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Jose Ponce Coria

Molecular Physiology Unit,
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Dear Jose,

I am delighted to be able to offer you a Postdoctoral Fellowship position in
my laboratory in the Department of Anesthesiology at Vanderbilt Medical Center.
This will be contingent upon successful completion and defense of your PhD. We
can agree on a starting date of May1, 2010, pending that your defense of your
Ph.D. thesis is completed and the necessary visas can be obtained in time. There
will be no problem moving the date forward if necessary. Your initial salary will be
$37,000 plus standard fringe benefits. Assuming satisfactory performance and
available funding, | anticipate that your contract will be renewed annually and your
salary reviewed for increases along NIH guidelines.

As discussed during your visit, the major focus of your work will be on to
study the different modes of kinase activation and their roles in regulating ion
transport in sensory neurons. Your responsibilities will include the planning,
performance, and analysis of experiments, and presentation of data at lab
meetings, National conferences, and in manuscripts. | will work closely with you in
this regard.

Please note that this offer is also contingent upon the successful completion
of the background screen and education verification, and nothing contained in this
letter should be construed to create an employment contract or to otherwise alter
your status as an employee at will.

I am looking forward to you joining the lab. For our records, please confirm
your acceptance of this offer by signing and returning one copy of this letter. You
will then be contacted in due course to begin the process of obtaining the necessary
visa and work authorization.

Z’—J“

Eric Delpire, Ph.D. Jose Ponce-Coria Date

Cordially,




Ciencias

Bioquimicas : UN M%;ﬁ
POSGR/TDO s547

Ty ' e 4 T =
Cienciag Bioguimicas

PROGRAMA DE MAESTRIA Y DOCTORADO

B, ; d EN CIENCIAS BIOQUIMICAS

IBT 1BM

A LOS MIEMBROS DE
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Por medio del presente manifiesto que he revisado el texto que serd sometido a su consideracion del (a) alumno (a)
de Doctorado en Ciencias Bioguimicas LIBB. JOSE PONCE CORIA titulado:

“Regulacion de la actividad del cotransportador Na'/K*/2CI' por el cloruro intracelular”

ATENTAMENTE

DR. GERARDO\GAMBA AYALA
Tutor
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PMDCB/031/2010

LIBB. JOSE PONCE CORIA
Alumno del Doctorado en Ciencias Bioquimicas
Presente

Los miembros del Subcomité Académico en reunién ordinaria del dia 18 de enero del presente, conocieron
su solicitud de asignacion de JURADO DE EXAMEN para optar por el grado de DOCTOR EN CIENCIAS
(BIOQUIMICAS), con la réplica de la tesis “Regulacion de la actividad del cotransportador Na'/K'/2CI por el
cloruro intracelular”, dirigida por el Dr. Gerardo Gamba Ayala.

De su analisis se acordé nombrar el siguiente jurado:

PRESIDENTE Dr. José Pedraza Chaverri
VOCAL Dra. Laura Escobar Pérez
SECRETARIO Dr. Fernando Lépez Casillas
SUPLENTE Dr. Alejandro Zentella Dehesa
SUPLENTE Dr. José de Jests Garcia Valdés

Sin otro particular por el momento, aprovecho la ocasion para enviarle un cordial saludo.

Atentamente

“POR MI RAZA HABLARA EL ESPIRITU”

Cd. Universitaria, D.F., a 26 de enero de 2010.

EL COORDINADOR DE LA ENTIDAD ACADEMICA-FQ

DR. ROGELIO RODRIGUEZ SOTRES
C.c.p. Archivo

RRS*lgg
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Dr. Isidro Avila Martinez

Director General de Administracion Escolar
UNAM

PRESENTE

Me es grato comunicarle que después de revisar cuidadosamente y de discutir

mis sugerencias y correcciones al documento de tesis titulado

Regulacion del cotransportador Na'/K'/2CI' NKCC2 por la
concentracion de cloruro intracelular

que para obtener el grado presenta el (la) alumno José Ponce Coria con
numero de cuenta 099236469, inscrito(a) en la Maestria [ ) el Doctorado ( x )
en Ciencias Bioquimicas, considero que la Tesis reune los requisitos
establecidos y por ello emito mi VOTO APROBATORIO para que redlice la

réplica oral.

Agradezco de antemano la atencion que se sirva prestar a la presente.

Atentamente,

T

Dr. José Pedraza Chaverri
Nombre y firma
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que para obtener el grado presenta el (la) alumno José Ponce Coria con
numero de cuenta 099236469, inscrito(a) en la Maestria | ) el Doctorado ( x )
en Ciencias Bioquimicas, considero que la Tesis reune los requisitos
establecidos y por ello emito mi VOTO APROBATORIO para que readlice la

réplica oral.

Agradezco de antemano la atencién que se sirva prestar a la presente.

Atentamente,

Dr. Fernando Lopez Casillas
Nombre y firma
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que para obtener el grado presenta el (la) alumno José Ponce Coria con
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en Ciencias Bioguimicas, considero que la Tesis reune los requisitos
establecidos y por ello emito mi VOTO APROBATORIO para que realice la
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Agradezco de antemano la atencion que se sirva prestar a la presente.

Atentamente,

Dra. Laura Escobar Pérez
Nombre vy firma
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realice la réplica oral.

Agradezco de antemano la atencion que se sirva prestar a la presente.
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RESUMEN

Mantener en rangos normales los niveles de presién sanguinea es fundamental para
sostener la salud de un organismo. Un determinante muy importante sobre los niveles de
presion sanguinea es la reabsorcion renal de sodio (Na*). En la nefrona, a lo largo de la
rama ascendente gruesa del asa de Henle (RAGAH), la participacion directa y
coordinada de al menos cinco proteinas es necesaria para una adecuada reabsorcion
transcelular de Na®. Ademas de ser necesaria para sostener los niveles de presion
sanguinea, dicha reabsorcion de Na“ en la RAGAH es fundamental para una correcta
concentracion-dilucion urinaria, el metabolismo acido base y la reabsorcion renal de
iones divalentes. El cotransportador apical de Na'/K*/2CI" conocido NKCC2 es el
responsable del primer paso durante la reabsorcion transcelular de Na* a lo largo de la
RAGAH. Para continuar con la reabsorcion de Na* en este segmento de la nefrona se
requiere de: a) la recirculacion de K™ hacia la luz tubular mediada por el canal apical de
K" conocido como ROMK, b) el paso de CI hacia el espacio intersticial por el canal
basolateral de CI" constituido por las proteinas CLC-Kb y Barttina y c) el correcto
funcionamiento del sensor de calcio conocido como CaSR. Mutaciones en NKCC2,
ROMK, CLC-Kb, Barttina y CaSR son responsables del desarrollo del Sindrome de
Barrter tipo I, I, I, IV y V respectivamente. Dicho sindrome es una enfermedad
monogénica y heterogénea de herencia autosémica recesiva, donde debido a una
disminucion en los niveles de reabsorcion de Na“ en la RAGAH se presenta: a)
deplecion de volumen, activacion del sistema renina angiotensina aldosterona,
hipokalemia, alcaldsis metabdlica e hipercalciuria. EI mecanismo molecular por el cual
mutaciones en CLC-Kb o la Barttina conducen a una disminucion en la reabsorcion de
Na* es desconocido, sugiriendo que las concentraciones intracelulares de CI™ juegan un
papel importante sobre la actividad de NKCC2. En el presente trabajo, se utiliz6 como
sistema de expresion funcional heter6loga, ovocitos de rana Xenopus laevis, donde se
demostrd que mediante maniobras de deplecion de CI intracelular, se favorece un
incremento significativo en la actividad de NKCC2 asociado a la fosforilacion de los
residuos de treonina 96, 101 y 113 presentes en la region amino terminal. De manera
consistente, la sustitucion dichos residuos por el aminoacido alanina previno la

activacion de NKCC2 durante una deplecion de cloruro intracelular.
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En conclusion, nuestros datos indican que NKCC2 se activa al disminuir las
concentraciones intracelulares de CI', por un mecanismo que involucra a las serina
treonina cinasas WNK3 y SPAK. WNK3 posiblemente es la cinasa sensora de CI, la
cual mediante su interaccion fisica con la cinasa SPAK, favorece la fosforilacion de
NKCC2 en los residuos de treonina 96, 101 y 113, lo cual se traduce en un incremento
en la actividad de NKCC2. Con lo anterior, probablemente en el sindrome de Bartter
tipo I11'y IV donde se afecta la reabsorcion de CI” por mutaciones en CLC-Kb y Barttina
respectivamente, un aumento en la concentracion intracelular de CI" resulta en la
ausencia de fosforilacion de las treoninas 96, 101 y 113 y por tanto a una reabsorcién
alterada de Na* mediada por NKCC2.



ABSTRACT

Blood pressure levels must be kept within narrow normal levels in order to sustain
health. An important determinant of blood pressure levels is the renal Na* reabsorption.
In the nephron, along the thick ascending limb of Henle (TALH), a direct and
coordinate function of at least five different proteins is necessary for an adequate Na*
reabsorption. Besides being crucial to maintain normal blood pressure levels, such Na*
reabsorption along the TALH is critical for the urine concentration-dilution mechanism,
acid-base metabolism and the reabsorption of divalent ions. The apical Na'/K*/2CI
cotransporter known as NKCC2 is the responsible for the first step in the reabsorption
of Na" along the TALH. In order to continue with the Na* reabsorption along the TALH
it is necessary: a) the K* secretion mediated by the K* channel known as ROMK, b) CI’
reabsorption through the basolateral CI" channel composed of two subunits (CLC-Kb
and Barttin) and c) the proper functioning of the calcium sensing receptor known as
CaSR.Mutations in the genes encoding for NKCC2, ROMK, CLC-Kb, Barttin and
CaSR are the cause of Bartter syndrome type I, I, Ill, IV and V respectively. The
Bartter syndrome is a recessive monogenic and heterogenic disease in which patients
have a decreased Na* reabsortion along the TALH, volume depletion, activation of the
renin angiotensin system, hipokalemia, metabolic alkalosis and hipercalciuria. The
molecular mechanism by which mutations in either CLC-Kb or Barttin lead to a
deacreased Na' reabsortion remains unknown, suggesting that intracellular chloride
concentrations might play a role upon NKCC2 activity.In the present work, using
Xenopus laevis oocytes as heterologous expression system, we showed that during
chloride depletion maneuveurs, the activity of NKCC2 is increased. NKCC2 activation
Is associated with the phosphorylation of amino terminal trenonines 96, 101 and 113.
Consistently, the substitution by alanine of such residues rendered NKCC2 unable to
respond to chloride depletion maneuveurs and with lower basal activity. In conclusion
our results show that NKCC2 is activated during intracellular chloride depletion by a
mechanism that involves the serine-treonine kinases WNK3 and SPAK. WNK3 could
be the *“chloride sensitive kinase” which by physical interaction with SPAK

phosphorylates the amino terminal residuos 96, 101 and 113 of NKCC2.



Abreviaciones utilizadas en la escritura de esta tesis:

[CITi

AC
ACTH
ADH
ADN
Ala
AMPc
AQP1
AQP2
ARG
Arg
ARN
ARNC
Asn
Asp
ATP

Ca++
CaSR
CCT

cr
CLC-Kb
CRH
Cys

DAG
DIC

EAM
ECA

FC
Fig
GC
Gln
Gly

HAC
Hg
His
HTA
lle
IMH
IP3

K+
KCC2

Concentraciones intracelulares de ion cloruro
Aminoacido de alanina

Proteina adenilato ciclasa transmembranal
Hormona adrenocorticotropa

Hormona antidiurética

Acido desoxiribonucleico

Aminoacido de alanina

Adenosin monofosfato-3',5'ciclico
Canal de agua acuaporina tipo 1

Canal de agua acuaporina tipo 2
Aldosteronismo remediable con glucocorticoides
Aminoécido de arginina

Acido ribonucleico

Acido ribonucleico complementario
Aminoacido de asparagina

Aminodcido aspartico

Adenosina trifosfato

Aminoécido de cisteina

lon de calcio

Sensor de calcio

Domino carboxilo terminal conservado
lon de cloruro

Canal basolateral de cloruro tibo b
Hormona liberadora de corticotropina
Aminoacido de cisteina

Aminodcido aspartico

1,2-diacilglicerol

Diabetes insipida central

Exceso Aparente de Mineralocorticoides
Enzima convertidora de angiotensina
Aminoacido de fenilalanina

Frecuencia cardiaca

Figura

Gasto cardiaco

Aminoacido de glutamina

Aminoécido de glicina

Aminoacido de histidina

Hiperplasia adrenal congenita

Mercurio

Aminoacido de histidina

Hipertension arterial

Aminodcido de isoleucina

Intersticio medular hiperosmotico
Inositol 1,4,5-trifosfato

Aminoacido de lisina

lon de potasio

Cotransportador de potasio y cloruro tipo dos
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L

Leu

Lys
MAP4K
MAPK
Met
Mg++
MPC

N

Na*
NaCl
NCC
ND96
Nedd4-2
NH.,"
NKCC1
NKCC2
NKCC2-TM
NO
OMIM

OSR1

P

P13K
PAK
PAM
PDK1
PDK2
PHAII
PHAII-A
PHAII-B
PHAII-C
Phe
PIP2
PKA
PKB
PKC
PLC
PLC-B
Pro

Ps

R

RAAS
RAGAH
Rb*

RG

RGF

RM
ROMK
Rvp

Aminoacido de leucina

Aminoécido de leucina

Aminoacido de lisina

MAPK cinasa cinasa cinasa cinasa

Cinasa activada por mitdgenos

Aminoécido de metionina

lon de magnesio

Mecanismo multiplicacion por contracorriente
Aminoacido de asparagina

lon de sodio

Cloruro de sodio

Cotransportador renal de sodio y cloruro sensible a diuréticos tipo tiazida
Solucion tipo ringer para ovocitos de Xenopus laevis
E3 ubiquitina ligasa de la familia de las HECT

lon de amonio

Cotransportador ubicuo de sodio potasio dos cloruro
Cotransportador renal de sodio potasio dos cloruro
NKCC2 triple mutante debido a las susticiones: T96A T101Ay T113A
Oxido nitrico

Base de datos Online Mendelian Inheritance in Man
http://www.ncbi.nlm.nih.gov/omim/

Serina treonina cinasa tipo 1 de respuesta a estrés oxidativo
Aminoécido de prolina

Fosfatidil inositol 3-cinasa

Cinasas activadas por p21

Presion arterial media

Proteina cinasa tipo 1 dependiente de IP3

Proteina cinasa tipo 2 dependiente de IP3
Pseudohipoaldosteronismo tipo dos 6 sindrome de Gordon
Pseudohipoaldosteronismo tpo 1l clase A
Pseudohipoaldosteronismo tipo Il clase B
Pseudohipoaldosteronismo tipo Il clase C

Aminoécido de fenilalanina

Fosfatidil inositol 4,5-bifosfato

Proteina cinasa A

Proteina cinsa B

Proteina cinasa C

Fosfolipasa C

Fosfolipasa C tipo beta

Aminoacido de prolina

Presion sanguinea

Aminoacido de arginina

Sistema renina angiotensina aldosterona

Rama ascendente gruesa del asa de Henle de la nefrona
lon de rubidio

Receptor a glucocorticoides

Resistencia a Glucocorticoides Familiar

Receptor a mineralocorticoides

Canal apical de ion potasio

Resistencia de la vasculatura periférica
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S
SDS
SG
SGK1
SIADH
SL
SLC12
SO4?
SPAK

Ste20p
T

TC
TC-ME
TC-MI
TD
Tyr
UT-A1l
UT-A2
UT-A3
\Y/

Val
VCE
\

VSe
WNK
WNK1
WNK?2
WNK3
WNK4
Xaa

Y
11-BHSD2
A

Aminoacido de serina

Dododecil sulfato de sodio

Sindrome de Geller

Cinasa inducible por suero y por glucocortlcoides tipo 1
Sindrome de la secrecién inadecuada de la ADH
Sindrome de Liddle

Familia de cotransportadores electroneutros tipo 12
Sulfato

Serina treonina cinasa relacionada a Ste20 abundante en aminoacidos de

prolina y alanina

Proteina cinasa estéril 20

Aminoacido de treonina

Tubulo colector de la nefrona

Tuabulo colector de la medula externa

Tubulo colector de la médula interna

Tuabulo distal de la nefrona

Aminodcido de tirosina

Cotransportador de urea tipo Al
Cotransportador de urea tipo A2
Cotransportador de urea tipo A3

Aminoécido de valina

Aminoacido de valina

Volumen circulante efectivo

Volumen Intravascular

Volumen sistolico de eyeccion

Serina treonina cinasa ausente de lisina (se pronuncia “uink”)
Serina treonina cinasa ausente de lisina tipo 1
Serina treonina cinasa ausente de lisina tipo 2
Serina treonina cinasa ausente de lisina tipo 3
Serina treonina cinasa ausente de lisina tipo 4
Cualquier aminoacido

Aminoacido de tirosina

Enzima 11-beta hidroxiesteroide deshidrogenada tipo 2
Mutacion tipo delecién
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INTRODUCCION Y ANTECEDENTES

Presidén sanguinea

Los niveles de presion sanguinea (Ps) deben ser regulados de manera precisa para
permitir la perfusion constante y adecuada de oxigeno y nutrientes, asi como la
remocion de productos de desecho en todos los 6rganos y tejidos que constituyen a un
organismo (1). La disminucion 0 el incremento no controlado sobre los niveles de Ps
puede resultar en dafio a diversos 6rganos dentro de un ser vivo. Por ejemplo, la
interrupcion temporal en el flujo sanguineo al cerebro puede ocasionar desde cefalea
hasta perdida de la conciencia, mientras que interrupciones mas prolongadas y por lo
tanto, disminuciones drasticas en los niveles de Ps, pueden conducir inclusive a la

muerte del organismo (1).

En términos fisiologicos, la Ps ha sido definida como el producto del gasto cardiaco

(GC) y la resistencia que opone la vasculatura periférica (Ryp) (2).

Ps= GC * Ry,

El GC se define como el volumen de sangre que abandona los ventriculos por minuto
(alrededor de 5 L/min), y sus valores se modifican por factores que alteren la frecuencia
cardiaca (FC), asi como aquellos que cambien el volumen intravascular (V1) y por lo
tanto, el volumen sistélico de eyeccion (VSg), que comprende el volumen de sangre
expulsado por el corazon hacia la aorta durante el periodo de contraccion 6 sistole
(alrededor de 75 mL) (1).

GC=VSe*FC
GC = (75 mL/latido) * (70 latidos/min) = 5.25 L/min

Por su parte, la Ry, esta determinada principalmente por la contraccion de las células de
musculo liso que recubren las paredes de las arteriolas y se modifica por diversos
factores entre los que se encuentran: a) el tono simpatico, b) el 6xido nitrico y c) las

hormonas circulantes endotelina y angiotensina Il (2).



Requlacion de los niveles de presion sanguinea

Hoy en dia se conocen una gran variedad de sistemas fisiolégicos complejos que en
conjunto modulan los niveles de la Ps, entre los que se encuentran: a) baroreceptores
arteriales, encargados de sensar cambios de presion en los vasos sanguineos (3), b)
péptidos natriuréticos, liberados por el corazdn y el cerebro en respuesta a incrementos
en la Ps en estos 6rganos (4,5), ¢) el sistema adrenérgico, que modifica el tono vascular,
la frecuencia y contraccion cardiaca (2), d) el sistema cinina-calicreina, con la
bradicinina y lisilbradicinina que promueven la vasodilatacion arterial (6,7), e) el 6xido
nitrico (NO) (8-10) y la endotelina (11,12) producidos por los vasos sanguineos para
favorecer su vasodilatacion y vasoconstriccion respectivamente y f) el sistema renina
angiotensina aldosterona (SRAA), encargado de controlar los niveles de Ps mediante
alteraciones en la Ry, y en los niveles de reabsorcion renal del i6n sodio (Na*) y agua
(H20) (2;13-15).

Dado que los niveles de Ps se encuentran en gran medida determinados por la
composicion-volumen de los liquidos corporales, a lo largo de las secciones siguientes
se describira el control del volumen y la osmolalidad de los liquidos corporales, asi

como la reabsorcion renal de Na™ y H,O haciendo énfasis en el papel del SRAA.

El rindn en el proceso del control del volumen, composicién v osmolalidad de los

liquidos corporales

A pesar de las variaciones diarias en la ingesta de solutos y H,O, los rifiones
desempefian una funcion muy importante al mantener relativamente constante la
composicion y volumen de los liquidos corporales. Los rifiones son los encargados de la
regulacion del balance hidrico y electrolitico, asi como la principal via regulada para la
eliminacién de H,O y la eliminacion de productos finales del metabolismo o de desecho

del organismo (urea, &cido Urico y creatinina) (1).

Aunque la cantidad de H,O en un ser vivo depende de la edad, el sexo y la cantidad de

tejido adiposo, en general, el H,O constituye alrededor de un 60% del peso corporal (42



L en un hombre de 70kg) y se distribuye principalmente entre dos compartimientos: el
liquido intracelular (LIC) y el liquido extracelular (LEC) (16,17) (Fig. A).

El LIC es el mas grande de estos compartimientos y esta compuesto por
aproximadamente dos terceras partes del total de H,O del organismo (28 L en un
hombre de 70 kg), mientras que el tercio restante (14 L en un hombre de 70 kg) lo
conforma el LEC que se subdivide en el liquido intersticial (LI) y el plasma sanguineo,
también conocido como VI (1) (Fig. A).

El LI es el volumen que rodea a las células en los diversos tejidos del ser vivo y
representa tres cuartas partes del LEC (alrededor de 10.5 L). La cuarta parte restante del
LEC (alrededor de 3.5 L) la constituye el VI, el cual comprende la fraccion liquida y
acelular de la sangre. El volumen sanguineo (VS), que constituye de 70 a 80 mL/kg en
un adulto sano, esta conformado por la suma del V1'y el hematocrito (1).

Para sostener el metabolismo celular es fundamental una perfusion tisular adecuada. A
la fraccion del LEC presente en el sistema arterial que se encuentra efectivamente
perfundiendo a los tejidos se le conoce como volumen circulante efectivo (VCE) (700

mL en un hombre de 70 Kkg). Este volumen se regula principalmente mediante

modificaciones en la reabsorcion-excrecion renal de H,O y Na” a través del SRAA (2)
(Fig. 1).

Distribucion de algunos cationes y aniones

enel LECyelLIC
|

150 cationes

exi'gi:.ﬁ ar Liquido intracelular 100
(LEC) 14 L (LIC) 28 L
40% del PC

20% del PC 50

\Membrana celular

Liquido extracelular (LEC)

Liquido Plasma sanguineo 6

im?gsg-‘fial <— Volumen intravascular (VI) E g —

75% del LEC 3.5 L 25% dlel LEC g

N ndotelio capilar 50 = 5

5

Volumen circulante efectivo E

(VICE) 700 mL 100 = =

5% del LEC 'g

: g

: -
PC= peso corporal (70kg) 150

Figura 1. Liquidos corporales y distribucion de los principales cationes y aniones en el
LECy LIC.



El volumen del LEC depende de manera muy importante de la cantidad total de solutos
con actividad osmética. Ya que el Na*, el cloruro (CI") y el bicarbonato (HCO3") son por
mucho los solutos con actividad osmética mas abundantes del LEC, y como los cambios
en el CI'y HCOj3 son en gran medida secundarios a las variaciones en la concentracién
de Na* (debido a su presencia en forma de bicarbonato de sodio NaHCO3 y cloruro de
sodio NaCl), la cantidad de Na" en el LEC es la determinante mas importante de su
volumen y osmolalidad. Por consiguiente, se puede obtener una estimacion de la
osmolalidad plasmatica normal, que oscila entre unos 285 y 295 mOsm/kg H,0,

simplemente duplicando la concentracion plasmatica del Na'.

Una estimacion mas precisa del valor de la osmolalidad plasmatica (Osm,) se obtiene
tomando también en cuenta la contribucion de la urea y la glucosa. En la practica clinica

se puede calcular la osmolalidad plasmatica de la manera siguiente:

Osm, = 2(Plasma [Na" mmol/L]) + [glucosa mg/dL] + [urea mg/dL]
18 2.8

Al utilizar la ecuacion anterior, se deben utilizar las concentraciones de glucosa y urea
expresadas en miligramos por decilitro para que la division por 18 de la glucosa y por
2.8 de la urea, que se mide como el nitrogeno existente en su molécula, permita la
conversion de las unidades de miligramos por decilitro a milimoles por litro y por lo

tanto a miliosmoles por kilogramo de H,O.

Esta estimacion de la Osm, es especialmente util en pacientes con insuficiencia renal
cronica, cuya concentracion plasmatica de urea se encuentra elevada y en aquellos
pacientes con concentraciones plasmaticas de glucosa elevadas y secundarias a la

presencia de diabetes mellitus (1).

Contrario a lo que sucede en el LEC, la concentracion de Na* en el LIC es menor (14
mM) y el ion potasio (K") es el cation intracelular mas abundante (120 mM). Esta
distribucion asimétrica entre el Na" y el K* se mantiene por la accién de la bomba
Na'/K*/ATPasa que se expresa de manera ubicua en las células de todos los organismos

vivos (1).



La composicion anionica del LIC difiere también mucho de la presente en el LEC, con
concentraciones intracelulares bajas de CI" (5 mM) y HCOj3 (12 mM) en comparacién
con las presentes en el LEC (CI" 105 mM y HCO3 25 mM) (Tabla 1).

Na' sodio
10 120
5 .001
Cl" cloruro 105 5
PO, * fosfato 25 100
pH 74 7.1

Tabla 1. pH y concentracidon de algunos cationes y aniones en el LEC y el LIC.

La funcion principal de los rifiones es regular el volumen y la composicion del LEC.
Para lograrlo, filtran grandes volimenes de plasma y reabsorben de manera selectiva

compuestos necesarios para el organismo y secretan a la orina productos de desecho (2).

Los procesos de filtracion, reabsorcion y secrecion renal se regulan de manera precisa
para minimizar cambios en la composicion del LEC. Por lo tanto, en condiciones
normales se produce un volimen y composicion de orina adecuado para la homeostasis
del LEC (2).

Estructura y funcion de los rifiones

Los rifiones son dos organos, de color rojizo, con forma de “frijol” que se localizan en
la cavidad abdominal detras del peritoneo, a los costados de la columna vertebral. En
relacion con la columna vertebral, los rifiones se encuentran ubicados entre la Ultima
vértebra toracica y la tercera lumbar y se encuentran parcialmente protegidos por las
costillas 11y 12 (2).

En promedio, un rifion humano pesa 150 g y mide unos 11 cm de alto, por 6 cm de
ancho y 2.5 cm de grueso. El rifion izquierdo suele ubicarse ligeramente dos centimetros
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maés abajo que el derecho debido a que éste Gltimo estd presionado hacia arriba por el

higado.

Los rifiones se encuentran envueltos por una capsula translucida, delgada y fibrosa la
cual los protege de infecciones, mantiene su volumen al prevenir su hinchamiento y les
confiere cierta proteccion en conjunto con una capa mas externa de tejido adiposo

perinéfrico (1) (Fig. 2).

Los rifiones desempefian diversas funciones en un organismo entre las que se
encuentran regular: a) la osmolalidad, composicion electrolitica, volumen y pH de los
liquidos corporales, b) la excrecion de productos metabolicos y sustancias extrafias y c)

la produccion y secrecion de diversas hormonas (1).

Nefrona cortical Nefrona yuxtamedular

Cépsularenal  Corteza renal
Piramide Meédula renal

Medula renal

Medula renal

Arteria

Arteriola Rty
[ Tabulo proximal | Ttbulo distal eferente Arteriola
[ Asa de Henle [ Tibulo colector aferente lobulillar

Figura 2. Estructura de los rifiones y su unidad funcional, la nefrona.

Los rifiones controlan la osmolalidad de los liquidos corporales la cual es importante
para el mantenimiento del volumen celular normal y regulan la homeostasis de los
liquidos corporales la cual es necesaria para el adecuado funcionamiento del sistema
cardiovascular y sostener los niveles de Ps. Los rifiones también son fundamentales en la
regulacion de varios iones inorganicos importantes para el organismo, como el Na*, K*,
CI', HCOj3,, calcio (Ca*™*), magnesio (Mg*™) y fosfato (PO43) (1).

Muchas de las funciones metabélicas del organismo son extraordinariamente sensibles a

cambios en el pH. Gracias a la accion coordinada de los pulmones, el higado y los
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rifiones, se regula el equilibrio acido-base para mantener dentro de limites muy

estrechos el pH de los liquidos corporales y por lo tanto, una adecuada funcién celular

(1).

Los rifiones excretan numerosos productos finales del metabolismo. Estos productos de
desecho son: la urea (que permite eliminar el nitrégeno procedente de los aminoacidos),
el &cido urico (derivado de los acidos nucleicos), la creatinina (a partir de la creatina
muscular), los productos terminales del metabolismo de la hemoglobina y las hormonas.
Los rifiones representan ademas una via importante para la eliminacion de sustancias

extrafias del organismo, como son los farmacos y otros productos quimicos (2).

Finalmente, los rifiones son organos enddcrinos importantes, que producen y secretan
las hormonas: renina, el calcitriol (1,25-dihidroxivitamina Ds3) y la eritropoyetina. La
renina activa al SRAA, importante para regular los niveles de P, asi como el equilibrio
del Na" y del K*. El calcitriol producido por los rifiones en respuesta a la estimulacion
por la hormona paratiroidea (PTH) regula la correcta reabsorcién renal e intestinal de
Ca™", mientras que la eritropoyetina estimul la formacion de glébulos rojos en la medula
Osea (1:18,19).

