation of valine 11 or valine 13 located in the hydrophobic
motif of exon 4a impairs the ability of kidney-specific with no lysine ki-
nase 1 (KS-WNK1) to activate NaCl cotransporter (NCC) and cullin-3-
Kelch-like protein 3 (KLHL3) E3-induced degradation of KS-WNK1. A:
NCC was coexpressed in oocytes with KS-WNK1 or with KS-WNK1
mutants containing one of the following single amino acid substitutions:
V11A, F12A, V13A, I14A, or I15A. Uptake levels observed for NCC-
expressing oocytes were normalized to 100% and compared with those
observed for groups expressing KS-WNK1 mutants. All mutants except KS-
WNK1-V11A were capable of activating NCC (n = 3�5 transport assays, �P<
0.05, ���P< 0.001, and ����P< 0.0001 vs. NCC; 16 points outside graphic
limits). B: representative Western blots showing the expression of KS-WNK1
and of each single-residue mutant in the absence or presence of KLHL3.
Compared with wild-type (WT) KS-WNK1, there was significantly less degra-
dation of the V11A and V13A mutants in the presence of KLHL3. Other
mutants degraded similarly to the WT. C: compiled results of densitometric
analysis from at least five different experiments like that presented in B.
Expression levels of KS-WNK1 and single-residue mutants in the absence of
KLHL3 were normalized to 100%. Degradation of single-residue mutants
were compared with WT KS-WNK1 in the presence of KLHL3 (n = 5�8
Western blots, �P< 0.05 and ���P< 0.001 vs. control with KLHL3).
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Substitution of either one of two specific residues within
the conserved hydrophobic motif in exon 4a was enough to
prevent CUL3-KLHL3 E3-mediated degradation of KS-WNK1.
The mechanisms underlying 4a segment’s role on KS-WNK1
activity and sensitivity to targeting by KLHL3 remain as open
questions for future studies. Possible mechanisms are, for
example, that this segment may be involved in establishing
key interactions or that perhaps it could be a determinant to
achieve a specific conformational state of the protein.

Our data suggest that KS-WNK1 is also highly sensitive to
CUL3-KLHL3 E3-mediated degradation in vivo. Vidal-Petiot
et al. (11) reported that KS-WNK1 mRNA levels are high in
the kidney (higher than L-WNK1 mRNA levels). Despite this,
we were unable to detect KS-WNK1 protein in kidney lysates
from wild-type mice by Western blot analysis. However, ro-
bust KS-WNK1 protein expression was detected in lysates
from KLHL3R528H/R528H mice in which KLHL3-WNK binding
is impaired. Thus, the low protein expression observed in
wild-type mice may result from a high degradation rate of
KS-WNK1. The physiological significance of this observation

remains to be determined. Analogous biological phenomena
have been described. For example, the ubiquitous transcrip-
tion factor hypoxia-inducible factor-1a (HIF-1a) is normally
undetectable at the protein level due to highly active protea-
somal degradation that is dependent on the presence of O2

(24). HIF-1a is marked for degradation by a cullin–RING E3
ligase complex in which the von Hippel-Lindau (VHL) tumor
suppressor protein acts as the substrate recognition element.
VHL can only recognize HIF-1a when it is hydroxylated at
two proline residues, and hydroxylation is dependent on the
activity of prolyl-hydroxylases that are activated in the pres-
ence of O2. Thus, in conditions of hypoxia, hydroxylation is
prevented and HIF-1a expression is rapidly induced, as well
as expression of its target genes.

In the case of KS-WNK1, the physiological stimuli that can
upregulate its expression remain to be elucidated. We show
here, however, that one of these stimuli is dietary Kþ restric-
tion. Ishizawa et al. (23) have shown that KLHL3 phosphoryl-
ation in the substrate recognition domain is induced by
low-Kþ intake in mice. Thus, low-Kþ -induced phospho-
rylation of KLHL3 may underlie the observed upregulation
of KS-WNK1 in mice on a low-Kþ diet. This observation is
in line with the fact that the formation of WNK bodies,
which is induced by low-Kþ intake, requires the presence
of KS-WNK1, suggesting that indeed the DCT response to
low-Kþ intake involves KS-WNK1 upregulation due to KLHL3
inhibition by phosphorylation. This agrees with the observa-
tion that WNK bodies are present in KLHL3R528H/R528H mice
(Fig. 2) but not in mice with FHHt caused by mutations in
WNK4 (14).

The physiological role of KS-WNK1 is currently a very con-
troversial issue. However, knowledge of the conditions in
which KS-WNK1 protein is expressed in the DCT may help
guide experiments to uncover this physiological role. In the
present work, we show that despite the high KS-WNK1 pro-
tein upregulation observed in FHHt mice due to a mutation
in KLHL3, KS-WNK1 is not essential to develop the FHHt
phenotype. That is, WNK4 overexpression appears to be
sufficient to produce the disease, consistent with prior
results (25).