Cuando se secciona un rifion por la mitad, se pueden distinguir dos regiones: una region
externa, denominada corteza y una region interna denominada médula. La medula del
rifidn se divide en segmentos cénicos denominados “piramides renales”. La base de
cada piramide se sitda en el borde entre la corteza y la médula y su punta termina en la
papila, situada dentro de una estructura denominada “caliz menor”. Los calices menores
recogen la orina de cada papila y se fusionan dando origen a dos o tres cavidades
denominadas calices mayores, que a su vez desembocan en la pelvis renal. La pelvis
renal constituye la region superior ensanchada del uréter, que se encarga de transportar

la orina desde la pelvis renal hasta la vejiga urinaria (2) (Fig. 2).

A pesar de que los rifiones constituyen menos del 0.5% del peso corporal total, el flujo
sanguineo de ambos rifiones equivale aproximadamente al 25% del GC en resposo. La
arteria renal se ramifica dando lugar sucesivamente a las arterias interlobulares,
arcuatas, interlobulillares y a las arteriolas aferentes que acaban en los capilares

glomerulares. Estos capilares confluyen para formar la arteriola eferente que da origen a
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una segunda red capilar, los capilares peritubulares, que irriga a la nefrona y a los vasos
rectos. Los vasos del sistema venoso se distribuyen de manera paralela a los arteriales y
forman progresivamente las venas interlobulillares, arcuatas, interlobulares y la vena

renal cuyo trayecto se extiende junto al uréter (2).

Estructura de la nefrona

Cada rifidn humano contiene alrededor de 1.2 millones de nefronas, que son tubos
huecos delineados por una Unica capa celular. La nefrona es la unidad estructural basica
y funcional del rifion y consta de un corpusculo renal, un tabulo proximal (TP), una asa
de Henle (AH), un tabulo distal (TD) y un sistema de conductos 6 tubulos colectores
(TC). El corpusculo renal esta constituido por los capilares glomerulares y la capsula de
Bowman. EIl TP da inicialmente varias vueltas (tubulo contorneado proximal) y luego
presenta una porcién recta que desciende hacia la médula. El siguiente segmento es la
AH, formada por la rama delgada descendente (RDDAH), la rama delgada ascendente
(RDAAH) y la rama ascendente gruesa (RAGAH) (2) (Fig. 2).

Cerca del final de la AH, ésta pasa entre las arteriolas aferente y eferente
correspondientes a esa misma nefrona. Este corto tramo de la RAGAH se denomina
macula densa. EI TD comienza poco después de la macula densa y se extiende hasta el
punto de la corteza donde dos 0 mas nefronas se retinen para formar un TC cortical. EL
TC penetra en la médula y se convierte en el tabulo colector medular externo (TC-ME)

y después en el tabulo colector medular interno (TC-MI) (Fig. 2) (2).

Las nefronas pueden subdividirse en corticales y yuxtamedulares. El corpusculo renal
de cada nefrona cortical se localiza en la zona externa de la corteza. Su asa de Henle es
corta y su arteriola eferente se ramifica para dar lugar a los capilares peritubulares que
rodean a los segmentos tubulares de su propia nefrona y de las adyacentes. Esta red
capilar aporta oxigeno y nutrientes importantes a los segmentos tubulares, transporta
sustancias a los tibulos para su secrecion y sirve de via para la recuperacion de H,O y

los solutos reabsorbidos (Fig. 2) (2).

El corpusculo renal de las nefronas yuxtamedulares se localiza en la zona de la corteza

renal adyacente a la médula. En comparacion con las nefronas corticales, las

8



yuxtamedulares se diferencian estructuralmente en dos aspectos importantes: el AH es
mas larga y penetra profundamente en la médula renal y la arteriola eferente no solo
forma una red de capilares peritubulares, sino también una serie de asas vasculares

denominadas vasos rectos (Fig. 2).

Los vasos rectos descienden hacia la médula, donde forman redes capilares que rodean a
los TC y a las dos ramas de la AH. Aungue menos del 1% del flujo sanguineo renal
circula por los vasos rectos, estos vasos desempefian funciones muy importantes como:
a) aporte de oxigeno y nutrientes b) transporte de sustancias a la nefrona para su
secrecion, c) una via de regreso hacia el sistema circulatorio para el H,O y solutos

reabsorbidos y d) la concentracion y dilucién de la orina.

Reabsorcion renal de Na* y niveles de presion sanguinea

El rifion es el regulador mas importante del balance del VI y del Na*, el principal cation
determinante del volumen del LEC y la Osm, (20). Como se discutira en parrafos
posteriores, la reabsorcion de Na" a lo largo de la nefrona, constituye un determinante

critico sobre la regulacién de la Ps.

En condiciones normales, los rifiones filtran diario alrededor de 175 litros de plasma o
VI que contiene ~24.5 moles de cloruro de sodio (NaCl), de los cuales se reabsorbe el
99.5% a traves de diversas rutas coordinadas de transporte transcelular (por medio de
canales, intercambiadores y transportadores) y paracelular (a través de las uniones

estrechas de las células) (20).

Los mecanismos de transporte transcelular de Na* son heterogéneos dependiendo del
segmento de la nefrona en cuestion, no obstante en todos los segmentos existe un
transporte activo de Na® en la membrana basolateral regulado por la bomba
Na'/K*/ATPasa que se encarga de mantener una concentracion baja de Na* (14 mM) en
el interior de las células tubulares y de esa manera generar un gradiente de
concentracion favorable para el Na* y promover su reabsorcion desde la luz tubular a

través de diversas proteinas de transporte presentes en la membrana apical (20,21).



Alrededor del 60% del Na* filtrado por el corpusculo renal, componente de filtracion
inicial de una nefrona, es reabsorbido principalmente de manera transcelular en el TP
por: el intercambiador Na*/proton (H") conocido como NHES3, el cotransportador de
Na*/PO,* conocido como NaPi2, tres cotransportadores de Na‘/glucosa SGLT1-3,
cotransportadores de Na'/aminoécidos y el cotransportador de Na'/sulfato (SO4?)
conocido como NasSi-1 (22-25) (Fig. 3).

A lo largo de la RAGAH donde se reabsorbe el 30% del Na® filtrado, el principal
responsable del movimiento transcelular de Na* es el cotransportador de Na'/K*/2CI,
inhibido por diuréticos tipo asa como bumetanida y furosemida, conocido como
NKCC2 (26-29) (Fig. 3).
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Figura 3. Esquema general de la reabsorcion renal de Na* y sus inhibidores.

En la nefrona distal, que comprende al TD y al TC, se reabsorben el 7% y el 2% del Na*
filtrado respectivamente. En el TD, el encargado de la reabsorcion transcelular de Na*
es el cotransportador de Na*/CI™ conocido como NCC (30), inhibido por diuréticos tipo
tiazida como metolazona e hidroclorotiazida. A lo largo del TC, el responsable del

transporte de Na* es el canal epitelial de Na* conocido como ENaC (31), inhibido por
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algunos diuréticos ahorradores de ion potasio (K*) como la amiloride y triamterene
(Fig. 3).

Desde los afios 60, gracias a los trabajos del Dr. Arthur Clifton Guyton y colaboradores,
hoy sabemos que eventos que favorezcan la reabsorcion renal de Na* elevaran la Ps,
mientras que aquellos que la desfavorezcan, resultaran en una disminucion en los
niveles de Ps (32,33).

La relacion fisiopatoldgica entre la reabsorcion renal de Na* y Ps es predecible a partir
de la homeostasis del LEC (32;34-36). Una elevada reabsorcion renal de Na* necesitara
estar acompafiada de un incremento en la reabsorcién renal de H,O mediada por la
hormona antidiurética (ver mas adelante) para mantener constante la Osm, (~290
mOsm/Kg H,0) y la concentracion plasmatica del Na* (140 mM), quien ademas de ser
el principal cation extracelular, se encuentra de manera muy importante involucrado en

la regulacion de la presion osmotica celular (37).

A través de una elevada reabsorcion renal de Na* y H,O, se favorecera un aumento del
VI, lo cual se traducira en un incremento en el GC. Al recordar que los niveles de P
estan directamente relacionados con los niveles de GC (Ps = GC * Ryp), resulta facil
entender como un incremento en el GC provoca de manera directa un aumento en la Ps.
Cambios tan pequefios en el GC de tan solo 5 al 10% pueden resultar en incrementos de
la presion arterial media (PAM) normal que oscila alrededor de 100mm de mercurio
(Hg) a niveles de hasta 150 mm de Hg (1) (Fig. 4).

PAM-= Presién Diastolica + (Presion sistolica - Presién diastdlica)
3

De manera indirecta, el aumento en los niveles de GC también contribuye a un
incremento en los niveles de la Ps debido al fendmeno conocido como “autorregulacion
del flujo sanguineo por la vasculatura” mediante el cual, la vasculatura normaliza el
aumento del flujo sanguineo y el suministro de oxigeno y nutrientes mediante favorecer

la vasoconstriccion, y por lo tanto incrementos en los niveles de la Ry, (Fig. 4).

Debido a lo anterior, un incremento en el GC y el indirecto aumento en la Ry, por la

autorregulacion del flujo sanguineo por la vasculatura contribuyen de manera
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simultanea al incremento en los niveles de la Ps (38). Por el proceso inverso descrito en
lineas anteriores, al existir una disminucion en los niveles de reabsorcion renal de Na*,

se promovera una disminucion en los niveles de la Ps (Fig. 4).

Homeostasis del LEC

Concentracién plasmatica de Natconstante
140 mM

Osmolalidad plasmética constante
280-295 mOsm/ kg H,0

- +
Aumento en la reabsorcion renal de Na

\d

Aumento en la reabsorcién renal de H,0

\d

Aumento en los niveles del volumen intravascular

\d

Aumento en los niveles del gasto cardiaco |==p»| Autoregulacion del flujo por la vasculatura

v

P= G C X Ryp Aumento en la resistencia vascular periférica

¥ P.=GCx RVP
O

Figura 4. Relacion fisiopatoldgica entre reabsorcion renal de Na* y niveles de presion

® ©® 0

sanguinea.

En resumen, mantener la homeostasis del Na* y por lo tanto del volumen del LEC,
requiere un complejo sistema de sensores y sefiales efectoras que actian principalmente
sobre los rifiones, para regular la reabsorcion-excrecion de Na* y H,O. En una persona
normal, cambios en el volumen del LEC originan cambios paralelos en VI, el GC y la
Ps. Estos tres factores son los principales reguladores de la reabsorcién-excreciéon de
Na’y H,0. Asi pues, el descenso en la reabsorcion renal de Na* conduce a una situacion
denominada “contraccién de volumen” debido a la disminucion del VI, GC y la Ps. Por
el contrario, el ascenso en la reabsorcion renal de Na® conduce a una situacion
denominada “expansion de volumen”, donde existe un aumento en el VI, GC y la Ps.

Cuando el volumen del LEC disminuye, la excrecion de Na* se reduce. Por el contrario,
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la elevacion en el volumen del LEC conduce a un incremento en los niveles de
excrecion de Na®. A dicho mecanismo también se le conoce como natriuresis por

presion y se describira en los parrafos siguientes (2).

Natriuresis por presion

Uno de los mecanismos mas importantes para la homeostasis del VS, y del LEC es el
efecto de la Ps sobre la excrecion renal de Na*y H,O. A dicho mecanismo se le conoce

como diuresis-natriuresis por presion.

En general, una elevacion en los niveles de la Ps resultard en un incremento en el
volumen urinario (diuresis por presion) y de manera similar, una elevacion crénica o
aguda en los niveles de la Ps conducira a un incremento en los niveles de excrecién
renal de Na* (natriuresis por presion). Dado que la diuresis y natriuresis por presion se
presentan de manera simultanea, al hablar de natriuresis por presién se da por hecho que
existe también pérdida renal de H,O (diuresis) 0 la generacion de un mayor volumen
urinario (Fig. 5) (2).

Mediante el mecanismo de natriuresis por presion se puede reducir notablemente el
volumen del LEC v los niveles de la Ps al favorecer la eliminacion de Na* y H,O0. Lo
anterior es muy importante ya que durante una adecuada funcion renal, a través del
mecanismo de natriuresis por presion, grandes cambios en la ingesta de electrolitos
(Na") y H,0 pueden ser tolerados en el organismo mediante ajustes en la Ps, y por lo

tanto de la excrecion de Na* y H,0 (Fig. 5).

Un incremento en la ingesta de Na® por arriba de su excrecion renal ocasionaria un
incremento temporal del LEC y la Ps. Sin embargo, gracias al mecanismo de natriuresis
por presion, estos cambios en el LEC o VS son imperceptibles debido principalmente a
que el mismo aumento en los niveles de la Ps, favorece una mayor excrecion de

volumen urinario y de Na”.

La eficacia del mecanismo de natriuresis por presion para prevenir grandes cambios en

el VS se puede observar en la figura E, la cual muestra que cambios en el VS son
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practicamente imperceptibles a pesar de grandes variaciones en la ingesta de H,O y de
Na’ (2).

Excreciéon de volumen urinario
y de Na*(num de veces lo normal)

Volumen sanguineo (litros)

Natriuresis por presion

= Crénico r

Punto de equilibrio en
condiciones normales

|
| 1 | | 1 | I I I I
0 20 40 60 80 100 120 140 160 180 200

Presién arterial media (mmHg)

Regulacién del volumen sanguineo

e —
Rangos normales

[

1 2 3 4 5 6 7
Ingesta diaria de HO y electrolitos (Na™)
(litros)

Excrecién de volumen urinario

Natriuresis por presién
== Agudo

Punto de equilibrio en
condiciones normales

yde Na' (num de veces lo normal)
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| == Normal

. +
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Hipertensién
esencial

Ingesta normal de Na*
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kel

0 20 40 60 80 100 120 140 160 180 200
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Figura 5. Natriuresis por presion y regulacion de los niveles de presion sanguinea.

A lo largo de la evolucion, multiples refinamientos se han afiadido al sistema de

natriuresis por presion para hacerlo mas exacto en el control de la reabsorcidn-excrecién

de Na* y H,0. Un refinamiento importante y que se discutira en los parrafos siguientes

es lo que conocemos como el SRAA.

Sistema Renina Angiotensina Aldosterona (SRAA)

Se le considera el regulador maestro de los niveles de la Ps a mediano y a largo plazo

por varias razones (13-15), una muy importante es la basada en los elegantes trabajos

realizados por el grupo del Dr. Richard Lifton en la Universidad de Yale, donde ha

demostrado que todos los desordenes mendelianos con un impacto sobre la homeostasis
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de los niveles de la Ps, son ocasionados por mutaciones que afectan la reabsorcion renal
de Na"y H,O mediada por el SRAA (ver méas adelante) (39-44).

Diversos estimulos pueden favorecer la funcién y activacion del SRAA para regular los
niveles de la Ps como por ejemplo: a) disminucion de los niveles de la Ps (2), b) una
menor perfusion del glomérulo (2), ¢) disminucion en la cantidad de Na* que llega a las
células de la macula densa (dieta baja en NaCl) (3) 6 d) estimulacion del sistema

nervioso simpatico a través de los receptores B1 adrenergicos (45,46).

En presencia de alguno de los estimulos mencionados, se favorece la secrecion de la
aspartil proteasa renina desde células modificadas del musculo liso de la arteriola
aferente glomerular, conocidas como células granulares del aparato yuxtaglomerular
(47) (Fig. 6).

Nefrona Corpisculo renal y aparato juxtaglomerular

- Cépsula de Bowman Podocito Glomérulo  Célula endotelial

Arteriocla
eferente

mesangiales

ﬁ Células

granulares

4

Arteriola aferente
Algunos factores que favorecen la secrecion de renina desde las células granulares:

Disminucién de los niveles de Ps

Menor perfusion del glomérulo, dieta baja en NaCl

Disminucion en la cantidad de NaCl que llega a las células de la mécula densa
Estimulacion del sistema nervioso simpético a través de los receptores [i1 adrenérgicos

Figura 6. Corpusculo renal, aparato juxtaglomerular y secrecion de renina.
La renina liberada llevara a cabo la proteo0lisis del angiotensindgeno secretado por el

higado para favorecer la formacion del deca-péptido angiotensina I (Asp-Arg-Val-Tyr-
Ile-His-Pro-Phe-His-Leu) (Fig. 8).
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Una vez formada la angiotensina I, esta sufrira una hidrolisis que ocurre principalmente
en los pulmones, por la enzima convertidora de angiotensina (ECA), resultando en la
produccion del octa-péptido angiotensina 1l (Asp-Arg-Val-Tyr-lle-His-Pro-Phe) (Fig.
8).

Angiotensina |l Receptor acoplado a Fosfatidil inositol  1,2-Diacilglicerol
proteinas Gag 4,5-bifosfato (DAG)
= Receptor ATy

II'.'.'.".'.'.'.'.'ZZI%.’IZZ LEALEL LN

b i
Subunidad o« Gq Fosfolipasa C-B !l [%

activada activada @ Pproteina cinasa C

i i . activada
Inositol 1,4,5-trifosfato
P, =~

CanaldeCa™
Lumen del reticulo endoplasmico

bierto por IP

Figura 7. Angiotensina Il y generacion de IP; y DAG.

La angiotensina Il, a través de sus receptores AT; acoplados a proteinas Gaq,
favorecera la activacion de fosfolipasa C tipo beta (PLC-B), hidrolisis de fosfatidil
inositol 4,5-bifosfato (PIP2) y la generacion de segundos mensajeros como inositol
1,4,5-trifosfato (IP3) y 1,2-diacilglicerol (DAG) (48) (Figs. 7y 8).

La formacion de DAG e IP;3 favorece la activacion de la proteina cinasa C (PKC) y el
incremento en las concentraciones citoplasmicas del ion calcio (Ca™) (49). Con lo
anterior, se promueven diversos efectos entre los que se encuentran: a) vasoconstriccion
sobre la vasculatura periférica (50) b) secrecion desde la neurohipofisis de la hormona
antidiurética (ADH) (51,52) y c) la secrecion desde la glomerulosa adrenal de la

hormona mineralocorticoide aldosterona (1;53) (Figs. 7y 8).

Al activar al SRAA y favorecer: a) el incremento en la Ry, al promover la
vasoconstriccion arterial mediada por angiotensina Il y b) elevar el VI y VCE al
promover la reabsorcion renal de H,O y Na* mediada por ADH y aldosterona, se elevan

y restauran a su normalidad los niveles de la Ps (48).
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Figura 8. Esquema general de acciones del sistema renina angiotensina aldosterona.

Hormona antidiurética

La ADH es una hormona de nueve aminoacidos (('Jys-Tyr-Phe-GIn-Asn-(IJys—Pro-Arg-
Gly), con un puente disufuro entre las dos cisteinas de su secuencia, que se sintetiza en
las células neuroendocrinas localizadas en los nucleos supradptico y paraventricular del
hipotalamo. Una vez sintetizada, la ADH se almacena en granulos que se transportan a
lo largo de los axones neuronales y se acumulan en las terminaciones nerviosas situadas

en la neurohipofisis desde donde se lleva acabo su secrecion (2) (Fig. 9).

La ADH a través de sus receptores V1 acoplados a proteinas Goqg promueve el
incremento en la Ry, al favorecer la vasoconstriccion arterial. Por otro lado, la ADH a
menores concentraciones plasmaticas, a través de sus receptores V2 acoplados a

proteinas Gas actla sobre los rifiones con el fin de regular: a) la reabsorcion de urea en
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la el TC-MI y la RDDAH, b) la reabsorcion de Na* a lo largo de la RAGAH, TDy TC
asi como c) la reabsorcién de H,O en el TC. Con lo anterior la ADH regula los niveles
del LEC, Ps, el volumen y la concentracion urinaria. Cuando las concentraciones
plasmaticas de la ADH son bajas, se excreta un gran volumen urinario (diuresis acuosa)
y la orina esta diluida. Cuando sus valores plasmaticos estan elevados, se excreta una
pequefia cantidad de orina concentrada o hiperosmotica con respecto al plasma
(antidiuresis) (Fig. 11) (2).

Existen dos mecanismos que regulan de manera importante la secrecién de la ADH: a)
el osmatico y b) el hemodinamio (2). Dentro de estos dos mecanismos, el osmaético es el
mas importante ya que cambios en la Osm, de tan solo 1% son suficientes para

modificar de manera dramatica la secrecion de la ADH (Fig. 9).

Control osmético de secrecion de ADH Control hemodinamico de secrecién de ADH
14— 14—
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Figura 9. Mecanismos que regulan la secrecion de la hormona antidiurética.
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Otros factores que pueden modificar la secrecion de la ADH son las nauseas, el péptido
natriurético auricular y la angiotensina Il. Diversos productos tambien influyen sobre la
secrecion de la ADH. Por ejemplo la nicotina la estimula, mientras que el etanol la
inhibe (2) (Fig. 9).

Control osmético de la secrecion de ADH

El principal factor que determina los niveles de secrecién de la ADH es la variacion en
la Osm,. Cuando la Osm, aumenta, los osmorreceptores hipotalamicos envian sefiales a
las neuronas sintetizadoras de la ADH situadas en los nicleos supradptico y
paraventricular para estimular su secrecion. Por el contrario, cuando disminuye la Osm,
se inhibe la secrecion de la ADH (2) (Fig. 9).”

En la figura 9 se representa el efecto de los cambios en la Osm, sobre las
concentraciones circulantes de la ADH. El punto de ajuste del sistema es el valor de la
Osmy, desde el cual comienza la secrecion de ADH. En individuos sanos dicho punto de
ajuste oscila entre 280 y 295 mOsm/kg H,O. Por debajo de esta cifra, practicamente no
existe secrecion mesurable de esta hormona. Sin embargo, a medida que aumenta la
Osmy, la secrecion de ADH es notoria y refleja la sensibilidad de este sistema para
favorecer la reabsorcion renal de H,O y Na’ y el reestablecimiento de los niveles

normales de la Osmy,.

Control hemodinamico de la secrecién de la ADH

La disminucion dréastica del VS (hipovolemia) o de los niveles de la Ps favorecen la
secrecion de la ADH. Los barorreceptores responsables de esta respuesta son sensibles
al estiramiento de la pared de su estructura y se localizan tanto en la auricula izquierda
cardiaca y vasos pulmonares (zona de baja presion), asi como en el seno carotideo y
cayado aortico del sistema circulatorio (zona de alta presion). Los barorreceptores de
baja presion responden a cambios en el VS, mientras que los de alta presion lo hacen

frente a modificaciones en los niveles de la Ps (2) (Fig. 9).

Las sefiales desde estos barorrecpetores se transmiten a través de las fibras aferentes de

los nervios glosofaringeo y vago hasta los centros vasomotores del tronco del encéfalo
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encargados de la regulacion de la FC y la Ps. Posteriormente, las sefiales se transmiten
desde estas estructuras hacia las células secretoras de la ADH de los nucleos
hipotaldmicos supradptico y paraventricular. La sensibilidad de este sistema
barorreceptor es menor que la de los osmorreceptores ya que se necesita un descenso del
5al 10% en el VS o en la Ps para que se estimule la secrecion de la ADH (2) (Fig. 9).

Las modificaciones del VS y de la Ps también influyen sobre la respuesta ante cambios
en la Osmj,. Cuando se disminuye drasticamente los niveles del VS 'y de la P, el punto
de ajuste osmdtico se desplaza hacia cifras menores y la pendiente de la curva es mayor.
Cuanso la Ps 0 el VS aumentan ocurre lo contrario, el punto de ajuste osmdtico se

desplaza a cifras mayores y la pendiente de la curva disminuye (2) (Fig. 9).

Transtornos relacionados a la secrecion o efectos de ADH

En pacientes donde existe una disminucion en los niveles de secrecion de la ADH se
presenta una elevada excrecién de volumen urinario el cual se encuentra diluido
(poliuria hipoténica). Para compensar esta pérdida excesiva de H,O, se promueve su
ingesta (polidipsia o sed severa) con el fin de mantener constante la Osm,. Sin embargo,
si el paciente carece de H,O se presenta una severa deshidratacion, disminucién de los
niveles de la Ps y la Osm, aumenta. Esta situacion se denomina diabetes insipida
hipofisaria o diabetes insipida central (DIC). La DIC puede ser hereditaria y con
frecuencia aparece tras un traumatismo craneoencefalico, en neoplasias o infecciones
cerebrales. Los pacientes con DIC presentan un defecto en la concentracion de la orina

que se puede corregir con la administracion de ADH exogena (2).

Cuando se presenta una correcta secrecion de la ADH, pero no se pueden ejercer sus
acciones, los individuos no son capaces de concentrar su orina al maximo. En general
los pacientes no responden normalmente a la ADH debido a mutaciones que afectan al
receptor V2 de la ADH o su via de sefializacion mediante impedir la incorporacién de
canales de H,O conocidos como acuapirna 2 (AQP2) en el TC de la nefrona (ver mas
adelante). Por consiguiente cursan con una elevada excrecion de volumen urinario
(poliuria) y un aumento anormal de la sed (polidpsia) debido a la severa deshidatacion.
Al cuadro clinico mencionado se le denomina diabetes insipida nefrégena. Aunque

existen formas hereditarias, la mayoria de los casos son secundarios a trastornos
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metabolicos o ciertos farmacos. Por ejemplo, aproximadamente el 35% de las personas

que toman litio frente a un trastorno bipolar contraen una diabetes insipida nefrégena

).

El sindrome de la secrecion inadecuada de la ADH (SIADH) es un transtorno que se
caracteriza por concentraciones plasmaticas de la ADH superiores a las normales que se
puede ocasionar por infecciones, el uso de antineoplasicos y neuropatias. En pacientes
con SIADH la excrecién renal de H,O se encuentra disminuida y por lo tanto, existe una
elevada concentracion urinaria. Debido a la acumulacion de H,O, una caracteristica
clinica importante en pacientes con SIADH es la marcada disminucién en los niveles de
la Osmy, (2).

Mecanismos moleculares de accién natriurética y antidiurética de la ADH

Las principales acciones de la ADH sobre los rifiones son: a) incrementar la reabsorcion
de Na* en la RAGAH vy la nefrona distal al favorecer la actividad de NKCC2, NCC y
ENaC, b) incrementar la permeabilidad de la RDFAH y del TC al H,O al favorecer la
actividad de los canales de agua AQPIl y AQP2 y c) favorecer la permeabilidad a la urea
en el TC-Ml y en la RDFAH al promover la actividad de los cotransportadores de urea
UT-Al, UT-A2y UTA-3.

La ADH incrementa la permeabilidad al H,O de las células principales del TC de la
nefrona al unirse a su receptor V2 acoplado a proteinas Gas y promover la activacion de
la adenilato ciclasa transmembranal (AC), la cual favorecera la formacion de adenosin
monofosfato-3',5' ciclico (AMPc) y activacion de la proteina cinasa A (PKA) (Fig. 10)
(54). La PKA es un complejo tetramérico compuesto por dos subunidades cataliticas y
dos subunidads reguladoras. En presencia de AMPc la inhibicion sobre las subunidades
cataliticas ejercida por las subunidades reguladoras se interrumpe. Con lo anterior, las
subunidades cataliticas de PKA se liberan y son capaces de fosforilar a proteinas
sustratos en residuos de serina y/o treonina. La fosforilacion mediada por PKA altera la
actividad de proteinas blanco para coordinarla con la respuesta a estimulos

extracelulares como la presencia de ADH.
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La PKA lleva a cabo la fosforilacion de la serina 256 presente en el canal de H,O
conocido como acuaporina 2 (AQP2) y dicha fosforilacion promueve la traslocacion de
AQP2 desde vesiculas citoplasmicas hasta la membrana apical de las células principales
del TC y el papel antidiurético de ADH (55-57) (Fig. 10). De manera similar, la PKA
favorecera la llegada a membrana de AQP1 a lo largo de la RDFAH para favorecer la

reabsorcién de H,O en este segmento de la nefrona necesario para la concentracion-
dilucion urinaria.

De manera paralela, la ADH tendré efectos antinatriuréticos al favorecer la reabsorcion

renal de Na* en la RAGAH, el TD y a lo largo del TC de la nefrona, al promover la
actividad de NKCC2, NCC y ENaC (58) (Fig. 10).

Célula epitelial del la Rama Ascendente Gruesa del Asa de Henle
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Figura 10. Mecanismos moleculares de accion antidiurética de ADHenel TCy
antinatriurética en la RAGAH, TD y TC de la nefrona. (Los nimeros indican el orden

de eventos)

22



En la RAGAH, la ADH promovera la actividad de NKCC2 mediante incrementos
intracelulares de AMPc y eventos de fosforilacion por PKA que resultaran en la
fosforilacion de los residuos de treonina 96 y 101 y la insercion de NKCC2 en la
membrana apical de las células epiteliales de la RAGAH (59,60) (Fig. 10).

De manera similar, en el TD de la nefrona, la ADH favorecera una mayor actividad y
Ilegada a membrana de NCC al promover la fosforilacion de NCC en los residuos de
treonina 53 y serina 71 (61), mientras que a lo largo del TC, mediante la activacién de
PKA, se favorecera la fosforilacion de la E3 ubiquitina ligasa de la familia de las HECT
conocida como Nedd4-2 (neural precursor cell expressed, developmentally down-
regulated 4-2) en los residuos de serina 221, treonina 246 y serina 327. La fosforilacion
en estos aminodcidos presentes en Nedd4-2 impedird la interaccion entre Nedd4-2 y
ENaC favorecida por los dominios WW (regidnes ricas en aminoécidos de triptofano)
presentes en Nedd4-2 y el dominio PY (Pro-Pro-Xaa-Tyr) localizado en cada una de las
tres subunidades (a-alfa, f-beta y y-gamma) que constituyen a ENaC (62). Al impedir la
interaccion entre Nedd4-2 y ENaC, se prevendra la poli-ubiquitilacion de ENaC, su
endocitosis, degradacion proteosomal y lisosomal y por lo tanto: se aumentara la
expresion de ENaC a nivel de la membrana apical de las células principales del TC y

una mayor reabsorcion de Na" en este segmento de la nefrona (63) (Fig. 10).

La activacion mediada por ADH del cotransportador NKCC2 en la RAGAH y de los
transportadores de urea UT-Al y UTA-3 en el TC-MI asi como de UT-A2 en la
RDDAH, son procesos criticos para sostener el mecanismo conocido como
multiplicacién por contracorriente (MPC). Mediante el MPC vy la accién coordinada de

la ADH se puede llevar a cabo el proceso de concentracion y dilucién de la orina.

Mecanismo de multplicacion por contracorriente y concentracion-dilucion urinaria

Los rifiones pueden excretar orina diluida o hipo-osmdtica con respecto al plasma
(proceso conocido como diuresis acuosa) o excretar orina concentrada o hiperosmotica
con respecto al plasma (proceso conocido como antidiuresis). Para lograr lo anterior, se

requiere que el H,O de la orina sea separada de los solutos (2) (Fig. 11).
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La orina hipo-osmdtica se forma al reabsorber solutos desde la luz tubular de la nefrona
sin permitir que el agua los siga. Mientras que para la formacion de orina hiperosmética,

el H,O debe ser removida de la luz tubular sin la remocién de solutos.

Debido a que el movimiento pasivo del H,O solo puede ocurrir desde una region de baja
presion osmotica a una de elevada presion osmatica (proceso conocido como 6smosis).
Para generar una orina hiperosmética y remover H,O desde la luz tubular de la nefrona,
los rifiones deben ser capacer de generar una zona de eleveda presion osmdtica

alrededor de la nefrona (2).

Alrededor de la AH, debido a la alta concentracion de Na* y de urea se encuentra la
zona de elevada presién osmética. Debido a su localizacion se le conoce como

instersticio medular hiperosmético (IMH).

A lo largo de la AH y especialmente en la RAGAH es donde se separa el H,O de los
solutos. Por lo tanto, para la formacion de una orina hipo-osmética o hiper-osmotica se
requiere del adecuado funcionamiento de la AH y de la generacién del IMH alrededor

de ella.

Para la comprension del mecanismo de produccion de una orina concentrada o diluida

se deben tener presente diversos aspectos entre los que se encuentran los siguientes:

La reabsorcion de Na* mediada por NKCC2 a lo largo de la RAGAH diluye el liquido
tubular y el Na’ reabsorbido se acumula en el intersticio medular elevando su
osmolalidad (IMH).

La acumulacion de Na* en el intersticio medular es decisiva para la produccion de orina
hiper-osmética con respecto al plasma ya que proporciona la energia osmética para la
reabsorcion de H,O por medio de AQP2 a lo largo del TC en presencia de la ADH.

Al proceso global de generacion del gradiente hiperosmotico en el intersticio medular
por parte de la RAGAH, se denomina multiplicacion por contracorriente (MPC). Este
término se debe tanto a la forma, asi como a la funcion del AH. Dicho segemento de la

nefrona esta formado por dos ramas paralelas con un flujo del liquido tubular en
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sentidos opuestos (flujo por contracorriente, el liquido fluye hacia la médula por la rama

descendente y desde la médula por la rama ascendente) (Fig. 11).

La RAGAH es impermeable al agua y reabsorbe Na* desde el liquido tubular gracias a
las acciones de NKCC2. Por lo tanto, el liquido se va diluyendo en su interior. A esta
separacion de Na'y H,O por la RAGAH se denomina “efecto Gnico” del proceso de
MPC (2).

Como se ha mencionado, el Na* extraido desde el liquido tubular de la RAGAH se
acumula en el intersticio medular circundante aumentando su osmolalidad. Dado que la
RDFAH es muy permeable al H,O debido a la presencia del canal de agua conocido
como acuaporina 1 (AQP1), entre mayor sea la osmolalidad del intesticio medular
generada por NKCC2, mayor cantidad de H,O se reabsorberd en la RDDAH y se
concentrara el liquido tubular en este segmento de la nefrona. ElI flujo por
contracorriente en las ramas descendente y ascendente del AH amplia o “multiplica” el

gradiente osmotico entre el fluido tubular de ambas ramas (Fig. 11).

En primer lugar, se describird como se excreta una orina hipo-osmética, cuando los

valores plasmaticos de ADH son bajos.

Debido a que la reabsorcion de solutos en el TP de la nefrona estd siempre acompariada
de la reabsorcién de una cantidad proporcional de H,O. En el TP no se produce la
separacion entre solutos y H,O y el fluido que entra a la RDDAH tiene una

concentracion osmética similar al plasma (aproximadamente 300 mOsm/kg H,0) (2).

Gracias a la presencia de AQP1 a lo largo de la RDDAH, ésta es muy permeable al H,O
y mucho menos a los solutos como el Na“ y la urea. En consecuencia, al ir
profundizando el fluido tubular por la rama fina descendente hacia la médula
hiperosmotica, el agua se reabsorbe debido al gradiente osmotico (mayor osmolaridad
en el intersticio medular) creado por la constante reabsorcion de Na® mediada por
NKCC2 a lo largo de la RAGAH para generar el IMH (Fig. 11).

Aunque la osmolalidad del fluido tubular y del intersticio medular tienden a igualarse

debido a la salida de H,O por AQP1 desde la RDDAH, sus composiciones son
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diferentes. La concentracion de Na* en el liquido tubular de la rama fina descendente es
mayor que en el liquido intersticial circundante. Sin embargo, el de la urea es menor en

el liquido tubular que en el liquido intesticial (2).

La RDDAH es impermeable al H,O pero permeable al Na* y la urea. En consecuencia,
al ascender el fluido tubular por esta rama, se reabsorbe pasivamente Na*, mientras la
urea difunde también pasivamente hacia el fluido tubular (la concentracion luminal de
urea es menor que la intersticial). El efecto neto es que el volumen del liquido tubular
permanece fijo a lo largo de la RDAAH, pero la concentracion de Na* disminuye y la de
urea aumenta. En conjunto, la salida de Na* desde la luz de la rama fina ascendente

supera a la entrada de urea y el fluido tubular se diluye (Fig. 11).

Como se puede observar, para lograr la concentracion o dilucion urinaria se emplean las
diferencias en las propiedades de transporte a todo lo largo de la AH (Tabla 2). La
RAGAH es impermeable al H,O y a la urea y a lo largo de este segmento de la nefrona
se reabsorbe activamente Na* desde el liquido tubular por medio de NKCC2 y por tanto,
el liquido tubular se diluye. La dilucidn llega a tal punto, que esta porcién se denomina
a menudo “segmento de dilucién del rifion”. El fluido tubular que sale de la RAGAH es

hiposmético con respecto al plasma (aproximadamente 150 mOsm/kg H,0) (2).

ausencia de ADH para presencia de ADH para

Nefrona Segmento tubular Na* urea HZO Na* urea HZO

v [ v w v v ww
wlv |- [w| w]-
Wl - |- [W] -] -
N 7 e
| - (w1 - T-
v BV 7 7R

Tabla 2. Propiedades de transporte o permeabilidad de los segmentos de la nefrona que

Rama ascendente gruesa
del asa de Henle

Tubulo colector de la
medula interna

participan en la concentracion-dilucion urinaria.

Gracias a las acciones de NCC y de ENaC, a lo largo del TD y la porcion cortical del

TC se reabsorbe activamente mas Na'. En ausencia de ADH el TC es préacticamente
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impermeable al H,O. Por lo tanto, al reabsorberse mas Na* sin H,0, la osmolalidad del
fluido tubular en estos segmentos de la nefrona disminuye aun mas. En estas
condiciones, el fluido que sale de la porcion cortical del TC es hiposmotico con respecto
al plasma (aproximadamente 100 mOsm/kg H,O) (Fig. 11).

El TC-MI a través de ENaC reabsorbe activamente mas Na* de tal manera que el fluido
tubular se diluye aun méas y la orina tendrd una osmolalidad de tan solo unos 50
mOsm/kg H,O, con concentraciones bajas de Na* y urea. El volumen de orina excretado
puede llegar a ser aproximadamente del 10% de la tasa de filtracion glomerular o en
otras palabras de 18L/dia debido a la impermeabilidad al H,O del TC en ausencia de
ADH (2).

El intersticio de la medula renal tiene una importancia critica para concentrar la orina.
Su presion osmdatica proporciona la energia para reabsorber agua desde la rama fina
descendente del asa de Henle mediante AQP1 y luego desde el TC en presencia de
ADH debido a la insercién a membrana de AQP2. Los principales solutos del intersticio
medular son el Na* y la urea, pero su concentracion no es uniforme en su interior es
decir, existe un gradiente desde la corteza hasta la papila. Tambien se acumulan otros
solutos en el intersticio medular como amonio (NH;") y K*, pero los mas abundantes

son el Na" y la urea (2).

En el limite entre la médula y la corteza, el intersticio tiene una osmolalidad aproximada
de 300 mOsm/kg H,O atribuible practicamente en su totalidad al Na*. Las
concentraciones de Na* y urea aumentan progresivamente hacia la médula. Cuando la
concentracion de la orina excretada es maxima, la osmolalidad del intersticio es
aproximadamente de 1200 mOsm/kg H,O en la papila. De esta cifra, unos 600

mOsm/kg H,O corresponden al Na* y los otros 600 mOsm/kg H,0 a la urea (Fig. 11).

El gradiente de concentracion del Na* en la medula renal se debe a su acumulacion por
los segmentos de la nefrona en la médula renal durante el proceso de MPC. La porcion
mas importante es la RAGAH. La acumulacién de urea en el intersticio medular es méas
compleja y se produce con mayor eficacia cuando se excreta una orina hiper-osmotica
(Fig. 11).
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Al producirse orina diluida, la osmolalidad del intersticio medular desciende. Esta
reduccion se debe casi en su totalidad a la disminucién de la concentracion de urea en el
intersticio medular. En ausencia de ADH se retiran de la membrana los transportadores
de urea UTA-1y UTA-3y la reabsorcion de urea en el TC-MI disminuye (Fig. 11).

</ L U]

NKCC2 NCC ENaC AQP1 AQP2 UT-A1/3 UT-A2 Vasosrectos Nefrona
Mecanismo para la excrecion de orina diluida (diuresis acuosa)
Osmolalidad
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mOsm/kg HO
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Mecanismo para la excrecién de orina concentrada (antidiuresis)
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mOsm/kg H,0
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Figura 11. Mecanismo de multiplicacion por contracorriente, dilucidn y concentracion

urinaria.
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La urea se genera en el higado como un producto del metabolismo de las proteinas y
entra en el fluido tubular a través de la filtracion glomerular. Como se muestra en la
tabla B, la permeabilidad para la urea de la mayoria de los segmentos de la nefrona
encargados de la concentracién y dilucion urinaria es relativamente baja. Una
importante excepcion es el TC-MI, que tiene una permeabilidad alta y se eleva ain més
con la ADH dedido a la activacion y llegada a membrana de UTA-1 y UTA-3. Al
avanzar el liquido a lo largo de la nefrona y reabsorberse el H,O en el TC, aumenta la
concentracion de urea en el fluido tubular. Cuando este liquido con abundante urea llega
al TC-MlI, donde la permeabilidad para la urea no solo es alta sino que aumenta en
presencia de ADH, la urea se reabsorbe por medio de UT-Al y UT-A3 hacia el liquido

intersticial medular, donde se acumula para generar el IMH (2).

Parte de la urea del intersticio entra en RDDAH (a traves de UT-A2) y ascendente del
asa de Henle. Esta urea queda atrapada entonces en la nefrona hasta que llega de nuevo
al TC-MI, donde puede regresar al intersticio medular. Por lo tanto, la urea recircula
desde el intersticio a la nefrona. Este proceso de recirculacion facilita su acumulacién en

el intersticio medular (Fig. 11).

A continuacién se describira como los rifiones pueden excretar una orina concentrada

cuando la Osm, y los valores plasmaticos de ADH son elevados.

Como se ha mencionado, debido a la reabsorcion de Na* por NKCC2 a lo largo de la
RAGAMH, el fluido tubular que llega al TC es hipo-osmdtico con respecto al liquido
intersticial circundante. Una vez presente el IMH y el gradiente de concentracion
favorable para la reabsorcion de H,O desde el TC, lo Unico que se requiere es que el TC
sea permeable al H,O, lo anterior se logra en presencia de la ADH quien favorecera la
llegada a membrana de AQP2 en el TC y mediante la reabsorcion de H,O en este

segemento de la nefrona comienza el proceso de concentracion urinario.

En presencia de ADH se aumenta la permeabilidad a la urea de la ultima porcién del TC
medular. Dado que la concentracion de urea en el liquido tubular ha aumentado por la
reabsorcién de agua en la corteza y en la zona externa de la médula, su concentracion en
el liquido tubular es mayor que en el intersticial y algo de la urea difundira fuera de la

luz tubular hacia el intersticio medular.
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La orina producida cuando los valores de ADH son elevados tendra una osmolalidad de
1200 mOsm/kg H,O y contendra concentraciones altas de urea y otros solutos no
reabsorbidos. La urea del liquido tubular tiende a equilibrarse con la urea intersticial por
lo que su concentracion en la orina es semejante a la del intersticio. En estas

condiciones, la diuresis puede ser de tan solo 500 mL/dia (2).

Mecanismos moleculares de accidon de la hormona aldosterona

Por su parte, la homona esteroidea aldosterona favorecera la secrecion de K' y la
reabsorcion de Na* en la nefrona distal al modular la actividad de sistemas de transporte
ionico localizados en la membrana apical y basolateral de las células epiteliales

presentes en este segmento de la nefrona (64).

Para llevar a cabo sus funciones, la aldosterona promovera la expresion a nivel
transcripcional y de proteina de una variedad de genes, entre los que se encuentran
aquellos que codifican para: a) la bomba Na'/K* ATPasa, b) subunidad o de ENaC y ¢)
la serina treonina cinasa inducible por suero y por glucocortlcoides tipo 1 (SGK1) (Fig.
12). Lo anterior se logra cuando la aldosterona activa a un receptor nuclear que es un
factor de transcripcion conocido como receptor a mineralocorticoides (RM). La
activacion del RM por aldosterona involucra la interaccion fisica y formacion de un
complejo entre la aldosterona y el RM. Una vez formado dicho complejo, este migrara
al nucleo celular donde favorecera la expresion a nivel transcripcional de los genes

mencionados (2) (Fig. 12).
El incremento en los niveles de expresion de la cinasa SGK1 (65) y su posterior

activacion mediada por aldosterona, son procesos criticos para promover y sostener la

reabsorcion de Na* y la secrecion de K™ en la parte distal de la nefrona.
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Figura 12. Mecanismo clasico de accion de aldosterona a través del RM. (Los circulos

con nameros sefialan el orden de eventos).

Para alcanzar la activacion de SGK1, se requieren de eventos de fosforilacion a través
de una cascada de sefializacion mediada por la fosfatidil inositol 3-cinasa (P13K) y las
cinasas tipo 1y 2 dependientes de IP; (PDK1y PDK2) (66) (Fig. 13).

A través de PI3K y PDK1, se lleva a cabo la fosforilacion del residuo de serina 422
presente en SGK1. Una vez fosforilada la serina 422 y con el fin de alcanzar la
actividad méaxima de SGK1, se promovera la fosforilacion del residuo de treonina 256
por la cinasa PDK2 reclutada por la serina treonina cinasa sin lisina tipo 1 (WNK1)
(responsable del desarrollo del Sindrome de Gordon ver mas adelante) previamente
fosforilada en el residuo de treonina 58 por la proteina cinasa B (PKB) (67) (Fig. 13).

La fosforilacion de SGK1 en los residuos de treonina 256 y serina 422, le permitiran a

SGK1 promover la reabsorcion de Na™ y la secrecion de K* en la parte distal de la

nefrona al llevar a cabo las siguientes acciones:
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Célula epitelial del Tubulo Distal de la nefrona

\

Vesiculas con
ROMK

Aldosterona

Aldosterona

Figura 13. Mecanismo de accion de aldosterona en el TD y TC de la nefrona.

a) Fosforilar a la serina treonina cinasa WNK4 (también responsable del desarrollo del
Sindrome de Gordon, ver mas adelante) en la serina 1169 y de esa manera eliminar la
inhibicion ejercida por WNK4 sobre el cotransportador NCC y el canal apical de K*
conocido como ROMK (68).
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b) Fosforilar a ROMK en el residuo de serina 44 y de esa manera promover una mayor
llegada a la membrana apical de canales de K" y por lo tanto: elevar los niveles de
secrecion de K* (69).

c) Fosforilar a Nedd4-2 en los residuos de serina 221, treonina 246 y serina 327 para
prevenir que interactue con ENaC y de esa manera evitar la poli-ubiquitilacion de
ENaC, su endocitosis, degradacién proteosomal y promover una mayor reabsorcion de
Na’ a lo largo del TC de la nefrona debido a una mayor cantidad de ENaC en la
membrana apical (70-73).

Recienteme se ha encontrado que la aldosterona también favorece la reabsorcion de Na*
en el TD mediante la activacién de NCC a través de su fosforilacion (al menos en rata)
de los residuos amino terminales: treonina 53, treonina 58 y serina 71. Es importante
mencionar que dichos residuos son requeridos para sostener la actividad basal de NCC y
su activacion durante la presencia de la ADH ¢ maniobras de deplecién intracelular de
CI (74,75).

La fosforilacion de dichos residuos parece ocurrir a traveés de la cascada de sefializacion
que involucra a las cinasas WNK1 y WNK4 las que a su vez fosforilan y activan a las
cinasas SPAK y OSR1 las cuales interactuan fisicamente con NCC y lo fosforilaran en
los residuos amino terminales mencionados (ver més adelante) (74) (Fig. 13).

Modificaciones en los niveles de presidon sanquinea

Hipertension arterial

La hipertensién arterial (HTA), o Ps elevada es un problema de salud puablica, ya que
constituye un importante factor de riesgo para el desarrollo de la ateroesclerosis, y de
causas comunes de morbilidad y mortalidad como lo son: a) el infarto agudo al
miocardio, b) evento vascular cerebral, c) insuficiencia arterial periférica y d)

enfermedad renal terminal (76).

33



Por parte del séptimo reporte del comité nacional conjunto para la prevencion,
deteccion, evaluacion y tratamiento de la HTA (JNC7 por sus siglas en inglés) (77,78),

la clasificacion de los niveles de HTA es la mostrada en la tabla C (3):

Clasificacion Presion sistélica (mm Hg) Presién diastélica (mm Hg)
Normal <120 <80
Pre-hipertension 120-139 80-89
Hipertension etapa 1 140-159 90-99
Hipertension etapa 2 >160 >100

Tabla 3. Clasificacion de los niveles de HTA segin JNC7.

A la fecha se ha estimado que la HTA afecta a mil millones de personas alrededor del
mundo. En otras palabras, del 20 al 25% de la poblacion adulta en sociedades
industrializadas la padecen (76). A partir de estudios clinicos, la HTA ha sido definida
como los niveles de Ps en los cuales, una intervencion terapéutica produce beneficio

sobre la salud del paciente (79).

El tratamiento farmacoldgico de la HTA ha permitido establecer que mediante la
reduccién de los niveles de Ps es posible disminuir significativamente el riesgo de
evento vascular cerebral, asi como de infarto agudo al miocardio y enfermedad renal

terminal.

A pesar del importante papel de la HTA como causa de enfermedad, su patogénesis en
el 95-97% de los casos es en gran medida desconocida. A dicha situacion donde se
desconocen las causas precisas que originan el incremento sostenido de los niveles de Ps

se le conoce como HTA esencial (80).

Los estudios epidemioldgicos han documentado el impacto de una gran variedad de
factores entre los que se encuentran: la edad, el género, el indice de masa corporal y la
dieta (81). No obstante, el definir las causas de HTA a partir de estudios fisioldgicos ha
sido dificil debido principalmente a las causas multifactoriales, demogréficas y

ambientales que la ocasionan (82).
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El desconocimiento del numero de genes que influyen en el desarrollo de alteraciones
en los niveles de Ps, asi como la magnitud de sus efectos, ha puesto hoy en dia al
tratamiento de la HTA como una actividad ampliamente empirica, con alrededor de

setenta diferentes farmacos antihipertensivos disponibles (83-91)

Con el fin de avanzar en la comprension de la patogénesis de la HTA, se han empezado
a estudiar raros desordenes Mendelianos en donde los pacientes cursan con variaciones
en los niveles de Ps debido a la presencia de una sola mutacién en un solo gen

(hipertension o hipotension monogeénica) (92-93).

En afios recientes, los mecanismos moleculares de varias formas monogénicas de
hipertension e hipotension han sido identificados. Como se discutira mas adelante, en
todas estas alteraciones de los niveles de Ps, las mutaciones responsables modifican la
reabsorcion de Na“ y H,O mediada por el SRAA en el rifion. Estudios genéticos
moleculares han identificado mutaciones en diez genes que ocasionan formas
Mendelianas de HTA y mutaciones en doce genes que son responsables del desarrollo

de hipotension arterial (8-16)

Formas monogénicas de hipertension arterial

A la fecha diez genes y uno aun desconocido pero con localizacién cromosémica 1g31-
g42, han sido descritos como blancos para el desarrollo de enfermedades donde los
pacientes cursan con HTA cuando se encuentran mutaciones en ellos (Tabla 4).
Mutaciones en los genes mostrados en la tabla D son responsables del desarrollo de 7

cuadros clinicos donde se presenta HTA monogénica:

e Exceso aparente de mineralocorticoides (EAM)

e Sindrome de Geller o HTA exacerbada en el embarazo (SG)
e Resistencia a glucocorticoides familiar (RGF)

e Aldosteronismo remediable con glucocorticoides (ARG)

o Hiperplasia adrenal congenita (HAC)

e Sindrome de Liddle (SL)
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e Sindrome de Gordon o Pseudohipoaldosteronismo tipo 1l (PHAII)

Simbolo del Localizacién Codifica para Enfermedad con
gene cromosémica hipertensién monogénica

11-B- hidroxiesteroide Exceso aparente de
+218030

HSD1182 16922 deshidrogenasa tipo 2 mineralocorticoides

40311 Receptor de P

NR3C2 Q31 mineralocorticoides 605115
NR3C1 5q31.3 Receptor de +138040

glucocorticoides

18-hidroxilasa
CYP11B2 S (Aldosterona sintasa) LRI

CYP11B1 8921 11-B- hidroxilasa #202010
CYP17A1 10g24.3 17-a-hidroxilasa #202110
SCNN1B 16p12.2-p12.1 Subunidad p de ENaC *600760
. # ubunidad § de ENa Sindrome de Liddle
SCNN1G 16p12 Subunidad y de ENaC OMIM #17720 *600761
Serina treonina cinasa Sindrome de Gordon ¢ .
WK1 12p13.3 WNK1 Pseudohipoaldosteronimo tipo 2c 605232
Serina treonina cinasa Sindrome de Gordon b .
WNK4 17621-G22 WNK4 Pseudohipoaldosteronimo tipo 2b 601844
. . Sindrome de Gordon a N
desconocido 1931-q42 desconocido e P inexistente

Tabla 4. Genes responsbles del desarrollo de enfermedades con HTA monogénica.

Exceso aparente de mineralocorticoides (EAM) OMIM +218030

Es una enfermedad autosomica recesiva que cursa con HTA e hipokalemia (bajos
niveles séricos de K* <3.5 mmol/L) debido a mutaciones del tipo de perdida de funcion
en el gen HSD11B2 que codifica para una enzima, expresada en rifion especificamente
en los segmentos de la nefrona donde la aldosterona lleva a cabo sus funciones,
conocida como 11-B-hydroxiesteroide deshidrogenasa tipo 2 (11-BHSD2). Como se
describird en los siguientes parrafos, las mutaciones en 11-BHSD2 resultan en la

activacion del RM por ligandos no fisiologicos como el cortisol (Fig. 14).

Uno de los enigmas méas grandes en la fisiologia renal se presentd después de clonar a
nivel molecular el RM y encontrar que el cortisol y la aldosterona poseen la misma
afinidad hacia dicho receptor nuclear (94). Dado que las concentraciones plasmaticas de
cortisol se encuentran muy por encima de las de aldosterona, resultaba intrigante

comprender la especificidad, si es que existia, del efecto mineralocorticoide del cortisol
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y la aldosterona. Hoy entendemos mejor como es que puede ocurrir tal especificidad y
se basa en la activididad y expresion de la enzima 11-BHSD2. En condiciones normales,
la 11-BHSD2 se encarga de transformar el cortisol circulante en cortisona la cual no
posee afinidad para el RM. Con lo anterior se puede prevenir que el cortisol pueda
unirse y activar al RM en los segmentos de la nefrona donde la aldosterona lleva a cabo

sus funciones (TD y TC de la nefrona) (95).

En pacientes con EAM, debido a su imposibilidad para convertir el cortisol a cortisona,
se presentan efectos similares a los que ocurren cuando se incrementa la produccion de
aldosterona y la activacion del RM (elevacién en los niveles de reabsorcion de H,O y
Na* y aumento en los niveles de secrecion de K* en la parte distal de la nefrona) y por lo
tanto HTA e hipokalemia (Fig. 14).

Abreviaciones y simbolos Hipokalemia Hipertension
11-pHSD2 11 B hidroxiesteroide deshidrogenasa tipo 2
EAM Exceso aparente de mineralocorticoides
RM Receptor a mineralocorticoides e o
Mayor secrecion Mayor reabsorcién renal
+
&) Molécula con actividad mineralocorticoide renal de K \ / de H,0 y Na*
(ﬁb Molécula sin actividad mineralocorticoide N
Activacion del RM

H

/coou
HO,
ﬁ
ot o

Nombre cientifico: A e
Glyeyrriyza glabra £ N |'3 =
Nombre(s) comunes: |/ \ fd/}g

Regaliz, palo dulce Raiz ae Regaliz Acido glicirrético Aldosterona
H l
o}
Ho,
o 11-BHSD2
Sin activacion de RM  mm—— 4
¢} [0}
Cortisona Cortisol

Mutaciones en EAM
A(L114-E115),R208H, R208C,R213C
D223N, P227L,R279C, A(Y338),R337C

Figura 14. Mecanismo molecular responsable del desarrollo de EAM.

De manera interesante, la ingesta excesiva y crénica de productos fabricados
(infusiones, gomas de mascar, caramelos) a partir de extractos de la raiz de la planta
Glycyrrhyza glabra, también conocida como regaliz, puede resultar en la fenocopia de

EAM vy por lo tanto el desarrollo de HTA e hipokalemia debido a dos razones
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principalmenente: a) uno de los componentes de la raiz del regaliz es una molécula
conocida como &cido glicirrético, potente inhibidor de la enzima 11-BHSD2, que impide
la transformacion de cortisol a cortisona y b) el propio &cido glicirrético posee actividad
mineralocorticoide y puede promover la activacion del RM y por tanto la secrecion de

K™ y reabsorcion renal de Na™y H,0, elevando los niveles de Ps (Fig. 14).
Sindrome de Geller (SG) OMIM #605115

Un desorden similar al AME, pero con herencia autosémica dominante es el sindrome
de Geller (SG). ElI SG es ocasionado por una mutacion localizada en el dominio de

unién a ligando localizado en el carboxilo tenrminal del RM (96).

La mutacion responsable del desarrollo del SG es del tipo ganancia de la funcién y
consiste en la sustituciéon del residuo de serina conservado en el RM desde anfibios

hasta humanos en la posicion 180 por un residuo de leucina (S180L) (96).

180 = Incremento en los niveles de progesterona Receptor a mineralocorticoides (RM)
durante la ovulacién y el embarazo Docinindd Domivic te
160 = union a ADN unian a ligando
L 140 4 Hp COOH
E120-
'21 1 964
] 100 = mutacion S810L
2
2 80 Agonista fisiolagico del Agonistas adicionales en el RM mutante
& 60 = RM silvestre I en el Sx. de Geller
n.e i Ivulacién : “ ”: [_rL
30 = |
| s
v T T T T T T T T T T T T T T T T | o o SOCCH
0 4 8 12 16 20 24 28 32 36 40 2
semanas Aldosterona | Progesterona Espironolactona
Condiciones Normales Sindrome de Geller

Secrecién de
‘S

g

B (
|
&5 E—'

Célula epitelial del TD o principal del TC de la nefrona Célula epitelial del TD o principal del TC de la nefrona

J
;%g’ . = v
4

Figura 15. Mecanismo molecular responsable del desarrollo del sindrome de Geller.
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Los pacientes con SG cursan con severa HTA e hipokalemia desde muy temprana edad
debido a que la mutacion S180L en el RM promueve un estado de activacion
constitutiva del RM que se traduce en un incremento en la secrecion de K*, asi como en

una elevada reabsorcion renal de Na* y H,O en ausencia de aldosterona (Fig. 15).

Aunado a lo anterior, la mutacién S180L altera la especificidad del RM de tal manera,
que potentes antagonistas como la espironolactona o ligandos que en condiciones
normales no favorecerian la activacion del RM, como la progesterona, se vuelven

potentes activadores del RM (Fig. 15).

Debido a que durante el embarazo los niveles de progesterona se llegan a incrementar
hasta 100 veces con respecto a su valor normal (1), Geller y colaboradores anticiparon
de manera correcta que la HTA e hipokalemia en pacientes con la mutacién S180L
durante el embarazo empeoraria debido a una aberrante activacion del RM por

progesterona (97) (Fig. 15).