Different lines of evidence obtained from a diversity of
transgenic mouse models suggest that the WNK1 isoform
expressed in the DCT is KS-WNK1 and that L-WNK1 is not
normally present (1). Absence of WNK4 expression com-
pletely impairs the phosphorylation and activity of NCC (26),
demonstrating that WNK4 absence cannot be compensated
by L-WNK1 activity. Additionally, in KLHL3R528H/R528H mice,
expression of both L-WNK1 and WNK4 is increased but the
FHHt phenotype is completely abrogated by elimination of
WNK4, although L-WNK1 remains upregulated, strongly sug-
gesting that L-WNK1 is not present in the DCT (25). Thomson
et al. (14) have shown that, within the large WNK bodies
observed in WNK4 knockout mice, no active WNK1 is pres-
ent, as indicated by the lack of signal obtained with the pT-
loop WNK antibody, supporting that the WNK1 product in
the WNK bodies is KS-WNK1, not L-WNK1. Finally, it has
been demonstrated that intronic WNK1 deletions responsi-
ble for FHHt cause ectopic expression of L-WNK1 in the DCT
(7), and this is the unique situation in which the absence of
WNK4 does not result in NCC downregulation (18). Thus,
given that L-WNK1 activity is less sensitive to inhibition by

Figure 9. Renal kidney-specific with no lysine kinase 1 (KS-WNK1) expres-
sion is induced by a low-Kþ diet (LKD). Total kidney lysates from wild-type
(WT) and Kelch-like protein 3 (KLHL3)þ /R528H mice maintained on a nor-
mal-Kþ diet (NKD) or LKD were analyzed by Western blot to assess the
expression of KS-WNK1. Compared with WT mice, moderately higher
expression was observed in KLHL3þ /R528H mice. In addition, a robust
increase in KS-WNK1 expression was observed in WT mice but also in
KLHL3þ /R528H mice, suggesting that KLHL3-targeted degradation was fur-
ther affected under this condition. Results of quantitation of the band cor-
responding to KS-WNK1 are shown at the bottom. Band intensity values of
mice on a NKD were normalized to 100%. A WNK4 blot is also shown. The
expected increase in WNK4 expression was observed in KLHL3þ /R528H

samples. Expression was further increased when mice were placed on a
LKD, as previously reported (10). n = 9 for WT mice on the LKD and NKD, n =
3 for KLHL3þ /R528H mice on the NKD, and n = 4 for KLHL3þ /R528H mice on
the LKD. �P< 0.05 versus the NKD. WNK1, with no lysine kinase 1.
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Cl� than WNK4 (27, 28) and less sensitive to CUL3-KLHL3
E3-induced degradation, as shown by this work, it is likely
that ectopic expression of L-WNK1 promotes higher levels of
NCC activity at any given value of intracellular Cl� concen-
tration and activity level of the CUL3-KLHL3 E3 complex. In
this regard, it is noteworthy that WNK1 intronic deletions
cause FHHt even in the absence of WNK4 (18), supporting
that if L-WNK1 is expressed in the DCT, the presence of
WNK4 would be irrelevant. In future work, it would be inter-
esting to establish how low-Kþ interferes with CUL3-KLHL3
E3-mediated degradation of KS-WNK1.

Finally, as mentioned in the INTRODUCTION, Louis-Dit-
Picard et al. (8) have shown that humans andmice with heter-
ozygous mutations in the acidic motif of WNK1 display a mild
FHH phenotype that is easily corrected with thiazide treat-
ment in both species. They also showed that the SPAK/OSR1-
NCC pathway is upregulated in WNK1þ /delE631 mice. Thus,
they proposed that NCC upregulation is the primary defect
leading to the phenotypic alterations. Also, based on results
from in vitro experiments, they proposed that the increased
expression of KS-WNK1 in the DCT is largely responsible for
NCC upregulation as KS-WNK1 abundance is preferentially
affected by these mutations. The large WNK bodies observed
in DCT cells of these mice also support this idea, as well as the
in vitro and in vivo data presented in this work, showing that
KS-WNK1 is very sensitive to CUL3-KLHL3 E3-induced degra-
dation. However, as KS-WNK-1 activates NCC via WNK4, the
effect of an increase in KS-WNK1 may be buffered by the
amount of WNK4, causing only amild activation of NCC. This
activation is probably enough to cause slight hyperkalemia
and volume retention but not enough to produce a rise in
blood pressure.

In conclusion, our work shows, both in vivo and in vitro,
that KS-WNK1 is highly sensitive to CUL3-KLHL3 E3-
induced degradation, whereas L-WNK1 is much less sensi-
tive. The high sensitivity of KS-WNK1 seems to be due to the
presence of the unique segment encoded in exon 4a. This
segment is also key for KS-WNK1 function and its ability to
activate NCC. We propose that this exquisite sensibility of
KS-WNK1 to targeting by KLHL3 may be relevant to achieve
rapid induction of KS-WNK1 protein expression under cer-
tain conditions, one of which appears to be extracellular Kþ

depletion. The mechanisms by which exon 4a affects the ac-
tivity and sensitivity to degradation of KS-WNK1 and the role
that KS-WNK1 upregulation plays under conditions of die-
tary Kþ deprivation remain to be explored.
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