Resistencia a los glucocorticoides familiar (RGF) OMIM +138040

Es un desorden genético donde los pacientes presentan insensibilidad parcial o
generalizada a los glucocorticoides que se traduce en HTA, alcalosis metabdlica (pH
sanguineo mayor a 7.45), fatiga cronica y aumento en los niveles de andrégenos debido
a mutaciones en el gen NR3C1 que codifica para el receptor a glucocorticoides (RG)
(98). Las mutaciones responsables del desarrollo de RGF son en su mayoria mutaciones
puntuales (Val571Ala, Asp641Val, Gly679Ser, Val729lle, Phe737Leu, lle747Met, y
Leu773Pro) del tipo perdida de la funcion localizadas en el dominio de union a ligando
del RG, que disminuyen la afinidad de RG por el cortisol y que alteran la

retroalimentacidn negativa a nivel hipotalamico e hipofisario de su sintesis (98).

Como efecto compensador a la insensibilidad o baja respuesta a glucocorticoides, en
pacientes con RGF, se promueve mediante la sobreactivacion del eje hipotalamo-
hipdfisis-suprarenal la elevacién en los niveles de secrecion de la hormona liberadora de

corticotropina (CRH) y de la hormona adrenocorticotropa (ACTH) (99).
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Con lo anterior, el resultado final es una elevada produccion de cortisol,
desoxicorticoesterona y corticoesterona, asi como en una elevada sintesis de androgenos
como A4-androstenediona, dehidropiandrosterona y dehidropiandrosterona-sulfato (99)
(Fig. 16).

Debido al gran incremento en la sintesis de cortisol y de intermediarios esteroidogénicos
con actividad mineralocorticoide como la desoxicorticoesterona y corticoesterona, se
supera la capacidad de la enzima 11-BHSD2 y el resultado final es la activacion del RM

en ausencia de aldosterona y el desarrollo de la enfermedad (Fig. 16).

Condiciones Normales Resistencia a glucocorticoides familiar

Hipotalamo Hipotalamo Hiporalama Hipatalama
i Poy Ao

ol

¥ y
Adeno

. hipdfisis g

> I
B

¥ c

g © =

= 2
g 3

orteza Suprarenal g za Suprarenal orteza Suprarenal o Corteza Suprarenal
Andrégenos E Andrédgenos Androgenos = Androgenos
3 2
B &
& £
Desoxicortisona Desoxicortisona Desoxicortisona Desoxicortisona
Cortisol Cortisona e Cortisona Cortisol Cortisona Cortisol Cortisona
+ +
Receptor de Receptor de
glucocorticoides glucacorticoides Demaisado cortisol
mutado que supera
1 la actividad
de 11HSD2 y lleva
Acciones clasicas de Bajas acciones de acabo funcidn

alucacorticoides glucocorticoldes mineralocorticolde

Figura 16. Fisiopatologia de la resistencia a a glucocorticoides familiar.

Aldosteronismo remediable con glucocorticoides (ARG) OMIM #103900

Es una desorden genético de herencia autosdmica dominante en donde los pacientes a
pesar de tener niveles normales o bajos de actividad plasmatica de renina, cursan con
HTA sensible a Na*, expansion de volumen y en ocasiones hipokalemia y moderada
alcalosis metabdlica. Como su nombre lo indica el ARG se puede prevenir
completamente mediante la administracion exodgena de glucocoticoides. Una
caracteristica clinica importante en pacientes con ARG es la presencia en orina de
grandes cantidades de esteroides con activididad mineralocorticoide (capaces de activar
al RM) (100).
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El ARG se presenta debido a un entrecuzamiento cromosomico aberrante durante la
meiosis celular que resulta en la generacion de un gen quimérico entre dos genes
altamente homologos (alrededor de 95% de homologia a nivel de secuencia)
involucrados en la biosintesis de mineralocorticoides y localizados en tandem en el
cromosoma 8 humano. Los genes involucrados en la formacion del gen quimérico son:
a) el que codifica para la aldosterona sintasa (CYP11B2) y b) el que codifica para la

enzima 11 hidroxilasa (CYP11B1) (101-103).

La actividad de la aldosterona sintasa es el paso limitante para la biosintesis de
aldosterona desde la glomerulosa adrenal en respuesta a Angiotensina Il, mientras que
la actividad de la 11p hidroxilasa es critica para la biosintesis del cortisol en la

fasciculata adrenal en respuesta a la hormona ACTH.

El gen quimérico resultante consiste en la fusion entre la regién promotora del gen para
la 118 hidroxilasa y la region codificante para la aldosterona sintasa. En el ARG,
gracias a la formacion de dicho gen quimérico, la biosintesis de aldosterona queda bajo
el control de los elementos reguladores para la sintesis de glucocorticoides (hormona
ACTH) e independiente de los niveles de renina y angiotensina Il (101-103) (Fig. 17).

region B . region g =
3
reguladora

—— 01— OO
Aldosterona sintasa 11B-hidroxilasa

Entrecruzamiento
cromosomico aberrante

regidn i , region ’ 3
reguladora reguladora
—— 1L 1l — —— 11 .
Aldosterona sintasa 11p-hidroxilasa
regidn , region ) i regién ; ’
3 3 5 3
R I —— S O T ——
= g —— I .
Aldosterona sintasa Gene quimérico 11B-hidroxilasa

con actividad de
aldosterona sintasa
bajo la regulaciéon de ACTH

Figura 17. Mecanismo molecular responsable del desarrollo del aldosteronismo

remediable con Glucocorticoides.
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Hiperplasia adrenal congénita (HAC) por mutaciones en 114 hidroxilasa OMIM

#202010 y 17« hidroxilasa OMIM #202110

Son desordenes autosomicos recesivos en los cuales se presentan mutaciones del tipo
pérdida de la funcidn en genes involucrados en la sintesis de cortisol y aldosterona.
Debido a la presencia de mutaciones en los genes que codifican para la 11§ hydroxilasa
y la 17a hidroxilasa se altera o interrumpe la sintesis de cortisol resultando en la
sobreproduccion de ACTH, hiperplasia adrenal y a la acumulacién de precursores
esteroideos del cortisol con actividad mineralocorticoide los cuales provocaran la
activacion del RM vy el desarrollo de HTA debido a una elevada reabsorcién renal de
Na"y H,O (104) (Fig. 18).

Reacciones catalizadas por: Ho o)

17a hidroxilasa
I 11p hidroxilasa
[ 21« hidroxilasa
I aldosterona sintasa

OH

Colesterol

. . . Aldosterona
3pB hidroxiesteroide

deshidorgenasa

. 0 OH | OH
X Q Q
— N HO, X
— ﬁ .
OH 0 o o
a

Pregnenolona Progesterona Desoxicorticoesteron Corticoesterona
OH OH
0,
N N BN SN
OH HO
R OH OH
— — 5
OH 0 o o
17 a-hidroxi 17 a-hidroxi 11 desoxi Cortisol

pregnenclona progesterona cortisol

Figura 18. Biosintesis de cortisol y aldosterona y enzimas involucradas.

Sindrome de Liddle (SL) por mutaciones en a-ENaC, #-ENaC y »ENaC

Es una enfermedad autosémica dominante descrita por primera vez en 1960 (105,106),

donde los pacientes cursan con HTA, hipokalemia, alcalosis metabolica y bajos niveles
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de actividad de renina plasmatica y de aldosterona. Se ocasiona por mutaciones en el
canal epitelial de sodio ENaC expresado en la membrana apical del TC en la nefrona del
rifidn (107,108)(1;2) (Fig. 19).

ENaC estd conformado por 3 subunidades (alfa, beta y gamma) las cuales poseen una
estructura similar ya que comparten entre 32-37% de identidad a nivel de secuencia de
aminoacidos y estan compuestas por dos dominios transmembranales, dos regiones
citoplasmicas intracelulares y una gran region extracelular con alto contenido en
aminoacidos de cisteina. Se ha propuesto que la forma funcional de ENaC esta
constituida por dos subunidades alfa, una subunidad beta y una subunidad gamma
(109)(3).

Na* @ ®

Unién con Nedd4-2 Poli-ubiquitilacion

@ Endocitosis de ENaC
y degradacién

RN

_ AT ) 3
®Adecuado funcionamiento de : - ‘%&
ENaC y reabsorcién de Na*

1 S Na* Na* Na* Na*

+ {315 o ENaC Mayor nimero de
"‘? 7 <. WY v
*“"’ BN o ;‘\(\ /

ENaCs en membrana
Delemén del C terminal que mcluye
@ el motivo PY en By v ENaC @Sln unién con Nedd4-2

\_g

A

®Mayor reabsorcion renal

Nedd4-2 de Na": Hipertension

Sindrome de Liddle
Figura 19. Mecanismo molecular responsable del sindrome de Liddle. (Los circulos

con nameros sefialan el orden de eventos).

La subunidad alfa por si sola es capaz de promover el transporte de Na* mientras que las
subunidades gamma y beta favorecen la actividad de la subunidad alfa. Las primeras
mutaciones descritas en ENaC responsables del sindrome de Liddle fueron localizadas
en las subunidades gamma y beta y resultaron ser mutaciones que ocasionaban cambios
en el marco de lectura o introducian codones de paro en la region carboxilo terminal.
Debido a lo anterior, en el Sx. de Liddle las subunidades beta y gamma de ENaC poseen

una region carboxilo mas corta (45 a 75 aminoacidos menos) (110,111).
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A partir del hecho que los pacientes con SL cursan con severa y temprana HTA, se
infirid de manera correcta que tales mutaciones favorecerian la reabsorcién renal de
Na’. Lo anterior fue corroborado de manera experimental expresando a las subunidades
de ENaC con las mutaciones tipo SL en ovocitos de la rana Xenopus laevis, donde se
observo que la presencia de dichas mutaciones favorecia el transporte de Na* debido a

una mayor cantidad de canales tipo ENaC presentes en la membrana celular.

Para determinar cuales de los aminoacidos perdidos durante las mutaciones tipo Sx. de
Liddle favorecian la actividad de ENaC, se sustituyeron por alanina cada uno de estos
residuos y se encontrd que la alteracion del motivo PY (con secuencia Pro-Pro-Xaa-Tyr)
es la causa del desarrollo de dicho sindrome (4)112). Diversos estudios han podido
establecer que mediante el motivo PY presente en las subunidades que constituyen a
ENaC se puede establecer interaccion fisica con los dominios WW presentes en la E3
ubiquitina ligasa Nedd4-2. Al exisitir mutaciones en elmotivo PY se impide la
interaccion con Nedd4-2 y de esa manera se previene la poliubiquitilacion de ENaC
(113). Al no ser blanco de poliubiquitilacion, ENaC no puede ser removido de la
membrana apical de las células del TC de la nefrona y dirigido a degradacion
proteosomal o lisosomal por lo que mayor cantidad de canales tipo ENaC permanecen
en membrana donde favoreceran la reabsorcion renal de Na* y el desarrollo de HTA
(Fig. 19).

Sindrome de Gordon 6 pseudohipoaldosteronismo tipo 11

Es un desorden autosomico dominante y heterogeneo donde los pacientes cursan con
HTA e hiperkalemia, acidosis tubular renal e hipercloremia a pesar de tener niveles de
actividad de renina plasmatica bajos. Debido a la heterogeneidad genética, el sindrome
de Gordon también conocido como pseudohipoaldosteronismo tipo Il (PHAII) se puede
originar de manera independiente por mutaciones en diferentes genes (114,115)(5;6)
(Tabla 4).

A la fecha, tres diferentes loci han sido encontrados como responsables del desarrollo de
PHAII. EI primero se encuentra en 1931-g42 y es la causa del PHAII clase A (PHAII-
A). El segundo locus se encuentra en el gen que codifica para la serina treonina cinasa
WNK4 y es el responsable del desarrollo del PHAII clase B (PHAII-B). El tercer locus
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es el gen que codifica para la serina treonina cinasa WNKL1 y es el responsable de que se
presente el PHAII clase C (PHAII-C) (116)(7).

Las mutaciones causantes de PHAII-C se localizan en el cromosoma 12 dentro del
primer intron del gen que codifica para WNK1. Dichas mutaciones favorecen un
aumento en la expresién de WNK1 (de aproximadamente 5 veces en leucocitos) y
consisten en dos grandes deleciones de 21761 6 41241 pb las cuales eliminan
secuencias que reprimen (1 represor y 1 insulator) la expresion transcripcional de
WNK1 (116) (Fig. 20).

Por otro lado, mutaciones en el cromosoma 17 dentro del gen que codifica para la serina
treonina cinasa WNK4 son las causantes PHAII-B. Cuatro mutaciones de manera
independiente han sido descritas como causantes del PHAII-B y son: Glu562Lys,
Asp564Ala, GIn565GIlu y Arg1186Cys (116) (Fig. 20).
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Figura 20. Familia de las cinasas WNK y mutaciones en PHAII-B y PHAII-C.
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Todas las mutaciones causantes del PHAII-B se localizan en regiones ampliamente
conservadas entre los demas miembros de la familia de cinasas tipo WNK. De manera
interesante, las primeras 3 mutaciones (Glu562Lys, Asp564Ala, GIn565Glu) involucran
cambios por aminoacidos con carga eléctrica distinta al aminoacido presente en
individuos sanos. Dichos cambios se localizan fuera del dominio catalitico de la WNK4
y rio abajo del primer dominio de interaccion (coiled coil) presente en la region amino
terminal de dicha cinasa, mientras que la cuarta mutacion (Arg1185C) se localiza rio

abajo del segundo dominio de interaccion coiled coil (116,117) (Fig. 20).

Gracias al creciente numero de trabajos cientificos destinados a comprender el
desarrollo y causas del PHAII, hoy sabemos que el cuadro clinico en PHAII se debe
principalmente a incrementos en los niveles de reabsorcion renal de Na* a lo largo la
nefrona distal. De manera muy importante en pacientes con PHAII parece destacar la
sobreactivacién de NCC ya que el fenotipo de pacientes con PHAII se corrije en su
totalidad mediante el empleo de diuréticos tipo tiazida (inhibidores especificos de
NCC). El aumento en los niveles de reabsorcion de Na* en el TD ocasiona que menos
cantidad de Na* llegue a regiones mas distales de la nefrona donde se lleva a cabo el
intercambio de Na* por H" y K*. Debido a lo anterior se excreta menos H" y K"y los

pacientes con PHAII cursan con acidosis tubular hiperkalémica.

Aunque incrementos en la actividad de NCC son clave para el desarrollo de PHAII, en
estos pacientes tambien parece estar afectada la actividad de: ENaC en el TC de la
nefrona (118), ROMK (119), las claudinas 4 y 7 (proteinas expresadas en las uniones
estrechas de las células en la nefrona distal involucradas en el transporte paracelular de
CI) (120,121), los canales de Ca™ TRPV4 y TRPV5 (122,123) y la actividad de las
serina treonina cinasas SPAK y OSR1 las cuales a su vez modularan la actividad de
diversas proteinas citoplasmicas y de transpote (124) (ver mas adelante).Todas las
modificaciones en la actividad de las proteinas mencionadas se presentan porque

WNK1y WNK4 han probado ser importantes reguladores de sus acciones.

Debido a lo anterior, el mecanismo molecular detrds del desarrollo de PHAII es
complejo y parece involucrar alteraciones en la homeostasis y manejo de diversos iones
en la nefrona del rifidon. En los siguientes parrafos nos enfocaremos a describir las
modificaciones presentes en PHAII sobre el manejo de K"y Na* que se encuentran

ligadas al desarrollo de HTA e hiperkalemia.
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WNK1 y WNK4 se expresan de manera importante a lo largo de la nefrona distal donde
NCC lleva a cabo sus funciones. La expresion de WNKZ1 es citoplasmatica, mientras
que la de WNK4 ademas de ser citoplasmatica, se presenta en las uniones celulares
estrechas (125). WNK1 posee diversas isoformas debido a empalme alternativo dentro
de las que se encuentran: una larga (L-WNK1) y una corta (KS-WNKZ1) ausente de
dominio catalitico y expresada en la nefrona distal. L-WNK1 se expresa de manera
ubicua y se encuentra involucrada en la respuesta a estrés osmotico mientras que KS-
WNK1 se expresa especificamente en rifidn y parece estar involucrada en la

sefializacion y respuesta a aldosterona.

En terminos generales, WNK4 regula la actividad de diversas proteinas de transporte
mediante diferentes mecanismos celulares, que en ocasiones dependen (NCC, ENaC) y
en otras no (Claudina 4-7 y ROMK) de su actividad catalitica. En la mayoria de los
casos WNK4 modula la cantidad de proteina presente en la membrana celular y el
efecto ejercido por la cinasa WNK4 es prevenido por la L-WNKZ1, cuyas acciones a su
vez son inhibidas por KS-WNKZ1. Al menos durante la regulacion ejercida sobre
ROMK, para que KS-WNKZ1 antagonize las acciones de L-WNK1 quie a su vez inhibe
a WNKA4 se requieren de: a) sus primeros 30 aminoacidos los cuales son unicos (no se
encuentran presentes en L-WNK1) y son codificados por el exon 4a y/6 b) la region que
corresponderia al dominio autoinhibitorio de L-WNK1 (119).

El mecanismo por el cual un incremento en los niveles de L-WNK1 conduce al
desarrollo de hiperkalemia en PHAII-C es el siguiente: L-WNK1 es un potente
inhibidor de la actividad de ROMK. En pacientes con PHAII-C al existir elevados
niveles de L-WNK1 se promueve la internalizacion y degradacion de ROMK y por lo

tanto una severa disminucion en los niveles de secrecion de K* (Fig. 21).

El mecanismo por el cual un incremento en los niveles de L-WNK1 conduce al
desarrollo de HTA en PHAII-C es el siguiente: L-WNKZ1 es un regulador negativo sobre
la actividad de WNK4 quien a su vez es un inhibor de NCC y ENaC. Al elevarse los
niveles de expresion de L-WNKL, se pierde la regulacion negativa de WNK4 sobre la
reabsorcion de Na* en la parte distal de la nefrona y con ello el desarrollo de HTA (126)
(Fig. 21). Consistente con el importante papel de WNK1 para modular la actividad de
los niveles de Ps, se ha encontrado que polimorfismos en el gen que cofidica para

WNKZ1 se encuentran asociados a variaciones en los niveles de Ps (127,128) y ratones
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knockout heterocigotos para WNK1 (WNK1/+) (con bajos niveles de WNK1)
presentan hipotension arterial (129). De manera similar, mediante andlisis de enlace
génico en la poblacion de Framingham, un segmento del cromosoma 17 que contiene al
gen que codifica para WNK4, fue identificado como positivo para enlace con HTA
(130). Un polimorfismo G/A en el intron 10 de WNK4 se encontro presente en el 13%
de pacientes caucasicos hipertensos contra un 7% de presencia en pacientes caucasicos
normotensos (131). En un estudio de cohorte en una poblacion japonesa de 956
pacientes hipertensos o con falla renal, se pudieron identificar tres mutaciones
(Met546Val, Pro556Thr y Pro1173Thr) en 5 pacientes dentro de la region codificante
de WNK4 (132).

El mecanismo por el cual mutaciones en WNK1 conducen al desarrollo de PHAII-C es
el siguiente: En condiciones normales se ha encontrado que KS-WNKZ1 previene la
actividad de L-WNKZ1. En el PHAII-C al existir una elevada expresion de L-WNK1, no
existe suficiente KS-WNK1 que controle a L-WNKZ1. Por lo tanto, se interrumpe la
inhibicién de WNKA4 ejercida sobre NCC y ENaC, lo que resulta en un incremento en la
cantidad de proteina de NCC y ENaC y por lo tanto, una mayor reabsorcién renal de
Na*. EI mecanismo por el cual mutaciones en WNK4 conducen al desarrollo de PHAII-
B es menos comprendido. Lo que se ha podido establecer, principalmente mediante
ensayos de expresion funcional heterologa usando ovocitos de la rana Xenopus laevis,
es que la inhibicion de WNK4 sobre NCC requiere de la actividad catalitica de WNKA4.
No obstante, las mutaciones tipo PHA-II en WNK4 no alteran la actividad catalitica de
la cinasa, por lo que probablemente dos 0 mas mecanismos para la regulacion de NCC
mediada por WNK4 pudiesen existir. Recientemente se ha encontrado que WNK4
favorece la degradacion lisosomal de NCC a través de la proteasa leupetina (133) y

mediante las acciones de una proteina conocida como sortilina (134,135) (Fig. 21).

Con respecto a ROMK, en condiciones normales WNK4 regula de manera negativa la
cantidad de ROMK en la membrana y su actividad. Para la inhibicion de ROMK
mediada por WNK4 no se requiere de la presencia de la actividad catalitica de WNK4 y
de manera muy interesante mutaciones tipo PHAIl en WNK4 potencian el efecto
inhibidor sobre ROMK y por lo tanto una menor secrecion de K™ y el desarrollo de
hiperkalemia (Fig. 21).
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Figura 21. Familia de las cinasas WNK y mutaciones en PHAII-B y PHAII-C.

Evidencias adicionales que confirman que la patogénesis de pacientes con PHAII se
debe principalmente a un incremento en la actividad de NCC y reabsorcion de Na* en el

TD se encuentran: a) en modelos experimentales utilizando ratones transgénicos, la
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sobrexpresion de WNKA4 silvestre resulta en hipotension e hipokalemia (similar a lo que
ocurre en el Sindrome de Gitelman), mientras que la sobrexpresion de WNK4 con
mtuaciones PHAII (WNK4-PHAII) resulta en hipertension e hiperkalemia (similar a lo
que se presenta en Sindrome de Gordon), d) la HTA e hiperkalemia desaparecen en la
progenie de la cruza entre ratones que sobrexpresan a WNK4-PHAII con aquellos que
carecen de la expresion de NCC (ratones KO-NCC) (136).

Formas monogénicas de hipotensién arterial

Asi como existen mutaciones en genes que desencadenan el desarrollo de HTA, se han
encontrado mutaciones cuyo resultado es el contrario y consiste en una disminucion
dréastica de los niveles de Ps asociada a alteraciones en los niveles de reabsorcion renal
de Na’. Consistente con lo discutido anteriormente, aquellas mutaciones que en este
caso desfavorezcan la reabsorcion renal de Na* son responsables de disminuciones en
los niveles de la Ps. A la fecha 12 genes han sido encontrados como blancos para el
desarrollo de hipotensidn arterial monogénica (Tabla 5).

Simbolo del Localizacion Codifica para Enfermedad con
gene cromosomica hipotensién monogénica
18-hidroxilasa Deficiencia de aldosterona
CutPULER 8q21-q22 (Aldosterona sintasa) sintasa tipo 1 #203400
CYP21A2 6p21.3 21-hidroxilasa +201910
SCNN1A 12p13 Subunidad o de ENaC *600228
SCNN1B 16p12.2-p12.1 Subunidad 3 de ENaC *600760
SCNN1G 16p12 Subunidad y de ENaC *600761
NR3C2 4311 _ Receptor de #177735
mineralocorticoides
Cotransportador apical
SLC12A3 16913 de Na*CI" (NCQ) #263800
Cotransportador apical .
SLC12A1 15q15-g21.1 de Na~K*2CI" (NKCC2) Sindrome de Bartter tipo 1 #601678
KCNJ1 11924 Canal apical de K'(ROMK) Sindrome de Bartter tipo 2 #241200
CLCNKB 1p36 el e d Sindrome de Bartter tipo 3 #607364
(CLC-Kb)
BSND 1p32.1 Barttina Sindrome de Bartter tipo 4a #602522
CASR 3q13-g21 Sensorde Ca Sindrome de Bartter tipo 5 +601199

Tabla 5. Desordenes monogénicos con hipotension arterial.
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Deficiencia de aldosterona sintasa (OMIM #203400)

El sindrome de deficiencia de la aldosterona sintasa (DAS), es un desorden autosémico
recesivo con caracteristicas clinicas opuestas a las presentes en el ARG que se ocasiona
por mutaciones inactivantes en el gen CYP11B2, el cual codifica para la aldosterona
sintasa. La aldosterona sintasa es una enzima que se encarga del Gltimo paso en la via
biosintetica de la aldosterona, donde cataliza la transformacion de la corticoesterona en
aldosterona en la glomerulosa adrenal. Las mutaciones reportadas como responsables
del desarrollo de DAS comprenden desde deleciones de 1 a 5 nucle6tidos que resultan
en la generacion de un codon de paro y la completa ausencia de actividad en la
aldosterona sintasa, hasta sustituciones puntuales como Argl81Trp en el exon 3y

Val386Ala en el exdn 7 que de igual manera abaten la actividad de dicha enzima (137).

En pacientes con DAS se ve comprometida la biosintesis de aldosterona y por lo tanto el
SRAA no puede llevar a cabo sus funciones y se presentan elevados niveles de actividad
de renina plasmética y elevados niveles de la molécula precursora de aldosterona, la

corticoesterona (138).

Debido a la ausencia de aldosterona, no se puede promover la adecuada reabsorcion de
Na’ y la secrecion de K* en la parte distal de la nefrona y los pacientes con este
sindrome cursan con una severa pérdida renal de Na*, hipotension arterial, hiperkalemia

y alcalosis metabdlica (137,138).

Hiperplasia adrenal congénita por deficiencia de 21-hidroxilasa OMIM +201910

Mutaciones del tipo perdida de la funcién en el cromosoma 6 dentro del gen CYP21 que
codifica para la enzima 21-hidroxilasa son las responsables de aproximadamente el
90% de los casos de HAC. Pacientes con HAC por deficiencia de 21-hidroxilasa cursan

con diversas alteraciones entre las que destacan severa hipotension y virilizacion.

La actividad de la enzima 21-hidroxilasa es critica para la biosintesis del
glucocorticoides y mineralocorticoides. Cuando se pierde o disminuye la actividad de la
21-hidroxilasa no existe la adecuada sintesis de aldosterona y cortisol. Al no existir

adecuadas concentraciones de mineralocorticoides y corsticoesteroides se promueve la
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secrecion de ACTH, lo cual desencadena la hiperplasia de las grandulas adrenales (Fig.
28).

En pacientes con HAC por deficiencia de 21-hidroxilasa debido a la disminucion en los
niveles de aldosterona, no existe el adecuado manejo de Na* y K* en la parte distal de la
nefrona. A su vez, la acumulacion de precursores de hormonas sexuales ocasiona

indiferenciacion sexual o virilizacién.

El tratamiento para la hiperplasia adrenal congenita por deficiencia de 21-hidroxilasa
consiste en la administracion de corticoesteroides y mineralocorticoides los cuales

revierten los procesos de virilizacion, pérdida renal de Na* e hipotension.

Pseudohipoaldosteronismo tipo | (PHAI)

El sindrome conocido como pseudohipoaldosteronismo tipo I (PHAI) es un desorden
genético donde los pacientes cursan con caracteristicas clinicas reciprocas a las
observadas en el SL. Pacientes con PHAI presentan severa hipotension arterial al nacer
debido a la perdida renal de Na’, alcalosis metabolica e hiperkalemia a pesar de
presentar elevados niveles de actividad plasmatica de renina y aldosterona. Fuertes
candidatos para el desarrollo de PHAI, una enfermedad con caracteristicas clinicas
contrarias al SL, serian evidentemente los genes que codifican para ENaC o bien
aquellos cuyos productos modulen la actividad de ENaC. Lo anterior fue comprobado y
hoy sabemos que el PHAI es una enfermedad que se presenta principalmente debido a

disminuciones en la actividad de ENaC a lo largo del TC de la nefrona.

El PHAI es un desorden que puede presentar herencia autosomica dominante (PHAI-ad)
0 autosémica recesiva (PHAI-ar). En el caso del PHAI-ad lo que ocasiona la
enfermedad son mutaciones del tipo pérdida de la funcién en el cromosoma 4 dentro del
gen NR3C2 que codifica para el RM. Al abatirse la actividad del RM, las acciones de la
aldosterona en la parte distal de la nefrona para activar a NCC, ROMK y ENaC se
interrumpen y los pacientes cursan con severa hipotension arterial e hiperkalemia a

pesar de presentar elevados niveles de aldosterona.
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El desarrollo del PHAI-ar se debe a mutaciones del tipo pérdida de la funcion en los
genes que codifican para las subunidades alfa beta y gamma que constituyen a ENaC
(139). Al disminuir la actividad de ENaC, no existe una adecuada reabsorcion de Na* en
el TC de la nefrona y los pacientes desarrollan hipotension arterial, alcalosis metabdlica

e hiperkalemia.

Sindrome de Gitelman OMIM #263800

Es un desorden autosémico recesivo con caracteristicas clinicas reciprocas a las
presentes en el PHAIIL. EIl sindrome de Gitelman se encuentra asociado a hipotension
arterial, alcalosis metabdlica, hipokalemia, hipocalciuria e hipermagnesuria. Esta
enfermedad se ocasiona por la presencia de mutaciones del tipo pérdida de la funcion en
el cromosoma humano 16 dentro del gen SLC12A3 el cual codifica para el
cotransportador de Na*/CI" conocido como NCC. Este cotransportador se expresa en la
membrana apical del TD de la nefrona donde acta como el principal responsable de la
reabsorcion transcelular de Na* y como blanco farmacoldgico de los diuréticos tipo
tiazida.

En pacientes con sindrome de Gitelman, las disminuciones en la actividad de NCC
resultan en severa deshidratacion, pérdida renal de Na* e hipotension arterial. Al no
reabsorberse Na" de manera adecuada a lo largo del TD, mayor cantidad de Na* llega al
TC donde se promueve su intercambio por H" y K* resultando en alcalosis metabélica

hipokalémica.

Recientemente mediante elegantes estudios utilizando ratones knockout para NCC se ha
aclarado la vision por la que se explica el desarrollo de hipocalciuria en el Sindrome de
Gitelman (140). Al parecer la disminucion en los niveles de excrecion de Ca*™ se debe a
un incremento en la reabsorcion de este i6n a lo largo del TP de la nefrona. El desarrollo
de la hipermagnesuria en pacientes con sindrome de Gitelman es poco comprendido. Lo
que se ha podido establecer es que en ratones knockout para NCC o en aquellos tratados
con tiazidas se promueve la inhibicion de la expresion del canal epitelial de Mg™
conocido como TRPMG el cual se encarga de la reabsorcion de este cation a lo largo del
TD de la nefrona. El mecanismo por el cual se promueve la inhibicion de TRPM®6 no ha
sido establecido (140).
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Reabsorcion de Na* en la rama ascendete gruesa del asa de Henle

NKCC2 juega un papel muy importante en la reabsorcion de Na* en la RAGAH (141),
dicha reabsorcion de Na* en este segmento de la nefrona impermeable al H,O es critica
y necesaria para: a) la generacion de un IMH requerido durante el proceso de
concentracion urinaria (8)142), b) el adecuado manejo acido base (9;10)143,144) y c) la
reabsorcion paracelular de Na® y cationes divalentes como el Mg™ y el Ca™
(27:145,146).

El movimiento de Na* a través de la membrana apical de las células de la RAGAH
mediado por NKCC2 es electroneutro debido a la simultanea reabsorcion de un ion K*y
de dos iones de CI". Debido al cotransporte de Na* con K™y CI', el manejo de K'y Cl"a
lo largo de la RAGAH se encuentra intimamente ligado a una correcta reabsorcion de
Na* por NKCC2 (147).

En condiciones normales el K* reabsorbido por NKCC2 requiere ser recirculado hacia
la luz tubular por medio del canal apical de K*, conocido como ROMK, para continuar
con la reabsorcion de Na* por una razén muy importante: las concentraciones de K* (4
mM) en la luz tubular son menores que las de Na* (56 mM) y si no existese una
recirculacion de K* hacia la luz tubular para mantener constante las concentraciones de
K", llegaria el momento en donde las concentraciones de K* disminuirian tanto que se

comprometeria el cotransporte de Na* (147).

El CI" reabsorbido por NKCC2 atravesard la membrana basolateral principalmente
mediante dos canales de CI" conocidos como CLC-Ka y CLC-Kb, constituidos por una
subunidad o y una subunidad B en comuin conocida como Barttina. EI Na* por su aparte
atravesara la membrana basolateral mediante la bomba Na'/K*/ATPasa constituida por

las subunidades ap y y (Fig. 12)

El transporte transcelular de Na® genera un gradiente electroquimico y un voltaje
positivo (10 mV) en la luz tubular que favorecera la reabsorcion paracelular de Na’,
Mgy Ca"™, por lo que una adecuada funcion de NKCC2 es necesaria para la correcta

reabsorcién y manejo de estos iones (26,145) (Fig. 18).
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Figura 22. Secrecion de K™ y reabsorcion de Na*, CI', Ca™ 'y Mg™* a lo Iargo de la
RAGAH.

NKCC2 vy el sindrome de Bartter

El importante papel de NKCC2 en la fisiologia renal y en la regulacion de los niveles de
Ps ha quedado plenamente demostrado por varias razones (147). Una muy importante es
la basada en que se han identificado mutaciones inactivantes, la mayoria mutaciones sin
sentido, pero también cambios en el marco abierto de lectura por microdeleciones o
inserciones en el gen SLC12A1, que codifica para NKCC2, como responsables del
sindrome de Bartter tipo | (OMIM #601678) (148-151) (Fig. 10).
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Figura 23. Mutaciones en NKCC2 reportadas como causantes del Sx. de Bartter tipo I.

En los pacientes con sindrome de Bartter tipo | debido a una disminucién o perdida de
la reabsorcion de Na* a lo largo de la RAGAH cursan con: a) incapacidad para generar
el intersticio medular hiperosmoético que se traduce en poliuria (inhabilidad para
concentrar la orina), b) perdida del gradiente electroquimico y del voltaje positivo en la
luz tubular, mediado por el transporte transcelular, que impide la reabsorcion
paracelular de Ca™ y resulta en hipercalciuria (Ca™ >0.1 mmol/kg/24h en orina), c)
normotension arterial a expensas de la hipertrofia del aparato yuxtaglomerular y la
activacion del SRAA (hiperrreninemia e hiperaldosteronismo), d) elevacion en los
niveles de secrecion de K™ que resulta en hipokalemia (niveles séricos de K* <3.5mM) e
incremento en la secrecion de H* que se traduce en alcalosis metabdlica (pH sanguineo
>7.45) debido a los elevados niveles de aldosterona y sus acciones en la parte distal e la
nefrona (152).

Hoy en dia sabemos gracias a estudios de enlace génico (genetic linkage) que el
sindrome de Bartter, descrito por primera vez en 1962 (153), es una enfermedad

monogénica, pero a la vez heterogénea ya que puede resultar de mutaciones en varios
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genes cuyos productos participan en la reabsorcion de Na* a lo largo de la RAGAH.
Mutaciones en: a) NKCC2 son responsables del sindrome de Bartter tipo | (148-151), b)
ROMK del sindrome de Bartter tipo 1l (OMIM #241200) (154-161), c) la subunidad o
de CLC-Kb del sindrome de Bartter tipo 11l (OMIM #607364) (162), d) la Barttina o
subunidad B de CLC-Kb del sindrome de Bartter tipo 1Va (OMIM #602522) (163) y €)
en el sensor de Ca™ (CaSR) del sindrome de Bartter tipo V (OMIM +601199) (164,165)
(Tabla 6).

Simbolo del Localizacién Codifica para Enfermedad

gene cromosomica

Cotransportador apical , .

SLC12A1 15q15-g21.1 de Na"K*2€1 (NKCC2) Sindrome de Bartter tipo 1 #601678

KCNJ1 1124 Canal apical de K' {(ROMK) Sindrome de Bartter tipo 2 #241200
Canal basolateral de CI' .

CLCNKB 1p36 T eie) Sindrome de Bartter tipo 3 #607364
CLC-Kb) . .

BSND 1p32.1 ( Sindrome de Bartter tipo 4 #602522

. subunidad B o Barttina e ez et Al 26
CASR 3g13-g21 Sensorde Ca’™ Sindrome de Bartter tipo 5 +601199

Tabla 6. Genes responsables del desarrollo del sindrome de Bartter.

Todas las mutaciones responsables del sindrome de Bartter disminuirdn o detendran la
reabsorcion de Na* a lo largo de la RAGAH vy por lo tanto el desarrollo de poliuria,
hiperreninemia, hiperaldosteronismo, hipokalemia, alcalosis metabdlica e hipercalciuria
(152)(11).

En el sindrome de Bartter tipo | se impide la reabsorcion de Na* de manera directa al
disminuir o abatir la actividad de NKCC2, mientras que en el tipo Il se altera la
reabsorcion de Na* de manera indirecta al impedir la recirculacion de K* a través de
mutaciones en ROMK (152,157;166).

Con respecto al Bartter tipo 111 'y 1Va, se cree que al afectarse la salida de ClI" a traves de
la membrana basolateral de una u otra forma la actividad de NKCC2 y por lo tanto la
reabsorcion de Na* en la RAGAH se disminuye. En el Bartter tipo V a diferencia de los
demas tipos de sindromes de Bartter, la herencia es autosomica dominante y se provoca

por mutaciones activantes en el CaSR que promueven la inhibicién de la actividad de
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NKCC2 y ROMK y de esa manera se impide la adecuada reabsorcion de Na* a lo largo
de laRAGAH (152) (Fig. 24).

Luz tubular

\

Célula epitelial del la Rama Ascendente
Gruesa del Asa de Henle
de la nefrona

Sx de Bartter tipo 5

Sx de Bartter tipo 4a|

Sx de Bartter tipo 3 I

Na' /K *IATPasa

CLC-Kb

Sxde  NKcC2 - Il § (Barttina) ¥
Bartter -
tipo: 1 2 3 4a
Tipo de
mutacion: inactivante inactivante inactivante  inactivante activante

Figura 24. Proteinas involucradas en el desarrollo del sindrome de Bartter.

Diferencias clinicas entre los tipos de sindromes de Bartter

Pacientes que cursan con sindromes de Bartter tipo |1 y Il llegan a presentar las
manifestaciones clinicas mas severas y notorias ya que dichos pacientes llegan a ser
clinicamente aparentes desde el embarazo en forma de polihidramnios (presencia
excesiva 0 aumento de liquido amnioético, por lo general mayor a los 2 litros alrededor
del feto antes de que este nazca) (167,168). Pacientes con Bartter tipo I11, IV y V llegan
a ser clinicamente aparentes en etapas posteriores como durante la infancia o nifiez

debido a una severa poliuria y deshidratacion. Como comun denominador, en los
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pacientes con sindrome de Bartter, los niveles de Ps van desde bajos (por la severa
perdida renal de Na") a normales (debido al efecto compensador que consiste en la
activacion del SRAA) (169). De manera similar, una caracteristica que se comparte
entre los sindromes de Bartter y que se origina de igual forma por la hiperreninemia e
hiperaldosteronismo como efectos compensadores a la pérdida de Na* y deplecion de
volumen es la presencia de hipokalemia y alkalosis metabolica debido a una mayor

secrecion de Ky H* en el TC de la nefrona (169).

En general, en todos los sindromes de Bartter es comun la presencia de alteraciones en
los mecanismos de concentracion-dilucion urinaria (169). Como se describiéo en
secciones anteriores, dado que la reabsorcion transcelular de Na* y el mecanismo de
reciclaje de K* a través de la membrana apical favorecen la generacion del voltaje
transepitelial el cual es neceario para la adecuada reabsorcion paracelular de Ca™ y
Mg*™. En los sindromes de Bartter tipo | y 1l es muy frecuente observar alteraciones
graves en el manejo de iones divalentes por lo que es notoria la presencia de
hipermagnesuria e hipercalciuria que resultan en una severa nefrocalcinosis (formacion
de depositos de iones divalentes principalmente de Ca™ en el rifién que ocasionan falla
renal) (167,168).

Una caracteristica clinica importante presente en pacientes con el sindrome de Bartter
tipo Il es que al nacimiento se presenta hiperkalemia a diferencia de los otros sindromes
de Bartter donde existe hipokalemia debido a una elevada secrecion de K* (170). De
manera importante la hiperkalemia presente en pacientes con Bartter tipo Il a lo largo
del desarrollo se convierte en hipokalemia. EI cambio en los niveles séricos de K* en
pacientes con Bartter tipo Il (de hiperkalemia a hipokalemia) se ha explicado de la
siguiente manera: la hiperkalemia neonatal se ocasiona porque ROMK no puede llevar a
cabo sus funciones de secrecion de K* y por lo tanto se disminuye la secrecion de este
ion (170,171). Con forme va pasando el tiempo y el desarrollo del paciente se lleva
cabo, debido al impedimento en la recirculacion de K* se altera la reabsorcion de Na*
en la RAGAH. Al alterarse los niveles de reabsorcion renal de Na®, los niveles de Ps
disminuyen y se promueve como efecto compensador la activacion del SRAA. Como se
ha venido discutiendo a lo largo de este manuscrito, la aldosterona promoverd la
secrecion de K* principalmente a través de ROMK. Al no exisitir ROMK funcional en

pacientes con Bartter tipo Il se ha postulado que otros mecanismos compensadores
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(probablemente canales de K* conocidos como BK) son activados y se favorece el
desarrollo de hipokalemia (172,173).

Usualmente el sindrome de Bartter tipo 111 es el menos severo y de manera importante
no se desarrolla nefrocalcinosis y los niveles de poliuria y deshidratacion son menores.
Lo anterior ocurre probablemente porque existen otros medios para el movimiento de
Cl" a través de la membrana basolateral que pudiesen tomar papeles compensadores

como el canal de cloruro CLC-Ka (174).

En comparacion con los pacientes que presentan sindrome de Bartter tipo I, los
pacientes con Bartter tipo IV presentan una mas severa hipokalemia alcalosis
metabdlica y perdida de Na* (175). Lo anterior ocurre debido a que la subunidad B o
Barttina es necesaria para la funcion de los dos canales basolaterales de CI' CLC-Ka y
CLC-Kb. Por tal motivo se ha postulado que al mutarse la subunidad 3, ambos canales
pierden funcion y se interrumpe de manera completa la reabsorcion de CI a través de la
membrana basolateral (175). Como se describié anteriormente, para la correcta
reabsorcion de Na® se requiere de la salida de CI desde las celulas tubulares de la

RAGAH a través de la membrana basolateral.

Como caracteristica clinica distintiva entre los demas sindromes de Bartter, el tipo 1V
presenta sordera sensorineural (176,177). Lo anterior ha sido explicado de la siguiente
manera: CLC-Kb/Barttina ademas de expresarse en la RAGAH, se expresan en la stria
del oido interno donde se encargan de recircular el CI" secretado por el cotransportador
Na'/K*/ 2CI" conocido como NKCC1. La correcta recirculacion de CI” (analoga a la
recirculacion de K* por ROMK en la RAGAH) es necesaria para el adecuado
funcionamiento de NKCC1 y como resultado final la correcta secrecion de K* hacia el
lumen por canales de potasio conocidos como KCNQL1/KCNQE. Todo lo anterior es
necesario para el proceso auditivo. Al existir mutaciones en la Barttina que es una
subunidad del canal de CI' CLC-Kb se interrumpe todo este proceso y existen

alteraciones en el proceso auditivo (176).
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Biologia molecular de NKCC2

NKCC2 es una proteina en humano de 1099 aminoacidos con peso molecular de

121.47 kDa que se ha sugerido actta en forma de dimeros (178), posee 12 segmentos

transmembrana (TM), dos sitios de N-acetil glucosilacién criticos para sostener su

actividad localizados en el asa extracelular presente entre los TM 7-8 (posiciones en rata

N442 y N452) (179) y grandes regiones amino (174 aminoacidos) y carboxilo

citoplasmicas (454 aminoécidos) las cuales se han postulado como blancos de eventos

de fosforilacion para modular la actividad de NKCC2 debido a la presencia de sitios

concenso de fosforilacion o de union a diversas proteinas cinasas (180-186) (Fig. 25).

1

61

121

181

241

301

361

421

481

541

601

661

721

781

841

801

961

1021

1081

Sitio de unién a SPAK

mslnnssnvE ldsvpsntng

PKA PKC

sfrpgngecy dnflgsgeta

PKA
isgpkvnrps lleiheglak

™1
kgvlvremln iwgumlfirl

Hggayylisr slgpefggsi
a

g ™4

iriigsitvv illgisvagm

ygasifaenf gprftkgegf

™7
ittvaylgva icvgacvvrd

nnfgvmsmvs gfgplitagi

™9
nneplrgyil tfliamafil

™ 11
yvgiynmwvsl fgavlccavm

vsaldnalel ttvedhvknf

fgvsvinenh essaaaddnt dpphyeetsf

ktdasfhayd shtntyylgt £ghntmdavp

nvavtpssad rvangdgipg degaenkedd

™2
swivgeagig IgVlSlllSEImvEsSTEglsSE

gdeagkrlri

gagvvkigwv

saiatngfvre Exon A

lgviiiglav yvygitglst
TM3 1gviiiglsv wvvttltgism
glifafanav avamyvvgfa etvvdllkes

TM 5
eweakaqgvil lvilliaian ffigtvipsn
™6
fsvfaiffpa atgilagani sgdledpgda
N-acetil glucosilacién
atgnmndtii sgmnengsaa cglgydfsre

™8
fsatlssala slvsapkviqg alckdniyka

™10

iaelntiapi isnfflasya linfsecfhas

™12
fvinwwaavi tyviefflyv yvtckkpdvn

rpgeivlitgg pmtrpalldi thaftknsgl

55 aminoécidos diferentes en isoformas cortas de NKCC2

kkkggkgtid vwwlfddggl
rklevkemns gmakkgawli

ykknwrkapl teienyvgii

leatikdnec eeesggirgl

gfkkkgekgt idvwwlfddg

sllskfrikf adihiigdin

PKC

itdaeleavk eksyrgvrln

lppvllvrgn hknvltfys

tllipyiltl rkkwkdcklr iyvggkinri
knkikafyaa vaadefrdgv rsllgasglg

PKA
hdafdfeigv vivrisqgfd isqvlgvgee

fkkagklnit kttpkkdgsi ntsgsmhvge

PKC
gltllipyil tlrkkwkdck lriyvggkin

PKC PKC
irpnkeswkv feemiepyrl hesckdltta

PKA
ellgehsraa nlivlslpva rkgsisdlly

saiatngevr
saictngvve ExonF
dsmmvdptnd

nekksrqgffn
PKA
iprgtmlaif
rhepegyglm
lgffakgygk
yakspgwrpa
wgsstgalsy

kk
cicecavivgp

Fin de isoformas
eee / cortas de NKCC2
rmkpntlvig

lerlegerla

fngklveast

rieeekivma
PKA

eklkretpwk

mawleiltkn

Figura 25. Secuencia de NKCC2 humana.

61



En roedor al menos 6 isoformas para NKCC2, productos de dos eventos independientes
de empalme alternativo, han sido descritas (187). El primer empalme alternativo
comprende la incorporacion de tres exones mutuamente excluyentes denominados A, B
y F, de 96 nucledtidos, precedidos del exon numero 3. A nivel de proteina dichos
exones conforman parte de la TM 2 y el asa citoplasmica niamero 1. Como resultado de
dicho empalme alternativo se producen las isoformas “largas” de NKCC2 denominadas
NKCC2A, NKCC2B, y NKCC2F las cuales difieren en su expresiéon a lo largo de la
RAGAH, asi como en sus cinéticas de transporte para Na* K"y CI". En roedores, la
isoforma NKCC2B expresada principalmente en la region cortical de la RAGAH poseé
la mayor afinidad para sus sutratos de transporte, seguida por la isoforma NKCC2A que
se expresa a todo lo largo de la RAGAH y de la isoforma NKCC2F con expresion
restringida a la region medular de la RAGAH (Fig. 26).
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Figura 26. Isoformas cortas y largas de NKCC2.
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Como resultado del segundo empalme alternativo y al uso de un segundo sitio de
poliadenilacion en el exdn 16 se producen isoformas de NKCC2 denominadas “cortas”
de tan solo 773 aminoacidos. Las isoformas cortas de NKCC2 poseen una region
carboxilo de 129 aminoacidos, en donde los Gltimos 55 residuos son completamente

distintos a las isoformas largas (187) (Figs. 21y 22).

NKCC?2 vy la familia de cotransportadores electroneutros SLC12A

De acuerdo a la clasificacion de la base de datos del comité de nomenclatura de la
organizacion del genoma humano (HUGO Human Genome Organization
www.genenames.org), NKCC2 pertenece a la familia de cotransportadores
electroneutros de cationes acoplados a CI° conocida como SLC12A (solute carrier
family 12A).

Segun analisis filogenéticos, SLC12A estd conformada por nueve miembros divididos

en 3 ramas:

a) La rama que utiliza la concentracion extracelular del Na* (140 mM) como gradiente
de transporte. Estad conformada por 3 genes que codifican para proteinas conocidas de
manera grupal como NKCCs. Los NKCCs comparten un 50% de identidad a nivel de
secuencia de aminoacidos y estan constituidos por 12 TM, regiones amino y carboxilo
citoplasmicas y una asa extracelular glucosilada entre los TM 7 y 8. Los genes que
forman parte de esta rama son: SLC12A1 y SLC12A2 que codifican para NKCC2 y
NKCC1 (cotransportadores de Na'/K*/2CI") y el gen SLC12A3 que codifica para el
cotransportador de Na'/ClI’, conocido como NCC, responsable del desarrollo de
hipotension arterial y del sindrome de Gitelman (OMIM #263800) cuando se
encuentran mutaciones inactivantes en su secuencia debido a una disminucion en la

reabsorcion de Na* a lo largo del TD de la nefrona (189).

b) La rama que utiliza la concentracion intracelular de K™ (120 mM) como gradiente
de transporte. Estad conformada por 4 genes que codifican para cotransportadores de
K*/CI conocidos de manera grupal como KCCs. Los KCCs comparten un 67% de

identidad a nivel de secuencia de aminoacidos y estan constituidos por 12 TM, regiones
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amino y carboxilo citoplasmicas y una asa extracelular glucosilada entre los TM 5y 6.
El gen SLC12A4 codifica para KCC1 que se expresa de manera ubicua y juega un papel
importante en la regulacion del volumen celular (190,191), SLC12A5 codifica para
KCC2 que se expresa en el sistema nervioso central (SNC) y modula la respuesta al
acido gamma aminobutirico (GABA) (192,193), SLC12A6 codifica para KCC3 que es
expresado en SNC y responsable del desarrollo de defectos neurodegenerativos y
agénesis del cuerpo calloso (sindrome de Anderman, OMIM #601678) cuando se
encuentran mutaciones inactivantes en su secuencia (194,195) y por altimo, el gen
SLC12A7 que codifica para KCC4 que se expresa de manera abundante en las células
intercaladas del TD de la nefrona asi como en las células ciliares del oido interno
(196,197).

c) La rama que incluye a los genes SLC12A8 y SLC12A9. SLC12A8 es un gen que ha
sido asociado al desarrollo de psoriasis vulgaris (198) y codifica para un cotransportador
de poliaminas-aminoacidos conocido como CCC9 (199). SLC12A9 codifica para una
proteina denominada CIP probablemente con funciones de transporte, pero sin sustratos
establecidos, capaz de interactuar con NKCCL1 y prevenir su actividad (200) (Fig. 27).
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Figura 27. Clasificacion y funcién de los miembros de SLC12A.
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Los miembros de SLC12A son considerados cotransportadores secundarios ya que para
su funcion no requieren de la hidroélisis de moléculas de adenosin trifosfato (ATP), pero
si del gradiente de concentracion del Na* y K* generado por la bomba Na*/K*/ATPasa.
Los NKCCs mueven iones desde fuera hacia adentro de la célula acoplando el
transporte de CI" en el caso de NCC y de K*/2CI" en el caso de NKCC1 y NKCC2 al
gradiente de concentracion favorable para el Na". Los KCCs acoplan el movimiento de
CI" desde adentro hacia afuera de la célula al gradiente de concentracion favorable para
el K* (Fig. 27).

Debido a la actividad reciproca entre los NKCCs (entrada de CI") y KCCs (salida de CI")
se ha propuesto que existe una via de sefializacion comun que regula su actividad
(22)201).

Dentro de las funciones celulares en las que la [CI]i juega un papel importante se

encuentran: la regulacion del volumen celular (V) y la excitabilidad neuronal.

Las células mantienen su V¢ constante mediante el movimiento de CI" y de osmolitos
organicos para igualar la osmolaridad intracelular y extracelular (202,203). Cambios en
la osmolaridad se acompafian de movimiento de H,O a favor de su gradiente que resulta

en cambios en el V.

Cuando una célula se expone a un liquido extracelular (LEC) no isoténico se activan
respuestas reguladoras en segundos o0 minutos para restablecer el V. Por ejemplo, un
aumento en la osmolaridad del LEC provocara una disminucion en el V. debido a la
salida de H,O desde la célula.

Para contrarrestar disminuciones en el V¢ se llevara a cabo el proceso conocido como
incremento regulador del volumen (IRV). Durante el IRV se promovera la entrada de
CI” mediante la activacién de NKCC1 e inhibicién de los KCCs, asi como el ingreso de
osmolitos organicos a través de diversos cotransportadores. El incremento de osmolitos
intracelulares y de la presion osmética celular sera acompafiado de la reincorporacion de

H.O a la célulay el restablecimiento del V.
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De manera contraria, durante una disminucién en la osmolaridad del LEC se provocara
un aumento en el V¢ debido a la entrada de H,O. Para contrarrestar aumentos en el Vg
se llevara a cabo el proceso conocido como reduccién reguladora del volumen (RRV).
A través del RRV se promoverd la salida de CI” mediante la activacion de los KCCs e
inhibicién de NKCC1, asi como la salida de osmolitos organicos. La disminucion de
osmolitos intracelulares y de la presién osmdtica celular sera acompafiada de la salida

de H,O desde la célula y el restablecimiento del V¢ (Fig. 28).
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Figura 28. Regulacion del volumen celular, NKCC1 y KCCs.

Durante el proceso de excitabilidad neuronal o inhibicion presinaptica, en donde se
presentan cambios en el potencial de membrana debido al transporte de iones a traves de
la membrana celular, la [CI]; juega un papel muy importante en la respuesta al
neurotransmisor GABA, cuyo receptor (GABAA) es un complejo multimérico que

constituye un canal ionico acoplado a CI".
Si la [CI']; se encuentra por debajo de su potencial de equilibrio, la liberacién de GABA

favorecera la hiperpolarizacion de la neurona y el efecto inhibidor presinéptico debido a

la entrada de CI". De manera contraria, si la [CI]; se encuentra por arriba de su potencial
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de equilibrio se favorecera la despolarizacion celular y excitacion neuronal debido a la
salida de CI" (Fig. 29).

Durante etapas neonatales, los efectos de GABA son excitatorios debido a que existe
una mayor expresion de NKCC1 con respecto a KCC2 que resulta en una elevada [CI];.
En etapas posteriores del desarrollo, debido a una mayor expresion de KCC2 sobre
NKCCL1, los efectos de GABA son inhibitorios por la disminucion en la [CI]; (Fig. 29).
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Figura 29. Relacion entre [CI];, excitabilidad neuronal, GABA, NKCC1 y KCC2.

Maniobras de deplecion de cloruro intracelular como activadores de NKCC1y NCC

De manera muy importante, durante maniobras de deplecion de [CI]i la actividad y
estado de fosforilacion de NKCC1 y NCC se incrementan de manera significativa.

NKCCL1 fue el primer cotransportador miembro de SLC12A cuya actividad se reportd se
favorecia durante maniobras de deplecion de [CI7];. Durante tales maniobras, la
fosforilacion de al menos 3 residuos localizados en la region amino terminal se
demostro estaba correlacionada con la activacion de NKCC1. Y de manera importante
la activacion de NKCC1 durante eventos de deplecion de [CI]i se previno por la
coexpresion de la serina treonina cinasa SPAK cataliticamente inactiva (ver mas

adelante).
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Los tres aminoacidos fosfoaceptores fueron identificados en la region amino terminal de
NKCCL1 de tiburon en las posiciones Thrl84 Thr189 y Thr202 utilizando cromatografia
liquida de alta presion (HPLC). Mediante la generacion de un fosfoanticuerpo (conocido
como R5 vy dirigido contra los dos primeros residuos Thr184 y Thr189) se ha podido
establecer que el estado de fosforilacion de NKCC1 se encuentra intimamente ligado al
nivel de activacion del cotransportador ya que la Thrl84 y la Thrl89 son necesarias

para la activacion maxima de NKCCL1 en presencia de diversos estimulos.

Cabe resaltar que nnguno de los residuos fosforilados durante la activacion de NKCC1
se presenta dentro del contexto de sitios consenso para serina treonina cinasas
conocidas. Sin embargo, los tres residuos se localizan en una region que muestra 80%
de homologia entre NKCC1, NKCC2 y NCC y ademas se localizan cerca de un sitio
conservado de unidn a la proteina fosfatasa 1 con la secuencia (Arg-Val-Xaa-Phe).

Consistente con el papel que juegan eventos de fosforilacion para modular la actividad
de los NKCCs se ha enonctrado al menos para el caso de NKCC1 que inhibidores para

proteina fosfatasa 1 favorecen su estado de fosforilacion y de actividad.

Debido a la conservacion a lo largo de las especies de los tres residuos amino terminales
entre NKCC1, NKCC2 y NCC, se ha sugerido que se comparte un mecanismo
fosforegulador entre los miembros de la rama de SLC12A que utiliza la concentracion
extracelular del Na* como gradiente de transporte. Al parecer la fosforilacion de estos
residuos es una via final de activacion de los NKCCs ya que diversos estimulos pueden
favorecer su fosforilacion. Por ejemplo durante la activacion de NCC y NKCC2 por la

ADH se favorece la fosforilacion de estos residuos amino terminales.

Para el caso de NCC, nuestro grupo de investigacion ha establecido que durante dos
maniobras de deplecién de [CI7]; (coexpresion con KCC2 e incubacion en una
disolucion hipotonica baja en cloruro) la atividad de NCC se incrementa alrededor de
tres veces. Las dos maniobras utilizadas para deplecion de [CI]; tuvieron efectos

sinérgicos y fueron dosis dependiente sobre la actividad de NCC.

El incremento en la actividad de NCC durante maniobras de deplecién de [CI]i se

encontrd asociado elevaciones en los niveles de fosforilacion de los residuos de Thr53 y
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Thr58. De manera consistente la sustitucion de estos residuos por alanina en conjunto
con un residio adicional Ser71 elimind por completo la respuesta a NCC a maniobras de
deplecion de [CI]; .
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Figura 30. Activacion y fosforilacion de NCC durante maniobras de deplecion de

cloruro intracelular (tomado y modificado de Pacheco-Alvarez et al 2006)

Las cinasas WNK como requladores de SLC12A

Recientemente se han empezado a descubrir los mecanismos moleculares por los que se
pudiera regular de manera coordinada la actividad de los NKCCS-KCCs y por lo tanto
la [CI];. Numerosos estudios han sugerido que eventos de defosforilacion activaran a
los KCCs e inhibiran a los NKCCs, mientras que la fosforilacion inactivara a los KCCs
y activaréa a los NKCCs (204,205). Empleando ovocitos de la rana Xenopus laevis como
sistema de expresion heterdloga se ha encontrado que la serina treonina cinsasa
conocida como WNK3, miembro de la subfamilia de proteinas cinasas WNK (ver mas
adelante), podria ser la cinasa sensora de la [CI]; debido a que regula de manera
coordinada la actividad de los NKCCs y de los KCCs (183;206,207).
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La coexpresion de WNK3 resulta en un efecto positivo sobre la actividad de los NKCCs
en condiciones isotonicas e inclusive en condiciones hipoténicas donde la actividad de
los NKCCs se encuentra normalmente abatida. El incremento en la actividad de los
NKCCs se encuentra asociado a la fosforilacion de residuos de treonina ampliamente
conservados y presentes en su region amino terminal citopldsmica (posiciones en
NKCC2 de humano: T100 y T105) (183).

Con respecto a los KCCs, la coexpresion de WNKS3 resulta en la inhibicion del
transporte de K™ y CI” atin en condiciones hipotonicas donde se favorece normalmente
la actividad de los KCCs (206).

La eliminacion de actividad catalitica en WNK3, favorece la inhibicion de los NKCCs
mediante la defosforilacion de residuos de treonina amino terminales y la activacion de
los KCCs aun en condiciones hipertonicas donde se promueve su inhibicion (206).
Recientemente se ha demostrado que la defosforilacion de dos residuos de treonina
ampliamente conservados localizados en la regidon carboxilo terminal (posiciones en
KCC3 de humano: T991 y T1048) es necesaria para la activacion de los KCCs (208)
(Fig. 31).
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WNK3 cataliticamente activa WNK3 cataliticamente inactiva
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Figura 31. Relacion entre [CI];, excitabilidad neuronal, GABA, NKCC1 y KCC2.

Dado que la activacion de los KCCs por la coexpresion de WNK3 cataliticamente
inactiva se puede prevenir con inhibidores especificos para la proteina fosfatasa 1 y para
la proteina fosfatasa 2B, se ha postulado que WNK3 modula el equilibrio entre

actividades cinasas y fosfatasas para regular la [CI]; (206).

Hoy sabemos que los miembros de la subfamilia de serina treonina cinasas conocidas
como WNK por sus siglas en inglés (With No K=lysine) son importantes reguladores de
la actividad de diversas proteinas entre las que se encuentran miembros de SLC12A
(209-212).

Las WNKs fueron Ilamadas asi porque son Unicas dentro de la superfamilia de proteinas
cinasas en el sentido de que carecen de un residuo de lisina conservado y localizado en
el subdominio Il entre las cinasas para la union de ATP (213). En las WNK este residuo
de lisina en el subdominio Il es remplazado por un residuo de cisteina, asparagina o

serina dependiendo de la especie (214) (Fig. 32).
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Namero de
subdominios | y Il acceso NCBI

WNK1 LKFDIEIGRGSFETVYKGLDTETTVEVAWCELQ NP_061852
WNK2 LKFDIELGRGSFETVYKGLDTETWVEVAWCELQ NP_006639
S \VINK3 LKFDIELGRGAFKTVYKGLDTETWVEVAWCELQ NP_065973
o WNK4 LKFDIEIGRGSFETVYRGLDTDTTVEVAWCELQ NP_115763
WNK1 LKFDIETGRGSFEKTVYKGLDTETTVEVAWCELQ NP_941992
WNK2 LKFDIELGRGSFEKTVYKGLDTETWVEVANCELQ NP_083637
WNK3 LKFDIELGRGAFKTVYKGLDTETWVEVAWCELQ XP_914679
WNK4 LKFDIEIGRGSFETVYKGLDTETTVEVAWCELD NP_783569
Cinasas f‘h:ri/ WNK1 GRYNEVLGKGASKTVYRAFDEYEGIEVAWNQVK NP_187142
A M WNK2 GRYDEILGKGASKTVYRAFDEYEGIEVAWNQVK NP_188881
WK X G L R \ WNK3 GRYKEVLGKGAFKEVYRAFDOLEGIEVAWNQVK NP_680105
T |? WNK4 GRFAEILGRGAMKTVYKAIDEKLGIEVAWSQVEK NP 200643
With No K=lisina | WNK5 GRFREVLGKGAMKTVYKAFDOQVLGMEVAWNNQVK NP_566954

sin lisina en subdominio Il

\ WNK6 IRYKEVIGKGAFKTVYKAFDEVDGIEVAWNQVR NP_188505
pero presente en Subdominio | i\

Lisina catalitica presente |
en subdominio Il en todas | 2
las cinasas

Otras Subdominio | Subdominio |l ¢
Cinasas: XGXGXXGXXXXXXXXXXXXXXXK XXX

ratén

aabidopsis thaliana

WNK7 TRYKEVIGKGASKTVFKGFDEVDGIEVAWNQVR NP_849787
WNK8 TRYDDVLGRGAFKTVYKAFDEVDGIEVAWNLVS NP_568599
WNKe GRYNEVLGKGASKTVYRGFDEYQGTIEVAWNQVK NP_001031960

Figura 32. Cinasas tipo WNK en humano, raton y arabidopsis thaliana.

Mediante analisis de modelaje proteico, asi como de mutagénesis se ha encontrado que
un residuo de lisina distinto y localizado en el subdominio | es el empleado y necesario
para la actividad catalitica de estas cinasas (215,216). A pesar de estar localizado en
diferentes partes del dominio cinasa, a nivel estructural el residuo de lisina empleado
por las WNK, localizado en el subdominio I, apunta hacia la hendidura formada en el
sitio activo como lo hace el residuo de lisina clasico de las serina treonina cinasas en el

subdominio II.

A nivel de estructura, las WNK poseen en su region amino terminal el dominio
catalitico tipico de las serina treonina cinasas, con un nivel de identidad de 85-90%.
Ademas de la region cinasa, las WNK contienen un dominio autoinhibitorio que puede
prevenir o suprimir la actividad catalitica y en la region carboxilo un segmento
regulador, con baja identidad entre las WNK, en la cual se encuentran numerosos
motivos de interaccién proteicos como aquellos con la secuencia PXXP ricos en

reisudos de prolina y de uno a dos dominios coiled-coil.

A nivel de expresion, las cinasas tipo WNK se han encontrado Unicamente presentes en
organismos pluricelulares. En raton y humano existen cuatro WNK (WNK1 a WNK4),
expresadas en diversidad de tejidos. A nivel de ARNm: WNK1 se expresa
predominantemente en rifion, cerebro y muasculo (217). WNK2 se expresa
principalmente en SNC, corazon y colon (218-221). WNKS3 se distribuye en diversidad

de tejidos como cerebro, rifién, higado e intestino delgado (222,223), mientras que
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WNK4 lo hace preferencialmente en rifidn, piel, coldn, higado y pulmon (224-227)
(Fig. 33).

1960

1 221 395 479 1257 1859 Wig4s5 2382
h 4 v h A 4
WNK1  H,N -COOH

1 195 453 2217

289 1747
WNK2 Hﬁ*hiﬁi- COOH
1 47, 405 a7 1336 1743
h 4 h 4 h 4
WNK3  HN — COOH
' e a2 2 1016 1243
eI coon
I | g v
Dominio Dominio Dominio RFxV/I Sitio de unién
catalitico autoinhibitorio coiled coil a SPAK/OSR1
Gene Localizacién Ndmero de Expresion Peso molecular  Sitios de union
cromosémica exones de la proteina a SPAK/OSR1
WNK1 12p13.3 28 Rinén, cerebro, musculo 251 kDa 5
WNK2 9g22.31 31 SNC, corazon, colon 243 kDa 2
WNK3 | Xp11.23-21 24 Cerebro, higado, 192 kDa 3

intestino delgado, rifidn

WNK4 | 17921-q22 19 Rinén, piel, colon, 135 kDa 2
higado, pulmén

Figura 33. Caracteristicas de las serina treonina cinasas WNK en humano.

Desde el descubrimiento y clonacion molecular en el afio 2000 de la primera cinasa tipo
WNK (WNK1), la acumulacién de diversos estudios ha permitido establecer que los
miembros de las cinasas tipo WNK participan en diversidad de procesos celulares como
regulacion del balance iénico, desarrollo, sefializacion, superviviencia y proliferacion

celular.

Como se discutio anteriormente, la adecuada funcion de miembros de las WNK es
critica para sostener la salud humana. Mutaciones en el exon HSN2 de la isoforma
neural de WNKZ1 son responsables del desarrollo de la neuropatia sensorial humana tipo
Il (228), mientras que mutaciones en WNK4 o la sobreexpresion de la isoforma renal
larga de WNK1 (L-WNK1) son responsables del desarrollo del Sindrome de Gordon,
también conocido como pseudohipoaldosteronismo tipo 1l (PHAII) (OMIM 145260)
(229).
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Las cinasas SPAK y OSR1

Ademas de las cinasas WNK, dos serina treonina cinasas: SPAK (Ste20p-SPS1-related
Proline Alanine rich Kinase) y OSR1 (Oxidative Stress Responsive Kinase 1) han sido
propuestas como reguladores de la actividad de diversas proteinas dentro de las que se
encuentran miembros de la familia de cotransportadores electroneutros de cationes
acoplados a Cl" (230-234).

SPAK y OSR1 comparten un 68% de identidad a nivel de secuencia de amino&cidos y
se encuentran dentro de las 28 cinasas identificadas en humano relacionadas a la cinasa

conocida como Ste20p (sterile 20 protein) de la levadura Saccharomyces cerevisiae.

Las cinasas relacionadas a Ste20p participan en una gran diversidad de procesos
celulares dentro de los que destacan la regulacién de transporte iénico y homestasis del

volumen celular.

A la fecha las cinasas relacionadas a Ste20p han sido divididas en dos familias: las
cinasas PAK (p21 Activated Kinases) caracterizadas por tener su dominio cinasa en la
region carboxilo terminal y las cinasas GCKs (germinal center kinases) las cuales

poseen su dominio catalitico en la regién amino terminal (235) (Fig. 34).

La familia de las cinasas tipo PAK esté4 a su vez dividida en dos subfamilias (PAK1 y
PAK2), mientras que la familia de las GCKs es dividida en 8 subfamilias (GCK1-
GCKVIII).

Las cinasas SPAK y OSR1 forman parte de la subfamilia VI de las GCKs y se
postularon inicialmente como reguladoras de la actividad de miembros de SLC12A
porgue se encontré6 mediante ensayos de doble hibrido en levadura que eran capaces de
interactuar a través de su regién carboxilo terminal con el motivo Lys/Arg-Phe-Xaa-
Val/lso presente en NKCC1, NKCC2y KCC3a (Fig. 34).
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Cinasa Localizacién  Gene ID

GCKs HyN- ~COOH sl s cromaosomica
LU=V -
PAKS H,N- EIEN-CooH SLK mgﬁg ;;‘353 dlie ey
e |PAK3  Xq213-q24 5063
PAK4  19913.2 10298
GCKAI TAOD1 PAKS  20p12 57144
PAK6 15914 56924
Mst 2M5“ GCK-VII MAP4K1 19q13.1-q13.4 11184
MAP4K2 1113 5871
Myo3b MAP4K3 2p22.1 8491
Mo MAP4K5 14q11.2-21 11183
Mst1  20q11.2-q13.2 4485
SOK Mst2  8g22.2 6788
Myo3a Mst3  13q31.2-q32.3 8428
Mst 4 Xq26.2 51765
NIK SOK 29373 10494
OSR1  3p22-p21.3 9943
TNIK SPAK  2q24.3 27347
i LOK  5g35.1 6793
e ink SLK 10925.1 9748
MNIK 2q11.2 9020
TNIK  3926.2-q2631 23043
Mink 17p13.2 50488
NRK  Xgq223 203447
Myo3a 10p11.1 53904
Myo3b 2g31.1-g31.2 140469
o PAKG TAO1  17q11.2 57551
il PAK4 PAKS TAO2  16pl12 9344
TS MAPAKT TAOZ  12q 51347

PAK-II
GCK-I

Figura 34. Dendograma de las cinasas en humano relacionadas a la cinasa Ste20p de

levadura.

Mediante ensayos de expresion funcional se ha podido establecer que la actividad
catalitica de SPAK asi como su interaccion fisica con NKCC1 y NCC es necesaria para
mantener la actividad normal de estos cotransportadores (236). Consistente con lo
anterior, la sobreexpresion de SPAK cataliticamente inactiva previno la fosforilacion de
los residuos amino terminales en NKCC1 y NCC requeridos para sostener la actividad
basal, su activacion mediada por WNK3 y al menos para el caso de NKCC1 su
activacion durante maniobras de deplecion de la concentracion de cloruro intracelular.
De manera importante la sobrexpresion de SPAK cataliticamente inactiva resulto en la
activacion de KCC2. En resumen, la actividad de diversos miembros de SLC12A parece

depender de los efectos que las cinasas SPAK y OSR1 ejerzan sobre ellos.

El interés en comprender el papel de las cinasas SPAK y OSR1 se incrementd de
manera notoria al descubrir que estas dos cinasas son blancos de fosforilacion de
WNK1y WNKA4 las cuales estan mutadas en pacientes con PHAII.

De manera interesante las cinasas SPAK y OSR1 son capaces de interactuar y estimular

la actividad del cotransportador Na'/K*/2CI" (NKCC1) en presencia de las cinasas
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WNK1 y WNK4, asi como modular la actividad del cotransportador NKCC1 en

relacion con cambios a la [CI]; (237-238).

La interaccion entre las cinasas SPAK/OSR1 y proteinas con motivo Lys/Arg-Phe-Xaa-
Val/lso involucra 92 aminoacidos 79% idénticos a nivel de secuencia, localizados en la
region carboxilo, que en conjunto han sido llamados como CCT (conserved carboxy

terminal domain) por sus siglas en ingles (239).

Mediante el empleo de ensayos tipo doble hibrido, Piechotta y colaboradores han
establecido que SPAK y OSR1 también pueden establecer interaccion fisica con otras
proteinas entre las que se encuentran: AATYK1, AATYKS3, gelsolina, otoferlina,
HSP105. Esta observacion indica que SPAK y OSR1 se encuentran probablemente
involucradas en multiples pocesos celulares algunos de los cuales parecen se

completamente independientes de la modulacién del transporte ionico.

A pesar de que el ensayo de doble hibrido es una técnica muy valiosa y utlizada para
descubrir interacciones proteina-proteina, en muchas ocasiones no todas las posibles
interacciones proteicas pueden ser descifradas mediante su empleo. Recientemente,
mediante busquedas in silico utilizando el proteoma de raton se ha podido establecer
que 130 proteinas presentan a nivel de secuencia al menos un motivo de interaccion con
las cinasas SPAK y OSR1.

Cabe mencionar que todos los miembros de las WNK poseen al menos un motivo de
unién a SPAK y OSRL1. Si bien es cierto que la presencia a nivel de secuencia de tal
motivo de union a SPAK y OSR1 no garantiza la interaccion, lo anterior abre la
posibilidad de que las cinasas SPAK y OSR1 desempefien papeles muy importantes a

nivel celular (Fig. 28).

PLANTEAMIENTO DEL PROBLEMA

Un determinante importante de los niveles de Ps es la reabsorcion de Na* en la nefrona,
donde en RAGAH, el principal responsable es el cotransportador NKCC2. Las
mutaciones en NKCC2, CLC-Kb, y Barttina son responsables del desarrollo del

sindrome de Bartter tipo I, I11'y IV respectivamente.
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A la fecha, no se conoce el mecanismo por cual el blogueo de la actividad de CLC-Kb
(Bartter tipo 111 6 1V) disminuye la reabsorcion de Na* mediada por NKCC2, pero es
probable que el bloqueo de CLC-Kb y Barttina conduzca a un aumento en la [CI];, el
cual resulte en la inhibiciéon de la expresion y/o funcién de NKCC2, ocasionando el

desarrollo de la enfermedad.

De manera importante, la disminucion en las [CI];, modulan mediante eventos de
fosforilacion en residuos conservados dentro de la region amino terminal, la actividad
de NKCC1 y NCC, cotransportadores que pertencen a la misma familia (SLC12A) de
cotransportadores electroneutros de cationes acoplados a CI" que NKCC2 y con los
cuales comparte un 61 y 50% de identidad a nivel de secuencia de aminoacidos

respectivamente.

A lo largo de mis estudios de doctorado mi objetivo principal fue demostrar si cambios
en las [CI]; mediante eventos de fosforilacién en la regién amino terminal modificaban

la actividad de NKCC2 de manera similar a lo que ocurre en NKCC1 y NCC.

Si cambios en las [CI]; son capaces de modular la actividad de NKCC2, entonces
probabalemente un aumento en la [CI];, sea el responsable del bloqueo de la expresién
y/o funcién de NKCC2 en el sindrome de Bartter tipo Il y IV. Asimismo, durante mi
doctorado me di a la tarea de establecer el mecanismo molecular por el cual cambios en
[CI'Ti modulan la actividad de NKCC2, en donde dos proteinas cinasas WNK3 y
SPAK/OSR1 han sido sugeridas como sensoras de cambios en [CI]; debido que
modulan la actividad de miembros de SLC12A.

OBJETIVO GENERAL
Avanzar en la comprension del mecanismo de regulacion de la actividad del
cotransportador NKCC2 por cambios en la [CI]i, probablemente responsables del

sindrome de Bartter tipo Il y IV asi como el mecanismo molecular por el cual cambios
en [CI']i modulan la actividad de NKCC2
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OBJETIVOS PARTICULARES

Determinar el efecto de dos maniobras de deplecion de [CI]; (coexpresiéon del
cotransportador K*/CI" KCC2 e incubacion en una solucidon hipotonica con bajas
concentraciones de CI") sobre la fosforilacion de dos residuos de treonina 96 y 101y su

relacion con la actividad de NKCC2.

Establecer el papel de las cinasas WNK3 y SPAK cataliticamente activas e inactivas
(WNK3 D294A y SPAK K104R) sobre la actividad basal del NKCC2, asi como durante

maniobras de deplecion de [CI];

Determinar el papel del motivo de unién a SPAK en la region carboxilo terminal de la
cinasa WNK3 mediante su eliminacion con la mutacion puntual F1337A.,

METODOLOGIA

El presente estudio fue llevado a cabo mediante la combinacién de tres disciplinas: a) la
biologia molecular, b) la bioquimica y c) la expresion funcional heterdloga utilizando

ovocitos de la rana Xenopus laevis (Fig. 35).

Los ovocitos de la rana Xenopus laevis se pueden microinyectar con ARNm o ARNc
exogeno con ayuda de un micromanipulador y con la ayuda de un microscopio
estereoscopico. Dicho sistema de expresion funcional heter6loga ha provado ser (til
para la expresion y estudio de diversas proteinas de varias especies ya que el ARNm o
ARNCc que codifica para dichas proteinas puede ser procesado y traducido con gran
eficiencia. De esta manera, despues de microinyectar ovocitos de la rana Xenopus laevis
con el ARNc que codifica para NKCC2 se puede evaluar la actividad de NKCC2
anclado a membrana mediante la captacion o incorporacién a la célula de sustratos de
transporte como el ®Rb* 6 el ?Na*. La captacion de dicho material radiaoctivo sensible
o inhibida por bumetanida (inhibidor especifico de NKCC2) puede entonces ser

correlacionada al nivel de actividad de NKCC2 expresado en los ovocitos.
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Figura 35. Rana Xenopus laevis, ovocitos, microinyector y micromanipulador

utilizados durante los ensayos de expresion funcional heter6loga

Extraccion e inyeccidn de ovocitos de Xenopus laevis

La obtencion y preparaciéon de ovocitos se llevo a cabo siguiendo la metodologia que
hemos utilizado en repetidas ocasiones (240-245). En resumen, los ovocitos se obtienen
de ranas hembras adultas Xenopus laevis, se defoliculan manualmente e incuban durante
toda la noche en la soluciéon conocida como ND96 (en [mM]: 96 NaCl, 2 KCI, 1.8
CaCl,, 1 MgCl,, y 5 HEPES/Tris, pH 7.4) y al dia siguiente se microinyectan con 50 nl

de agua con o sin ARNc de nuestros genes a estudiar.

Se utilizaron de 10 a 15 ovocitos por cada grupo, de manera tal que cada experimento
requiere de la microinyeccion de aproximadamente 350 a 400 ovocitos. Después de la
microinyeccién de ARNc, los ovocitos se incuban durante 3 a 4 dias en ND96
suplementado con 2.5 mM de piruvato de Na* como fuente de energia y 0.5 mg/L de

gentamicina para prevenir contaminacion bacteriana.

Clonas, sintesis e inyeccion del ARN complementario

El ADNc que utilizamos en el estudio es el que codifica para NKCC2 de rata, para
KCC2 de humano, para WNK3 de humano y para SPAK de ratén. EI ARNc fue
sintetizado a partir del ADNc de cada una de las clonas silvestres 0 clonas con
mutaciones puntuales utilizando el estuche MMESSAGE mMMACHINE® T7 de la
marca Ambion. La calidad del ARNc fue comprobada mediante electroforesis en gel de
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agarosa/formaldehido y su concentracion fue determinada por espectrofotometria de
acidos nucleicos y por analisis densitométrico de las bandas observadas en el gel. Para
la microinyeccion, el ARNCc se disolvié en H,O libre de RNAsas y DNAsas y se inyectd
en ovocitos a razén de 50 nL por ovocito de una disolucion usualmente a 0.2 pg/pL (10
ng de ARNCc/ovocito).

Determinacion de la expresion funcional o actividad de NKCC?2

Las propiedades funcionales y farmacoldgicas de las clonas silvestres o mutadas las
Illevamos a cabo siguiendo los protocolos que hemos utilizado previamente. En
resumen, la actividad del cotransportador NKCC2 se determind como la captacion o

incorporacion de *’Na* o de ®*Rb*, dependiente de CI"y sensible a bumetanida.

Las disoluciones de precaptacion y de captacion utilizadas fueron disefiadas segun las
necesidades de cada experimento. En general se incuban lo ovocitos en precaptacion
con amiloride y ouabaina en ausencia de K*. La ouabaina inhibe a a la Na'/K" ATPasa,
la amiloride previene la captacion de Na® por canales de sodio (ENaC) 6 por el
intercambiador Na'/H* (NHE) y la ausencia de K" previene la captacion por NKCC1 6
NKCC2. Posteriormente, se cambian los ovocitos a una disolucion de captacién con las
mismas drogas, pero en presencia de Na*, K* y CI"y con 2 puCi/mL de 22Na* 6 86Rb".
La captacion de estos isotopos radioactivos fue determinada mediante centelleo liquido

de cada ovocito en presencia de 500 pL de SDS al 10% wi/v.

Maniobras para disminuir la concentracién intracelular de cloruro

Se utilizaron dos maniobras diferentes para disminuir la [CI]; en el ovocito. Una fue la
expresion del cotransportador KCC2. Este cotransportador de K'/CI" es la Unica
isoforma de las cuatro que es activa en condiciones isotonicas y por lo tanto, durante los
tres 0 cuatro dias de incubacion post microinyeccion produce salida de K™y CI" del
ovocito. El potasio es regresado a la célula por la actividad de la Na'/K*/ATPasa, con lo
que se disminuyen las [CI']i. La segunda maniobra fue la incubacion de los ovocitos 12

horas antes de la captacién de radionuclidos en una solucion ligeramente hipotonica y
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sin CI". Dicha incubacidn resulta en apertura de canales de CI" del ovocitos y por tanto la
disminucion en la [CI']i. A esta maniobra la conocemos como estrés hipotdnico bajo en
ClI. Ambas maniobras han sido utilizadas por nosotros y por otros grupos para
disminuir la [CI']; y en ambos casos se ha determinado la efectividad de las maniobras
para disminuir las [CI]; a partir de la medicion de este ion dentro de la célula con

electrodos sensibles a Cl".

Mutagénesis

Las mutaciones puntuales utilizadas en el presente estudio se llevaron a cabo con el
estuche comercial QuickChange de Stratagene siguiendo las instrucciones del
fabricante. Los iniciadores (primers) especificos para realizar cada mutacion fueron
sintetizados por Sigma-Aldrich. Las mutaciones introducidas en los ADNc fueron las
siguientes: NKCC2-TM: Esta es la triple mutante de NKCC2 en que las treoninas 96,
101 y 113 fueron sustituidas por alanina. Con esto eliminamos las treoninas en la region
amino terminal, que para el caso de NKCC1 y NCC se ha demostrado que son
importantes en la regulacién de su actividad. WNK3-D294A: WNK3 en la que el &cido
aspartico de la posicion 294 fue sustituido por alanina. Con esto la cinasa WNKS3 pierde
su actividad catalitica. WNK3 F1337A: WNKS3 en el que la fenilalanina 1337 fue
sustituida por alanina. Con esto se elimina el dnico sitio potencial en WNK3 para su
interaccion con la cinasa SPAK. SPAK-K104R: SPAK en la que la lisina 104 es
sustituida por arginina y con esto pierde su actividad catalitica. Todas las mutaciones se
corroboraron mediante secuenciacion automatizada del ADNCc.

Analisis de transferencia tipo Western

Se utiliz6 andlisis de transferencia tipo Western (Western blot) para conocer la cantidad
de proteina de NKCC2 en los ovocitos inyectados con ARNc de NKCC2 y expuestos a
las maniobras de deplecion de [CI7]; asi como para determinar el estado de fosforilacion
de las treoninas 96 y 101 de la region amino terminal. Para el primer caso utilizamos
anticuerpos policlonales generados contra la region amino terminal de NKCC2

generosamente obsequiados por Mark Knepper. Para el segundo caso utilizamos el
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fosfoanticuerpo conocido como R5 que reconoce a las treoninas 184 y 189 de NKCC1
cuando estan fosforiladas. Este anticuerpo fue donado por Biff Forbush y debido a que
el péptido de 16 amino &cidos que se utiliz6 para hacer el anticuerpo, incluyendo las dos
treoninas, esta altamente conservado en NKCC2, los anticuerpos R5 pueden reconocer
las treoninas 96 y 101 de NKCC2 cuando estan fosforiladas. Para llevar a cabo los
Western blots se extrajeron proteinas de 15 ovocitos por grupo, se homogenizaron en
buffer de lisis a razén de 10 pL/ovocito, se centrifugaron en dos ocasiones a 14000 rpm
(16464 unidades g) durante 10 minutos a 4°C y se recolecto el sobrenadante. Para cada

carril se utilizo el equivalente a un ovocito.

Analisis estadistico

La diferencia de medias entre dos grupos se analiz6 mediante la prueba de t de Student.
La significancia estadistica entre los grupos se llevé a cabo con ANOVA de una via 'y
correccion de Bonferroni para comparaciones multiples. Los resultados se presentan

como media = error estandar.

La metodologia a detalle utilizada en mis proyectos de investigacién realizados durante

mi doctorado se encuentra anexada en las publicaciones siguientes.

RESULTADOS

Los resultados obtenidos a lo largo de mi doctorado permitieron alcanzar los objetivos
trazados en mi proyecto y dichos resultados lograron ser publicados en el articulo que
Ileva por nombre: “Regulation of NKCC2 by a chloride-sensing mechanism involving
the WNK3 and SPAK kinases”. Dicha publicacion se encuentra en la revista
“Proceedings of the nacional Academy of Sciences” dentro del volumen y tomo en las
paginas. La publicacion se encuentra anexa en paginas posteriores, asi como un breve
resumen y discusion en la que se resaltan las principales conclusiones obtenidas en

dicho trabajo.

82



Lo L

P

1\

o LN A D

Regulation of NKCC2 by a chloride-sensing
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The Na*:K*:2Cl~ cotransporter (NKCC2) is the target of loop
diuretics and is mutated in Bartter's syndrome, a heterogeneous
autosomal recessive disease that impairs salt reabsorption in the
kidney’s thick ascending limb (TAL). Despite the importance of this
cation/chloride cotransporter (CCC), the mechanisms that underlie
its regulation are largely unknown. Here, we show that intracel-
lular chloride depletion in Xenopus laevis oocytes, achieved by
either coexpression of the K-Cl cotransporter KCC2 or low-chloride
hypotonic stress, activates NKCC2 by promoting the phosphoryla-
tion of three highly conserved threonines (96, 101, and 111) in the
amino terminus. Elimination of these residues renders NKCC2
unresponsive to reductions of [CI~]i. The chloride-sensitive activa-
tion of NKCC2 requires the interaction of two serine-threonine
kinases, WNK3 (related to WNK1 and WNK4, genes mutated in a
Mendelian form of hypertension) and SPAK (a Ste20-type kinase
known to interact with and phosphorylate other CCCs). WNK3 is
positioned upstream of SPAK and appears to be the chloride-
sensitive kinase. Elimination of WNK3'’s unique SPAK-binding motif
prevents its activation of NKCC2, as does the mutation of threoni-
nes 96, 101, and 111. A catalytically inactive WNK3 mutant also
completely prevents NKCC2 activation by intracellular chloride
depletion. Together these data reveal a chloride-sensing mecha-
nism that regulates NKCC2 and provide insight into how increases
in the level of intracellular chloride in TAL cells, as seen in certain
pathological states, could drastically impair renal salt reabsorption.

ion transport | loop of Henle | protein serine-threonine kinases |
hypertension | diuretics

he renal-specific Na*:K*:2Cl~ cotransporter (NKCC2) is
the major salt transport pathway of the apical membrane of
the mammalian thick ascending limb (TAL) of Henle’s loop. The
activity of NKCC2 is critical for salt reabsorption, countercur-
rent multiplication, acid-base regulation, and divalent mineral
cation metabolism (1). NKCC2 is the main pharmacological
target of loop diuretic drugs used worldwide for the treatment
of edematous states. The fundamental role of NKCC2 in human
physiology and blood pressure regulation has been established by
the finding that inactivating mutations in SLCI2A41, the gene
encoding NKCC2, causes Bartter syndrome type I (2), an
autosomal recessive syndrome featuring severe volume deple-
tion, hypokalemia, metabolic alkalosis, and hypercalciuria.
NKCC2 is an electroneutral cation-coupled chloride cotrans-
porter (CCC) in the SLCI2 gene family that contains seven
members encompassing two different branches. The sodium-
driven branch (Na-[K]-Cl) comprises the thiazide-sensitive
Na*:Cl~ cotransporter NCC and two different isoforms of the
Na*:K*:2Cl~ cotransporter—the ubiquitous NKCC1 and the
kidney-specific NKCC2. The potassium-driven branch (KCCs)
comprises four different K*-CI~ cotransporters, KCC1-KCC4.
Studies have shown that CCCs are regulated by intracellular
chloride concentration [Cl~]; by means of phosphorylation and

8458-8463 | PNAS | June 17,2008 | vol. 105 | no.24

dephosphorylation events. Phosphorylation activates Na-[K]-
CCs and inhibits KCCs, whereas dephosphorylation has the
opposite effect (3-5). Extensive work performed with NKCCl1
(6-11) has established that cotransporter activation by low
intracellular chloride is associated with phosphorylation of
specific threonines in its amino terminus. This phosphorylation
appears to be due to the activation of a kinase, rather than the
inhibition of a protein phosphatase; the existence of a kinase
whose activity is modulated by [Cl™]; has been proposed to
account for these phenomena (12).

In recent years, serine/threonine kinases from two different
gene families have been shown to fit the profile of “Cl~-sensing
kinases.” One is the WNK family, from which two members
(WNKI1 and WNK4) are mutated in pseudohypoaldosteronism
type II, a Mendelian form of human hypertension. WNK3
increases the activity of the sodium-driven cotransporters Na-
[K]-CCs, promoting Cl~ influx, but decreases the activity of the
potassium-driven cotransporters KCC1-KCC4 to prevent Cl~
efflux. Through these reciprocal actions on cellular CI~ influx
and efflux pathways, WNK3 regulates the level of [CI7]; (13-15).
The Ste20-type kinases SPAK/OSR1 become phosphorylated in
response to decreases in [Cl™]; and also regulate the activity of
NKCCI1 (12, 16-19). A link between these two different kinase
families has been established by the finding that WNK1 and
WNK4 interact with and phosphorylate SPAK/OSR1, which
enables SPAK/OSRI1 to physically associate with, phosphorylate,
and activate NKCC1 (20-22).

Here, we show NKCC?2 is regulated by [Cl™]; and that phos-
phorylation of two conserved threonines in its amino terminal
domain is involved. Activation of NKCC2 by intracellular chlo-
ride depletion requires an interaction between WNK3 and
SPAK; WNK3 is positioned upstream of SPAK and appears to
be the chloride-sensitive kinase. These observations define a
regulatory pathway for NKCC2 and provide insight into how
increases in [Cl™]; in Bartter syndrome type III, which results
from inactivating mutations in the TAL’s basolateral CI~ efflux
channel CLC-KB, could lead to the inhibition of NKCC2
activity.

Results

NKCC2 Activity and Phosphorylation Are Increased by Intracellular
Chloride-Depletion Maneuvers. We evaluated whether NKCC2 is
regulated by [Cl™]; by employing two experimental approaches
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Fig. 1.

Regulation of NKCC2 by intracellular chloride-depletion maneuvers. Xenopus oocytes were injected with water or 10 ng per oocyte of wild-type or

mutant NKCC2 cRNA alone or together with 10 ng per oocyte of KCC2 cRNA, as stated. Four days later, influx experiments or Western blot analyses were
performed in control conditions or under low-chloride stress. (A) 22Na* uptake was assessed in absence (open bars) or presence (filled bars) of 100 uM
bumetanide. (B) A representative Western blot analysis performed by using the R5 phosphoantibody (26). (C) A representative Western blot analysis performed
with polyclonal anti-NKCC2 and anti-actin antibody (41). (D) Uptake of 86Rb* was assessed in oocytes injected with water, wild-type, or mutant NKCC2. Mean
value of wild-type NKCC2-injected oocytes was taken as 100%, and the value observed in mutants was normalized. *, significantly different from the uptake
observed in wild-type NKCC2; **, significantly different to uptake observed in T101A. (E) Uptake of 22Na* in oocytes injected with water, wild-type NKCC2 cRNA,
or triple-mutant NKCC2 exposed to control conditions and both chloride-depletion maneuvers as stated. Uptake of 22Na* was performed in the absence (open
bars) or presence (filled bars) of 100 M bumetanide. This is a representative experiment, and each bar represents the mean + SEM of 10 oocytes. *, significantly

different from the uptake observed in the corresponding control.

that have been used successfully to induce a sustained depletion
of [C17]; (7, 8, 21, 23, 24). The first strategy used coexpressing
KCC2, a transporter that promotes chloride efflux in isotonic
conditions (3). The second strategy used exposing oocytes to
“low-Cl~ hypotonic stress,” which induces the opening of CI~
channels promoting Cl~ efflux (25). Oocytes expressing NKCC2
alone exhibited an increase in bumetanide-sensitive 2?Na* up-
take versus water-injected oocytes (Fig. 14). Coexpression with
KCC2 or incubation of oocytes in low-chloride hypotonic stress
augmented bumetanide-sensitive ?Na* uptake (Fig. 14). Ex-
posing oocytes to both intracellular chloride-depletion maneu-
vers did not result in further activation of NKCC2.
Intracellular chloride depletion could augment NKCC2 func-
tion by increasing the phosphorylation of residues necessary for
its activation, as has been shown previously to occur with shark
NKCC1 (7) and NCC (24). In this regard, the amino terminal
domain threonines that become phosphorylated in NKCC1
(T184 and T189) and NCC (T53 and T58) in response to chloride
depletion are conserved in NKCC2 (T96 and T101); a third
phospho-acceptor residue implicated in regulation of NKCCl1
(T202) and NCC (S71) also is conserved in NKCC2 (T111) (24).
RS antibody, which recognizes phospho-threonines 184 and 189
in NKCC1, also is able to recognize phospho-threonines 96 and
101 in NKCC2 (26), and the phosphorylation of these threonines
in NKCC2 has been shown to have a regulatory role in vivo (27).
By using RS antibody, phospho-NKCC2 was detected in homog-
enates extracted from oocytes expressing NKCC2 and exposed

Ponce-Coria et al.

to low chloride stress and in homogenates from oocytes express-
ing both NKCC2 and KCC2, but not in those injected with water
or expressing KCC2 and exposed to low chloride stress or
oocytes expressing NKCC2 alone and exposed to control con-
ditions during uptake (Fig. 1B). The amount of NKCC2 in
oocytes was not affected by the intracellular chloride-depletion
strategies (Fig. 1C). Densitometric analysis revealed that the
ratio between phospho-NKCC2 (Fig. 1B) over total NKCC2
signals (Fig. 1C) of 0.14 in control condition increased to 1.06
after low-Cl~ stress, 1.03 after coinjection of KCC2, and 1.41
when both maneuvers were applied together. Thus, intracellular
chloride depletion is associated with increased activity and
phosphorylation of NKCC2 at the amino terminal threonines
T96 and T101.

Elimination of the Amino Terminal Threonines T96, 101, and 111
Prevents NKCC2 Activation by Intracellular Chloride Depletion. Site-
directed mutagenesis was used to substitute threonines 96, 101,
and/or 111 of NKCC2 with alanine to produce single, double, or
triple NKCC2 mutants. As shown in Fig. 1D, no significant effect
was observed by the elimination of T96 or T111 on NKCC2
activity. However, NKCC2 activity was reduced 60% by muta-
tion of T101. NKCC2 activity in the double mutant T96,111A
was reduced by 40%, and double mutants in which T101 was
involved had activity similar to the single mutant T101A. A triple
mutant NKCC2 exhibited a further reduction of activity to nearly
85%. Thus, activity in the triple mutant was significantly lower

PNAS | June 17,2008 | vol. 105 | no.24 | 8459
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than in T101A. Thus, the behavior of the NKCC2 mutants differs
from that of NKCC1 (7) or NCC (24), in which basal transporter
activity depends on the presence of the second threonine. We
exposed oocytes expressing wild-type NKCC2 or triple-mutant
NKCC2 to both chloride-depletion maneuvers together (coex-
pression of KCC2 plus low-chloride hypotonic stress). As shown
in Fig. 1E, a significant increase in NKCC2 activity was observed
when both maneuvers were applied to oocytes expressing wild-
type NKCC2. In contrast, the activity of triple mutant NKCC2
was not increased by chloride-depletion maneuvers. Thus,
threonines 96, 101, and 111 not only become phosphorylated
when NKCC2 is activated by intracellular chloride depletion, but
also are required for its activation.

Regulation of NKCC2 Activity by WNK3 and SPAK Kinases. We next
investigated whether the proposed “Cl~-sensing kinases” WNK3
and/or SPAK were involved in the mechanism by which intra-
cellular chloride depletion increases NKCC2 activity because
these kinases have been shown to regulate other CCCs. Similar
to our previous findings (15), the coexpression of NKCC2 with
WNK3 resulted in a significant increase in NKCC2 activity by
>2-fold [supporting information (SI) Fig. S1]. No effect was
observed when SPAK was coexpressed with NKCC2, but the
coexpression of SPAK with WNK3 and NKCC2 resulted in a
greater increase in bumetanide-sensitive 3Rb* uptake than was
seen in oocytes expressing WNK3 and NKCC2 (Fig. S1). Be-
cause oocytes express WNK and SPAK orthologs that might be
important for the functional regulation of heterologous-
expressed NKCC2, we analyzed the effect of reducing the
endogenous activity of these kinases by coexpressing NKCC2
together with catalytically inactive forms of WNK3 (D294A,
termed WNK3-DA) (15) or SPAK (K104R, termed SPAK-KR)
that serve as dominant-negative-type mutants or as inhibitors
(16). Basal activity of NKCC2 was reduced 65 = 6.5% (P < 0.05)
by coinjecting WNK3-DA cRNA and 47 = 2.6% (P < 0.05) with
SPAK-KR coexpression. A similar type of inhibition has been
observed for NKCC1 when coexpressed with inactive SPAK-KR
(12, 19). Thus, although wild-type SPAK had no effect on
NKCC?2 (Fig. S1), inactive SPAK-KR significantly reduces basal
NKCC2 activity. These data show that NKCC2 is inhibited by the
catalytically inactive forms of WNK3 and SPAK and suggest that
both kinases are required to maintain NKCC2 basal activity.

WNK3 Lies Upstream of SPAK for NKCC2 Activation. WNKI1 and
WNKH4 lie upstream of SPAK in the regulation of NKCC1 (20,
21). Because both WNK3-DA and SPAK-KR inhibit NKCC2, we
tested whether WNK3 and SPAK function in the same pathway
in the regulation of NKCC2 by injecting WNK3-DA cRNA or
SPAK-KR cRNA alone or both inactive kinases together. To
increase our ability for detecting additive effects, lesser amounts
of each kinase cRNA were injected. Data were normalized to the
86Rb* uptakes in oocytes injected with only NKCC2 (Fig. 2,
filled bars). As shown in Fig. 24, coexpression of WNK3-DA or
SPAK-KR resulted in a significant 25% inhibition of NKCC2.
When both inactive kinases were coexpressed, no further inhi-
bition was observed. These data suggest that WNK3 and SPAK
operate in series, and not parallel pathways, to regulate NKCC2.

We next coexpressed inactive WNK3-DA or SPAK-KR in
combination with the wild-type SPAK or WNK3, respectively, to
determine which kinase is able to rescue NKCC2 from the
inhibitory effect of the other’s inactive form. Wild-type WNK3
activated NKCC2 in the presence of SPAK-KR (Fig. 2B). In
contrast, in the presence of WNK3-DA, the coexpression of
wild-type SPAK did not activate NKCC2 (Fig. 2C). These
observations suggest that WNK3 is positioned upstream of
SPAK.

8460 | www.pnas.org/cgi/doi/10.1073/pnas.0802966105
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Fig.2. Effect of the catalytically inactive kinases WNK3-DA and SPAK-KR on
the functional expression of NKCC2. For all figures, oocytes were injected with
water or 10 ng per oocyte of NKCC2 cRNA alone or together with the active
or inactive kinases as stated. Three days later, 8Rb* uptake was assessed.
Values observed in oocytes injected with NKCC2 alone were taken as 100% for
normalization purpose. (A) Oocytes were injected with NKCC2 cRNA alone
(filled bar) or together with 2.5 ng per oocyte of WNK3-DA cRNA or SPAK-KR
cRNA alone or both inactive kinases together (open bars) as stated. (B) Oocytes
were injected with NKCC2 cRNA alone (filled bar) or together with 5 ng/oocyte
of wild-type WNK3 cRNA with or without 5 ng/oocyte of SPAK-KR cRNA (open
bars). (C) Oocytes were injected with NKCC2 cRNA alone (filled bar) or to-
gether with 5 ng per oocyte of WNK3-DA cRNA with or without 5 ng per
oocyte of wild-type SPAK cRNA (open bars). *, significantly different from the
uptake observed in the NKCC2 cRNA group; **, significantly different from
the uptake observed in the NKCC2 cRNA plus SPAK-KR cRNA group.

A SPAK-Binding Motif in WNK3 Is Necessary for WNK3's Activation of
NKCC2. According to a recent genome-wide analysis (28), the
sequence GRFQVITI in the carboxyl-terminal regulatory do-
main of WNK3 represents a unique SPAK-binding site that is
conserved in mouse, rat, and human WNK3. Thus, the effect of
wild-type or WNK3-F1337A on NKCC2 activity and WNK3-
SPAK interaction was analyzed. Wild-type WNK3 was able to
increase activity, but this effect was completely absent with
WNK3-F1337A (Fig. 3A4). Consistent with this observation,
HA-SPAK was coprecipitated with wild-type c-Myc-WNK3, but
not with c-Myc-WNK3-F1337A (Fig. 3B), suggesting that to
activate NKCC2, WNK3 and SPAK form a protein complex. The
lack of WNK3-F1337A effect on NKCC2 could be alternatively
explained if the mutation F1337A reduces WNK3 kinase ex-
pression and/or activity, but this scenario is unlikely for three
reasons. First, expression of c-Myc-WNK3 or c-Myc-WNK3-
F1337A was similar (Fig. 3C). Second, WNK3 without catalytic
activity (Fig. 2A4) inhibits NKCC2, whereas WNK3-F1337A
mutant does not (Fig. 34). Third, the effect of WNK3-F1337A
on KCC4 demonstrates that this construct contains catalytic
activity. Both wild-type WNK3 and WNK3-F1337A reduced the
activity of KCC4 when oocytes were incubated in hypotonic
conditions. Because catalytic activity of WNK3 is required for
KCC4 inhibition (13), this observation demonstrates that
WNK3-F1337A is an active kinase. Interestingly, this observa-
tion also shows that the mechanisms by which WNK3 activates
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uM bumetanide. *, significantly different from the uptake observed in NKCC2
cRNA group. (B) Oocytes were injected with water, NKCC2 cRNA, c-Myc-WNK3
CRNA, c-Myc-WNK3-F1337A cRNA, and/or HA-SPAK cRNA as stated. Three days
later, c-Myc-WNK3 or ¢-Myc-WNK3-F1337A were immunoprecipitated from
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to PDFV membranes. Western blot analyses were performed by using anti-c-
Myc or anti-HA monoclonal antibodies as stated. (C) Representative Western
blot analysis of proteins extracted from oocytes 3 days after injection with
water or NKCC2 cRNA alone or together with wild-type c-Myc-WNK3 cRNA or
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or c-Myc-WNK3-F1337A cRNA in hypotonic conditions in the presence (open
bars) or absence (filled bars) of extracellular chloride. *, significantly different
from the uptake observed in the KCC4 cRNA group.

NKCC2 or inhibits KCCs activity are different: Interaction
between WNK3 and SPAK is required for NKCC2 activation,
but is not necessary for KCC4 inhibition. In this regard, another
difference is that WNK3-DA inhibitory effect on NKCC2 is a
dominant-negative type of effect, whereas activation of KCCs is
not (Fig. S2). Moreover, we have previously shown that activa-
tion of KCCs by WNK3-DA is prevented by protein phosphatase
inhibitors (13), although this is not the case for NKCC2 inhib-
itory effect on WNK3-DA or SPAK-KR (Fig. S3).

Amino Terminal Threonines 96, 101, and 111 Are Required for WNK3-
Induced Activation of NKCC2. We have previously shown that
increased activity of NKCC2 by WNK3 is associated with
phosphorylation of threonines 96 and 101, as detected by the R5
phosphoantibody (15). Thus, we analyzed the effect of WNK3 on
NKCC2 harboring the triple mutation (T96,101,111A) that
eliminates the response to intracellular chloride depletion (Fig.
1D). As shown in Fig. 44, WNK3 increased the activity of
wild-type NKCC2, but had no effect on the NKCC2 triple
mutant in which all three threonines were eliminated. These data
suggest that the activation of NKCC2 by WNK3 is due to
phosphorylation and requires the presence of threonines 96, 101,
and 111. Because intracellular chloride depletion also activates
NKCC2 by phosphorylating these residues, we reasoned that
WNK3 could be the kinase translating the decrease of [Cl7];,
into NKCC2 activation, and, in this case, catalytically inactive
WNK3-DA should prevent the activation of NKCC2 by intra-
cellular chloride-depletion maneuvers. We therefore tested the
effect of both chloride-depletion maneuvers together (coexpres-
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injected with water, with NKCC2 cRNA alone, or together with KCC2 cRNA
and/or WNK3-DA as stated. Uptakes of 22Na* were performed in control
isotonic conditions or under low-chloride hypotonic stress in the absence
(open bars) or presence (filled bars) of 100 M bumetanide. *, significantly
different from the uptake observed in the NKCC2 control group.

sion of KCC2 plus low-chloride stress) on NKCC2 activity
coexpressed with WNK3-DA. In the presence of WNK3-DA, the
activity of NKCC2 was significantly reduced, as shown previ-
ously. Intracellular chloride depletion, however, failed to in-
crease the 8°Rb* uptake mediated by NKCC2 under these
conditions (Fig. 4B). These data show that NKCC2’s activation
by intracellular chloride depletion is prevented by WNK3-DA.

Discussion

In the present study, we demonstrate that rat NKCC2 expressed
in oocytes is activated by intracellular chloride depletion and is
associated with phosphorylation of the cotransporter at threoni-
nes 96 and 101. Elimination of these two residues, together with
T111, renders NKCC2 less active and unresponsive to reduction
of [CI7]i. The regulation of NKCC2 by intracellular chloride
depletion requires interaction between WNK3 and SPAK, in a
pathway in which WNK3 lies upstream of SPAK. This is dem-
onstrated by the fact that eliminating the unique SPAK-binding
site in WNK3 (F1337A) prevents the activation of NKCC2 by
this kinase. Mutation of threonines 96, 101, and 111 also
prevented the response of NKCC2 to WNK3, and overexpres-
sion of the catalytically inactive WNK3-DA completely pre-
vented the activation of NKCC2 by intracellular chloride deple-
tion. These data together suggest that changes in [Cl™]; are
sensed by WNK3, which in turn interacts with and activates
SPAK, promoting the phosphorylation of NKCC2 at threonines
96, 101, and 111, which results in increased activity of the
cotransporter.

The regulation of WNK kinases by [Cl~]i has been previously
demonstrated. When Xu et al. (29) first cloned the cDNA
encoding WNKI, they observed that, from a variety of potential
stimuli to regulate WNKI, the only positive one was NaCl

PNAS | June 17,2008 | vol. 105 | no.24 | 8461

PHYSIOLOGY


http://www.pnas.org/cgi/data/0802966105/DCSupplemental/Supplemental_PDF#nameddest=SF2
http://www.pnas.org/cgi/data/0802966105/DCSupplemental/Supplemental_PDF#nameddest=SF3

f Na-k-2c1

~ON
) ) T
FERLCRN

) T

o @ 3

+
™ Intracellular chloride concentration

Active WNK3 . Active SPAK
@ 'nactive WNK3  [li] Inactive SPAK

} NarK-21

AN
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tion in the control of NKCC2 activity.

concentration. Later, Lenertz et al. (30) showed that WNKI is
activated by osmotic challenges in a variety of cell lines. Morigu-
chi et al. (21) observed in HEK293 cells that the activity of
WNKI1 and of SPAK/OSR1 kinases is increased by lowering
[CI7]i and proposed that WNKI1 behaves as an activator of
SPAK/OSRI1 in response to a decrease in the [Cl~];. It remains
to be determined how changes in [Cl~]; affect the kinase activity
of WNK3, if WNK3 directly phosphorylates SPAK, and how a
WNK3-SPAK interaction phosphorylates NKCC2.

Fig. 5 depicts our proposed model for the WNK3-SPAK
pathway in the regulation of NKCC2. We propose that variations
in [CI7]; are associated with changes in the ratio of active versus
inactive WNK3 kinase (W3R). Injecting oocytes with wild-type
WNK3 cRNA, by increasing W3R, mimics a situation in which
[CI7]; is reduced. Increased W3R in turn increases the active
versus inactive SPAK kinase ratio (SR) that promotes NKCC2
phosphorylation, thereby increasing the activity of the cotrans-
porter. In contrast, injecting oocytes with WNK3-DA cRNA, by
decreasing the W3R, mimics increases in [Cl™];, which in turn
decreases SR and thus prevents phosphorylation and activation
of NKCC2. Injecting oocytes with wild-type SPAK cRNA alone
cannot mimic the activation of NKCC2 seen with the reduction
of [CI™]; because, although the number of SPAK copies in-
creases, they are not activated by the low amount of WNK3. In
contrast, injecting oocytes with inactive SPAK-KR cRNA sim-
ulates an increase in [Cl™]; because the overexpression of this
inactive kinase reduces SR. This model also helps to explain why
wild-type SPAK is unable to reverse NKCC2 inhibition by
WNK3-DA, but wild-type WNK3 can overcome the inhibition of
NKCC2 by SPAK-KR. The latter occurs because, even in the
presence of SPAK-KR, overexpression of wild-type WNK3 will
increase the SR via activation of endogenous SPAK. By disrupt-
ing the SPAK-binding motif of WNK3 (WNK3-F1337A),
WNK3 is no longer able to interact with SPAK and thus cannot
increase the SR. Thus, NKCC2 activation does not occur.
Finally, because the catalytically inactive WNK3-DA exerts a
dominant negative-type effect on endogenous WNK3, intracel-
lular chloride depletion no longer activates NKCC2 in the
presence of WNK3-DA.

Bartter’s syndrome is a heterogeneous disease in which inac-
tivating mutations in NKCC2, the potassium channel ROMK,

8462 | www.pnas.org/cgi/doi/10.1073/pnas.0802966105

and the basolateral chloride channel CIC-KB have been shown
to cause Bartter’s syndrome type I, II, and III, respectively (31).
The mechanisms of disease in Bartter’s syndrome type I and II
are easily understood; inactivation of NKCC2 directly impairs
salt flux through transporter, whereas mutations in ROMK
disrupt the potassium-recycling mechanism necessary for con-
tinued NKCC2 function. Both types are clinically evident since
birth or even before as polyhydramnios. In contrast, the mech-
anisms by which mutations in CIC-KB cause disease are unclear.
Patients with the type III variant show a less severe phenotype
that is not clinically evident until late in the first year of life, often
exhibiting combined features of Bartter’s and Gitelman’s syn-
drome (another form of Mendelian hypotension due to muta-
tions in NCC). In the case of Bartter’s type III, CLC-KB-
inactivating mutations, by preventing chloride efflux from cells,
might indirectly impair the activity of NKCC2 in the TAL and
in some cases also of NCC in the DCT, but the clinical
consequences takes time to develop until the nephron reaches its
maximum development in the early postnatal life (32). Consis-
tent with this hypothesis are the data from this and a previous
study (24) that NKCC2 and NCC are regulated by intracellular
chloride. Thus, we believe that our observations help to define
a regulatory pathway of NKCC2 that provides insight into how
increases in [Cl™]; in Bartter’s syndrome type III could lead to
the inhibition of NKCC2 (and NCC) activity.

In conclusion, our data demonstrate that NKCC?2 is activated
by intracellular chloride depletion by a mechanism that involves
WNK3 and SPAK kinases. WNK3 appears to be the Cl~-sensing
kinase that in turn physically interacts with SPAK by means of
a unique SPAK-binding site. The interaction results in the
activation of SPAK and then in the phosphorylation of NKCC2
at the amino terminal domain threonines 96, 101, and probably
111, which, in turn, results in an increase in NKCC2 activity.

Methods

Clones and Mutagenesis. The cDNAs used in this study were previously described
(15, 33-38). Site-directed mutations (QuikChange; Stratagene) were performed
to substitute threonines 96, 101, and/or 111 of NKCC2 and WNK3 phenylalanine
1337 for alanine. c-Myc-epitope-tag was introduced into WNK3 after the ATG
starting codon by using double-step PCR. A construct containing a fragment of
WNK3 from residues 410-482 was done by PCR, and a flag epitope tag was
engineered in frame with the rest of coding region. DNA sequencing was used to
confirm all mutations. All primers were custom made (Sigma).

Assessment of the Na+:K*:2Cl~ and K*+-Cl~ Cotransporters’ Function. rNKCC2
activity was assessed by functional expression in Xenopus laevis oocytes as
described (15, 33, 39). Oocytes were injected with water or rNKCC2 cRNA (10
ng/oocyte) and exposed to two different conditions that promote a decrease
in the [CI7]i: coinjection with the K™:Cl~ cotransporter KCC2 cRNA (10 ng/
oocyte), and low-Cl~ hypotonic stress (24). For influx details and all solutions
contents, see S/ Methods.

Western Blot Analysis and NKCC2 Phosphoantibody Studies. Immunoblots were
performed by using a rabbit polyclonal anti-NKCC2 antibody following our
previously published protocol (41). Expression of proteins harboring the FLAG
(for WNK3-410-482 fragment), HA (for SPAK or SPAK-KR), and c-Myc epitopes
(for WNK3, WNK3-DA or WNK3-F1337A) were detected by using the appro-
priate peroxidase-conjugated monoclonal antibodies (Sigma). R5 antibody
was used to detect the phosphorylation status of T96 and T101 in NKCC2 as
described previously (26).

Data Analysis. All results presented are based on a minimum of three different
experiments with at least 10 oocytes per group in each experiment. Statistical
significance is defined as two-tailed, with P < 0.05, and the results are presented
as mean *+ SEM. The significance of the differences between groups was tested
by one-way ANOVA with multiple comparisons using Bonferroni’s correction.
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CONCLUSIONES GENERALES

En el trabajo publicado “Regulation of NKCC2 by a chloride-sensing mechanism
involving the WNK3 and SPAK kinases” hemos demostrado que la actividad de
NKCC2 se incrementa por maniobras que reducen la [CI];, y que este evento se asocia
con fosforilacion de las treoninas 96, 101 y 113 de la region amino terminal. La
eliminacién de estos residuos disminuye la actividad basal de NKCC2 y previene por

completo su activacion por las maniobras utilizadas que reducen la [CIT;

Por otro lado, mostramos que la actividad basal y la respuesta de NKCC2 a la
disminucion de la [CI]; es regulada por las cinasas WNK3 y SPAK. La cinasa WNK3
estd “rio arriba” de la cinasa SPAK; dentro de una cascada de sefializacién que conduce
a la fosforilacion de los residuos amino terminales (treoninas 96, 101 y 113) y la

consecuente activacion de NKCC2.

Al eliminar las treoninas amino terminales en NKCC2, se previene la activacion del
cotransportador por la cinasa WNK3 y durante maniobras de deplecion de [CI];. De
manera consistente, la coexpresion de la cinasa WNK3-D294A cataliticamente inactiva,

impide la activacion del cotransportador durante disminuciones en [CI];.

Con los resultados obtenidos a partir de dicha publicacion nos permiten proponer que la
[CI-]i regula la actividad de WNK3 y que esta a su vez regula la actividad de SPAK, la
cual probablemente se encarga de fosforilar al NKCC2 en la region amino terminal, y

con lo anterior, modular su actividad.

Muy probablemente en los sindromes de Bartter tipo 111 y 1V, mediante el incremento
de la [CIT;, la via de sefializacion WNK3 y SPAK para la activacion de NKCC2 se
encuentre interrumpida y por lo tanto, la actividad de NKCC2 se reduzca, conduciendo

al desarrollo de la enfermedad.
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RESULTADOS AUN NO PUBLICADOS

Durante mis estudios de doctorado también me dediqué a estudiar el papel del sitio de
interaccion con las cinasas SPAK-OSRL1 presente en la secuencia de NKCC2 de rata.
Este sitio de interaccion con las cinasas SPAK-OSR1 se encuentra conservado a lo largo

de las especies y de manera importante, el humano no es la excepcion.

Utilizando ensayos de doble hibrido en levadura se ha podido establecer que mediante
la sustitucion de la fenilalanina, presente en el motivo de interaccion con SPAK-OSR1
por un residuo de alanina, se puede eliminar la interaccion fisica entre dichas cinasas y

las proteinas al momento evaluadas.

En NKCC2 de rata, la fenilalanina presente dentro del motivo de unién a SPAK-OSR1
se localiza en la posicion 17 dentro de la region amino terminal citoplasmica. Con el fin
de evaluar el papel del sitio de interaccién a SPAK-OSR1 en NKCC2, nos dimos a la
tarea de generar la clona NKCC2-F17A. En dicha clona, se logré de manera exitosa
sustituir la fenilalanina en la posicion 17, por un residuo de alanina y por lo tanto
eliminar el sitio de union a SPAK-OSRL1.

Al evaluar el papel de la eliminacion del sitio de unién a SPAK-OSR1 sobre la
actividad basal de NKCC2 encontramos que su eliminacion redujo significativamente
en un 50% la actividad basal de NKCC2 (Fig. 36A). La inhibicion o reduccion de la
actividad de NKCC2 F17A, no se debio a diferentes cantidades de ARN
complementario (ARNCc) utilizado para la microinyeccion de los ovocitos de la rana
Xenopus laevis (Fig. 36B), ni a una disminucion de los niveles totales de proteina de
NKCC2-F17A evaluados mediante analisis de transferencia tipo western blot y

normalizados con la cantidad de actina endégena (Fig. 36C).

Posteriormente, nos dimos a la tarea de evaluar el efecto de la coexpresion de la cinasa
WNKS3 sobre la actividad del cotransportador NKCC2-F17A. De manera similar a lo
que ocurre con un NKCC2 silvestre, la coexpresion de WNKS3 resultd en un incremento
estadisticamente significativo sobre la actividad de NKCC2-F17A (Fig. 37). En otras
palabras, si bien es cierto que la eliminacion del sitio de unién SPAK-OSR1 en NKCC2

reduce significativamente en un 50% su actividad basal, NKCC2 F17A ausente del sitio
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de union a SPAK continua siendo estimulado por la coexpresion de la cinasa WNK3
(Fig. 2A)
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Figura 36. Efecto de la eliminacidn del sitio de unién a la cinasa SPAK presente en
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Creemos que a pesar de que la interaccion entre NKCC2 y SPAK se encuentra abatida
en NKCC2-F17A, sigue exisitiendo la interaccion entre WNK3 y SPAK la cual puede

continuar resultando en la activacion de NKCC2.

Para demostrar lo anterior, nos dimos a la tarea de evaluar el efecto de la cinasa WNK3-
F1337A sobre la actividad de NKCC2-F17A ausente del sitio de union a la cinasa
SPAK-OSR1. Como se demostrd en el trabajo central de esta tesis (Ponce-Coria et al
2008), para la activacion de NKCC2 por WNKS es necesaria la interaccion fisica entre
WNK3 y SPAK. En la figura 37 podemos observar que la coexpresion de la cinasa
WNK3-F1337A tuvo el mismo efecto sobre NKCC2 silvestre y NKCC2-F17A (Fig.
37). Con lo anterior se puede concluir que de igual forma a la que ocurre con NKCC2
silvestre, WNK3-F1337A no puede activar a NKCC2-F17A y la interaccion clave para
activar a NKCC2 parece ser la existente entre WNK3 y SPAK, mientras que para
sostener la actividad basal de NKCC2, la union entre SPAK y NKCC2 parece ser

critica.

A la fecha, SPAK y OSR1 han sido observadas como cinasas con actividades
redundantes principalmente porque: a) comparten un alto grado de homologia a nivel de
secuencia de aminoacidos (~60%) que las ubica en la misma subfamilia (GCK-VI) de
las cinasa Ste20p, b) comparten sitios de expresion a nivel proteico y son capaces de
interactuar con aquellas proteinas que presentan el motivo de aminoacidos (Arg-Phe-
Xaa-Val), c) parecen ser blancos comunes de fosforilacion al menos para las cinasas

WNK1y WNKA4 para promover la actividad y el estado de fosforilacion de NKCCL1.
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Si bien es cierto que lo anterior ha sido demostrado de manera clara, debe existir algo
entre SPAK y OSR1 que las diferencie y por lo tanto, les confiera cierta especificidad
para que a lo largo de la evolucidn se hayan coservado ambos genes. Evidencia a nivel
funcional que sostiene lo anterior es el hecho de que ratones knock-out para SPAK son
viables sin fenotipo aparente, mientras que ratones knock-out para OSR1 son inviables
(Eric Delpire comunicacion personal) (Fig. 38). A nivel estructural, una diferencia
adicional importante entre SPAK y OSR1 es que SPAK posee una region en el extremo
amino terminal (conocida como caja PAPA) con una cantidad muy elevada de residuos
de prolina y alanina. De 62 aminoacidos en la region amino terminal 26 son alaninas y

14 son prolinas. En otras palabras, el 64% de residuos en la caja PAPA son prolinas o

alaninas.
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Figura 38. Secuencias de SPAK y OSR1 humanas y fenotipo de ratones KO.
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Con el fin de empezar a establecer posibles diferencias de funciones entre SPAK vy
OSR1. Decidimos evaluar: a) el papel de cada cinasa silvestre por separado y
simultaneo sobre la actividad de NKCC1 y NKCC2, b) el efecto sobre NKCC1 y
NKCC2 de las versiones de SPAK y OSR1 cataliticamente inactivas (SPAK K104R y
OSR1 T185A) y c) el efecto de la delecion de la caja PAPA presente en SPAK (SPAK

PAPALESS) sobre la actividad de NKCC1 y NKCC2 (Fig. 39A).

Como se puede observar en la figura 39A la coexpresion de SPAK slvestre no tuvo
mayor efecto sobre la actividad de NKCC1 y NKCC2. Consistente con lo previamente
publicado, la ausencia de actividad catalitica de SPAK (SPAK K104R) redujo la
activiadad de tanto NKCC1 como NKCC2. De manera més especifica la reduccion de la
actividad de NKCC1 fue de aproximadamente un 80%, mientras que la reduccion en la

actividad de NKCC2 fue solo de alrededor de un 50% (Fig. 39A).

Al evaluar el efecto de la coexpresion de la cinasa OSR1 sobre la activida de NKCC1 y
NKCC2 observamos que OSR1 redujo de manera importante (~50%) e independiente
de su actividad catalitica la funcionm de NKCC2. Con respecto a NKCC1 la
coexpresion de OSR1 no presentd mayor efecto aun en ausencia de su actividad

catalitica.

Al evaluar el efecto de la coexpresion de OSR1 y SPAK se pudo observar que la
inhibicion ejercida por OSR1 se previno de manera completa. En el caso de NKCC1, su
coexpresion con OSR1 y SPAK no cambi6 el efecto observado con las cinasas de

manera individual.
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Por ultimo al evaluar el papel de la eliminacion de la caja PAPA en SPAK (SPAK
PAPALESS) se encontro que ahora SPAK era un inhibidor de la actividad de NKCC2.
Lo anterior es consistente con los datos obtenidos al expresar a OSR1 con NKCC2.
OSR1 de alguna manera inhibe a NKCC2 y al parecer la caja PAPA juega un papel muy

importante para determinar el efecto de SPAK sobre NKCC2 (Fig. 39A).
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Figura 39. Efecto de SPAK y OSR1 sobre la activiadad de NKCC1 y NKCC2.
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Conclusiones de los resultados aun no publicados

La eliminacién del sitio de unién a SPAK en el cotransportador NKCC2 resulta en una

disminucién del 50% sobre su actividad.

Eliminar el sitio de unién a la cinasa SPAK-OSR1 en el cotransportador NKCC2 no
impide que la coexpresion de la cinasa WNK3 silvestre resulte en la activacion del
cotransportador.

A diferencia de lo que ocurre con la coexpresion de la cinasa SPAK, la coexpresion de
la cinasa OSR1 resulta en una disminucion del 50% de la actividad de NKCC2. Dicha
inhibicion es independiente de la actividad catalitica de la cinasa OSR1 y es rescatada
por la coexpresion de la cinasa SPAK silvestre. Por lo anterior la inhibicion de NKCC2
por la cinasa OSR1 probablemente sea debido a un efecto dominante negativo sobre la

cinasa SPAK endogena.
La remocion de la region conocida como caja PAPA en la cinasa SPAK ocasiona que la

cinasa SPAK “PAPALESS” se convierta en un inhibidor de la actividad del

cotransportador NKCC2, simulando el efecto de la cinasa OSR1.
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OTROS ARTICULOS PUBLICADOS

Adicionalmente al articulo de primer autor “Regulation of NKCC2 by a chloride
sensing mechanism involving the WNK3 and SPAK kinases” cuyo trabajo fue el
central para el desarrollo de la presente tesis, durante mi doctorado tuve la oportunidad
de participar en la publicacion de tres articulos cientificos originales y 1 revision:

“WNK4 kinase is a negative regulator of K*-Cl-cotransporters”
Am J Physiol Renal Physiol. 2007 Apr; 292 (4): F1197-207.

“Renal Na*-K*-CI- cotransporter activity and vasopressin-induced trafficking are

lipid raft-dependent”
Am J Physiol Renal Physiol. 2008 Sep; 295 (3): F789-802.

“WNK3 and WNK4 amino-terminal domain defines their effect on the renal Na*-

Cl-cotransporter”
Am J Physiol Renal Physiol. 2008 Oct; 295 (4): F1199-206.

“WNK Kkinases, renal ion transport and hypertension”
Am. J. Nephrol. 2008; 28 (5):860-70. Review.

A lo largo de las siguientes paginas se afiaden los articulos mencionados, asi como un

breve resumen del trabajo plasmado en dichas publicaciones.

En el trabajo titulado “WNK4 kinase is a negative regulator of K*-ClI” cotransporters”
se evalud por primera vez el efecto de la coexpresion de la cinasa WNK4 silvestre 6
cataliticamente inactiva sobre la actividad de los cotransportadores KCC. De manera
interesante, WNK4 es un potente inhibidor de la actividad de los KCC en condiciones
de hipotonicidad (situacion de activacion de los KCC). Para tal inhibicion, se requiere
de la actividad catalitica de dicha cinasa y las mutaciones tipo PHAII no alteran la
inhibicidon. Un hallazgo muy interesante en este trabajo fue la observacion de que en

condiciones de isotonicidad, la coexpresion de WNK4 D294A (ausente de actividad

97



catalitica), favorecio la activacion de KCC2 y KCC3. Tal activacion se incremento
significativamente en presencia de la cinasa SPAK K104R (ausente de actividad
catalitica). En conclusién, se pudo demostrar que las cinasas WNK4 y SPAK son
reguladoras de la actividad de los KCC.

En el trabajo titulado “Renal Na'-K*-CI" cotransporter activity and vasopressin-
induced trafficking are lipid raft-dependent” se determiné que el 40-70% de NKCC2,
se encuentra localizado en estructuras conocidas como balsas lipidicas que pueden estar
en membrana ¢ en vesiculas citoplasmicas. La eliminacion de las balsas lipidicas,
mediante la incubacién con metil beta ciclodextrina, disminuy6 la cantidad de ®°Rb*
incorporado por NKCC2. Consistente con el papel de las balsas lipidicas en la
modulacion de la llegada a membrana de este cotransportador; la incubacion con la
ADH (un clasico activador de NKCC2) promueve que exista una mayor fraccion o
cantidad de este cotransportador en balsas lipidicas. En conclusion, la cantidad de
NKCC2 presente en balsas lipidicas parece ser un determinante importante de la

reabsorcion transepitelial de Na'.

En el trabajo titulado “WNK3 and WNK4 amino-terminal domain defines their effect
on the renal Na'-CI cotransporter”” se pudo determinar mediante el intercambio de
regiones entre la cinasa WNK3 y la cinasa WNK4 (construccion de proteinas
quiméricas) que la region amino terminal de WNK3 (primeros 146 amino&cidos) es
aquella que contiene las “sefiales” necesarias para la activacion de NCC. Para la
inhibicién de NCC, la region amino terminal de WNK4 (primeros 173 aminoacidos) es
aquella que “dirige” tal efecto sobre el cotransportador. En conclusion, las diferencias
en los efectos de las cinasas WNK3 y WNK4 sobre NCC radican y estan determinadas

por la regién amino terminal de dichas cinasas.

En la revisidn titulada “WNK kinases, renal ion transport and hypertension” se discute
el papel de la familia de cinasas WNK sobre las modificaciones en los niveles de
presion sanguinea, presentes en pacientes con PHAII. Se hace énfasis también en la
regulacién del transporte ionico a nivel renal, por las diferentes isoformas de las cinasas
WNK. Se analizan los efectos de WNK1 y WNK4 sobre la nefrona distal y los modelos
animales de PHAII.
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Al momento de escribir esta tesis, se sometié a publicacion la revision titulada *“Los
cotransportadores de Na*/K*/2CI": expresion regulacion y su papel en la salud”. Tal
revision se pretende sea publicada en la seccion del rincon del residente de la revista de
investigacion clinica, dicha revista constituye el 6rgano oficial de los institutos
nacionales de salud. La carta del editor asociado donde se notifica la recepcion del
manuscrito y el contenido del mismo, se afiaden al final de los articulos publicados

durante mi doctorado.

99



Am J Physiol Renal Physiol 292: F1197-+1207, 2007.
First published December 19, 2006; doi:10.1152/ajprenal.00335.2006.

WNK4 kinase is a negative regulator of K™-Cl~ cotransporters

Tomas Garzon-Muvdi,* Diana Pacheco-Alvarez,® Kenneth B. E. Gagnon,? Norma Vazquez,*
José Ponce-Coria,! Erika Moreno,* Eric Delpire? and Gerardo Gambat

IMolecular Physiology Unit, Instituto Nacional de Ciencias Médicas y Nutricion Salvador Zubiran and Instituto
de Investigaciones Biomédicas, Universidad Nacional Autdnoma de México, Mexico City, Mexico;

and 2Department of Anesthesiology, Vanderbilt University Medical Center, Nashville, Tennessee

Submitted 24 August 2006; accepted in final form 16 December 2006

Garzon-Muvdi T, Pacheco-Alvarez D, Gagnon KB, Vazquez N,
Ponce-Coria J, Moreno E, Delpire E, Gamba G. WNK4 kinase is
a negative regulator of K*-Cl~ cotransporters. Am J Physiol Renal
Physiol 292: F1197-F1207, 2007. First published December 19,
2006; doi:10.1152/gjprenal .00335.2006.—WNK kinases [with no ly-
sine (K) kinase] are emerging as regulators of several membrane
transport proteins in which WNKs act as molecular switches that
coordinate the activity of severa players. Members of the cation-
coupled chloride cotransporters family (solute carrier family number
12) are one of the main targets. WNK3 activates the Na*-driven
cotransporters NCC, NKCC1, and NKCC2 and inhibits the K*-driven
cotransporters KCC1 to KCC4. WNK4 inhibits the activity of NCC
and NKCC1, while in the presence of the STE20-related proline-
alanine-rich kinase SPAK activates NKCC1. Nothing is known,
however, regarding the effect of WNK4 on the K*-CI~ cotransport-
ers. Using the heterologous expression system of Xenopus laevis
oocytes, here we show that WNK4 inhibits the activity of the K*-Cl—
cotransporters KCC1, KCC3, and KCC4 under cell swelling, a con-
dition in which these cotransporters are maximally active. The effect
of WNK4 requires its catalytic activity because it was lost by the
substitution of aspartate 318 for alanine (WNK4-D318A) that renders
WNK4 catalytically inactive. In contrast, three different WNK4 mis-
sense mutations that cause pseudohypoal dosteronism type Il do not
affect the WNK4-induced inhibition of KCC4. Finaly, we observed
that catalytically inactive WNK4-D318A is able to bypass the tonicity
requirements for KCC2 and KCC3 activation in isotonic conditions.
This effect is enhanced by the presence of catalyticaly inactive
SPAK, was prevented by the presence of protein phosphatase inhib-
itors, and was not present in KCC1 and KCC4. Our results revea that
WNK4 regulates the activity of the K*-Cl~ cotransporters expressed
in the kidney.

intraneuronal chloride concentration; transepithelial salt absorption

THE K -CL~ COTRANSPORTERS belong to the cation-coupled chlo-
ride cotransporter’s gene family of membrane proteins
(SLC12). Thisfamily is divided into two branches. One branch
is represented by the K*-driven K*-Cl~ cotransporters KCC1
to KCC4 and the other one by the Na* -driven Na*:Cl—, NCC,
and Na*:K*:2Cl~ cotransporters NKCC1 and NKCC2 (18).
Four genes encode isoforms of the K*:Cl~ cotransporter.
These genes are known as SLC12A4, SLC12A5, SLC12A6, and
SLC12A7 and encode the K*-Cl~ cotransporter isoforms
KCC1, KCC2, KCC3, and KCCH4, respectively. KCC1 exhibits
ubiquitous expression and its primary role seems to be cell
volume regulation. KCC2 is only present in neurons in which
its activity is critical to define intraneuronal chloride concen-
tration. KCC3 and KCC4 are expressed in severa tissues,

including the central nervous system and the kidney, and may
play arole in severa physiological processes such as transep-
ithelial salt absorption, renal K™ secretion and reabsorption,
myocardial K* loss during ischemia, and vascular smooth
muscle cell relaxation (18, 33, 37).

Severd lines of evidence suggest the presence of basolateral
K*-Cl~ cotransporter systemsin proximal tubule (PT) (6, 29),
thick ascending limb of Henle's loop (TALH) (3, 22), and
collecting duct (CD) (43, 55), as well as in the apical mem-
brane of the distal convoluted tubule (DCT), in which the
K*-Cl~ cotransporter plays arolein K* secretion (4, 15, 45).
Immunolocalization studies in the kidney have shown that
KCC3 and KCC4 are present in the basolateral membrane of
the proximal tubule and KCC4 is also expressed in the baso-
lateral membrane of the TALH, DCT, and the a-intercalated
cells of the CD (7, 35, 46). The distribution of KCC1 protein
along the nephron has not been determined. Inactivating mu-
tations of KCC3 are the cause of arare neurological syndrome
known as Anderman’s disease featuring agenesis of the corpus
callosum with motor and sensory neuropathy, mental retarda-
tion, and psychosis (23). Targeted disruption of KCC3 in mice
results in a complex neurological phenotype, without major
disturbances in rena function, but with the development of
arterial hypertension, probably related to a role of KCC3 in
vascular smooth muscle cell relaxation (2, 8, 42). No disease
has been linked to KCC4, but targeted disruption of this
cotransporter gene in mice produces a syndrome of deafness
and renal tubular acidosis (7).

A recently discovered family of serine/threonine kinase
proteins named WNK [with no lysine (K)] has been shown to
regulate the activity of several membrane proteins (19), in
particular members of the SLC12 family and other CI~ trans-
port pathways (25, 26). Deletions of intron 1 of WNK1 or
missense mutations in a conserved acidic region of WNK4 are
the cause of a salt-dependent form of arteria hypertension
known as pseudohypoaldosteronism type Il (PHAII) (48),
featuring also hyperkalemia and metabolic acidosis. PHAII-
type mutations in WNK4 affect the WNK4-related regulation
of the thiazide-sensitive Na*:Cl~ cotransporter NCC (9, 49,
53), the apical potassium channel ROMK (28), and paracellular
claudins (26, 52). In addition to NCC, WNK4 also modulates
the function of other Cl~ transport pathways such as the
basolateral Na™:K*:2Cl~ cotransporter NKCC1 and the anion
exchanger CFEX that mediates severa different Cl™:base
exchange activities (25). WNK1 modulates the activity of
WNK4 (54) and aso regulates ROMK (10) and the apical
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amiloride-sensitive Na* channel in CD (51). Therefore, WNK
kinases are emerging as important regulators of Cl~ transport
pathways in both epithelial and nonepithelial cells. In the
present study, we thus analyzed the effect of WNK4 on the
activity of the renal K*-Cl~ cotransporters KCC1, KCC3, and
KCC4.

METHODS

Xenopus laevis oocyte preparation. Adult female X. laevis frogs
were purchased from NASCO (Fort Atkinson, MI) and kept at the
animal facility under constant control of room temperature (16°C). All
animal procedures followed were in accordance with our institutional
guidelines. Oocytes were surgically collected from anesthetized ani-
mals under 0.17% tricaine and incubated for 1 h under vigorous
shaking in Ca?*-free frog Ringer ND96 (in mM: 96 NaCl, 2 KCI, 1
MgCl, and 5 HEPES/Tris, pH 7.4) in the presence of 2 mg/ml of
collagenase B. Oocytes were then washed four times in regular ND96,
manually defolliculated, and incubated overnight in ND96 at 18°C.
The next day, mature oocytes were injected with 50 nl of water alone
or containing 0.2 p.g/wl of cRNA in vitro transcribed from cotrans-
porters cDNAs or 0.1 g/l of cRNA in vitro transcribed from
kinases described below. Oocytes were incubated at 18°C for 4
days in ND96 supplemented with 2.5 mM sodium pyruvate and 5
mg/100 ml of gentamicin; this incubation medium was changed
every 24 h. On the day of the influx measurement, 2 h before the
uptake assay, oocytes were switched to Cl —-free ND96 (in mM: 96
Na* isethionate, 2 K*-gluconate, 6.0 Ca?* gluconate, 1.0 Mg?*-
gluconate, 5 mM HEPES, 2.5 sodium pyruvate, 5 mg/ml gentami-
cin, pH 7.4).

Assessment of the K*-CI~ cotransporter function. K*-Cl~ cotrans-
port was assessed by measuring tracer 86Rb* uptake (New England
Nuclear) in experimental groups of at least 10 oocytes. Since KCC1,
KCC3, and KCC4 express minimal activity under isotonic conditions
(34, 35), ®Rb™ uptake was generally assessed in oocytes preswollen
by a 30-min incubation period in a hypotonic K*- and Cl~-free
medium [in mM: 50 N-methyl-p-glucamine (NMDG)-gluconate, 4.6
Ca?"-gluconate, 1.0 Mg?*-gluconate, 5 HEPES/Tris, pH 7.4] with 1
mM ouabain, followed by a 60-min uptake period in a hypotonic
Na*-free medium (10 mM K™ -gluconate, 40 mM NMDG-Cl—, 1.8
mM CaCl,, 1 mM MgCl,, 5 mM HEPES, pH 7.4), supplemented with
1 mM ouabain and 2.0 u.Ci of ®Rb*. To define the amount of tracer
8Rb* uptake due to the K*-Cl~ cotransporter activity, uptake in all
experimental groups was assessed in paralel in the presence or
absence of extracellular chloride. When uptake in isotonic conditions
was measured, the i sotonic condition was generated by supplementing
the incubation and uptake solutions with 3.5 g/100 ml sucrose to reach
isosmolar conditions for oocytes (~210 mosmol/kgH20). Ouabain
was added to prevent 8Rb* uptake via the Na*-K*-ATPase. The
absence of extracellular Na* and the hypotonicity of the uptake
medium prevented °Rb* uptake via the endogenous Na*:K *:2Cl—
cotransporter that is present in oocytes (17).

All uptakes were performed at 32°C temperature. At the end of the
uptake period, oocytes were washed five times in ice-cold uptake
solution without isotope to remove extracellular fluid tracer. Oocytes
were dissolved in 10% sodium dodecyl sulfate and tracer activity was
determined for each oocyte by B-scintillation counting.

cDNA constructs and mutations. The full-length rabbit KCC1,
human KCC2, human KCC3, and mouse KCC4 cDNA s are subcloned
into the high expression vector pGEMHE (34, 35, 44). The full-length
mouse SPAK and WNK4 kinases are inserted into the amphibian
oocyte expression vector pBF and were previously described (16).
Site-directed mutagenesis was performed on WNK4 cDNA to gener-
ate kinase dead WNK4 (WNK4-D318A), kinase dead SPAK (SPAK-
K104R), or to introduce PHAII-type mutations (E559K, D561A, and
Q562E) into the WNK4 sequence. Complementary sense and anti-
sense oligonucleotides containing the appropriate mutations were
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custom made (Sigma). Mutations were performed using the Quick-
Change kit following the manufacturer's recommendations (Strat-
agene, La Jolla, CA). In addition, by means of double-step PCR, the
sequence of the epitope tag HA was introduced in frame into the
wild-type WNK4 and SPAK cDNAs. Then, using the appropriate
restriction enzymes the tagged sequence was pasted into the
catalytically inactive WNK4-D318A and SPAK-K104R cDNAs.
To prepare cRNA, KCC1 and KCC4 cDNAs were linearized at
their 3’-end with Nhel, and KCC3 cDNA with Notl and transcribed
in vitro using a T7 RNA polymerase mMMESSAGE kit (Ambion).
To prepare cRNA from the wild-type or mutant kinases WNK4 and
SPAK cDNAs were linearized with Mlul and transcribed in vitro
using a SP6 RNA polymerase mMESSAGE kit (Ambion). Tran-
scription product integrity was confirmed on agarose gels and
concentration was determined by absorbance reading at 260 nm
(DU 640, Beckman, Fullerton, CA). cRNA was stored in aliquots at
—80°C until used.

Nested RT-PCR amplification of SPAK/OSR1 from X. laevis oo-
cytes. External and internal primers for nested RT-PCR amplification
of SPAK/OSR1 from X. laevis oocyte mRNA were custom made
(Sigma) based on the X. laevis SPAK/OSR1 homolog serine threonine
kinase 39 sequence deposited in the GenBank database (accession
number BCO77748). External primer sequences were sense 5'-TC-
CATCAACAGGGACGACTA-3' and antisense 5'-ATGACCTCTG-
GTGCCATCCA-3" and amplify afragment of 563 bp. Internal primer
sequences were sense 5'-CATCAAGAGAATAAACCTGG-3' and
antisense 5'-GTACAGATCCATCGTCACCC-3" and amplify a frag-
ment of 349 bp. Total RNA from X. laevis oocytes was isolated using
the Tripure system (Roche) following the manufacturer’ s recommen-
dations. Reverse transcription (RT) was carried out using 2.5 pg of
total RNA at 37°C for 60 min in a total volume of 20 l using 200
units of the Moloney murine leukemia virus reverse transcriptase
(Invitrogen). The 563-bp fragment obtained with external primers was
gel purified and used as template for the internal PCR. Products were
resolved in 5% acrylamide gels.

Western blot analysis of wild-type and mutants HA-WNK4 and
HA-SPAK. Total proteins were extracted from 10 to 15 oocytes per
group by passing oocytes severa times through a 0.4-mm needle
syringe in lysis buffer using 4 wl per oocyte (200 mM sucrose; 0.5
mM EDTA, 5 mM TrisHCI, pH 7.0; inhibitor protease cocktall
complete). The homogenates were centrifuged at 14,000 rpm for 10
min at 4°C, and the supernatant was collected. Protein concentrations
were assessed in duplicate using a Bio-Rad DC Protein assay (Bio-
Rad, Hercules, CA). For Western blot analysis, 20 g of proteins were
diluted in 10 pl loading buffer and subsequently denatured by boiling
for 5 min. Proteins were resolved by SDS-PAGE and then transferred
to polyvinylidine difluoride membranes (Amersham Pharmacia Bio-
tech; 2 h at 400 mA). Prestained Rainbow markers (Amersham) were
used as molecular mass standards. Nonspecific binding sites were
blocked overnight at 4°C in 500 mM NaCl, 20 mM Tris-buffered
saline containing 0.4% nonfat dry milk. Thereafter, membranes were
incubated with 1:2,000 dilutions of a specific monoclona anti-HA
peroxidase-conjugated antibody (Sigma) diluted in blocking buffer
(TTBS, 0.05% Tween 20) for 1.5 h a room temperature. Membranes
were subsequently washed three times in TTBS for 10 min and
immunoreactive species were detected using the ECL Plus Western
blotting detection system (Amersham).

Statistical analysis. Statistical significance is defined as two-tailed
P < 0.05 and the results are presented as means = SE. The signifi-
cance of the differences between groups was tested by nonpaired t-test
when two groups were compared or by one-way ANOVA with
multiple comparisons using the Bonferroni correction. Although all
experiments were performed at least twice, most of the observations
are based on more than two experiments.
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RESULTS

WNK4 reduces the activity of K*-ClI~ cotransporters in
swollen oocytes. We previously showed that microinjection of
X. laevis oocytes with KCC1, KCC3, or KCC4 cRNASs (34, 35)
resulted in significant K™-Cl~ cotransport activity, compared
with control oocytes that were injected with water. Activity of
these K™-Cl~ cotransporters is evident, however, only when
uptakes were performed under hypotonic conditions, support-
ing what has been demonstrated in several cell types, that the
K*-Cl~ cotransporters expressed in oocytes are also activated
by cell swelling (1). Figure 1 shows the combined results of
several experiments in which X. laevis oocytes were injected
with water, K*-Cl~ cotransporter cRNA alone, or together
with WNK4 cRNA. Tracer ®Rb" uptake assays were per-
formed 4 days later under hypotonic conditions in the
absence or presence of extracellular chloride. Microinjec-
tion with KCC cRNA resulted in a significant increase in
8Rb* uptake over the water-injected oocytes. The values
observed were KCC1 8,840 + 434 pmol-oocyte t-h™1,
KCC3 24,893 + 626 pmol-oocyte™*-h~1, and KCC4
18,146 + 601 pmol-oocyte 1-h~2. In all cases, the level of
uptake was dramatically reduced in the absence of extracellular
chloride, indicating that observed uptake was due to the activ-
ity of the exogenous K*-Cl~ cotransporter. As shown in Fig. 1,
coinjection of X. laevis oocytes with the wild-type WNK4 kinase
CRNA resulted in a significant reduction of the 8Rb™ uptake
induced by K*-Cl~ cotransporters. KCC1 activity was reduced
by 60% (KCC1+WNK4 4,274 + 519 pmol-oocyte * -h™1, P <
0.01 vs. KCC1 done), KCC3 activity by 40% (KCC3+WNK4
15,592 + 2,129 pmol -oocyte -h~21, P < 0.01 vs. KCC3 aone),
and KCC4 activity by 55% (KCC4+WNK4 7,464 = 552
pmol -oocyte *-h~1, P < 0.01 vs. KCC4 aone). Thus coex-
pression of the K*-Cl~ cotransporters KCC1, KCC3, and
KCC4 with WNK4 resulted in a significant reduction in their
activity.

SPAK does not affect the activity of nonneuronal K*-Cl—
cotransporters in swollen oocytes. We showed previously that
the STE20 kinase SPAK modulates the activity of other mem-
bers of the cation-coupled chloride cotransporter, such as the
Na*-K*-2Cl~ cotransporter NKCC1 (16) and interact at the
protein-protein level with KCC3 (40). Moreover, KCC3 pos-
sesses what appears to be a real SPAK binding motif (RVXF)
at the NHx-terminal domain. Thus we assessed the effect of
SPAK on the activity of the K*-Cl~ cotransporter in microin-
jected oocytes exposed to hypotonicity. As shown in Fig. 2,
however, no effect of SPAK was observed. Tracer 8Rb™*
uptake in KCC1, KCC3, and KCC4 when injected alone was
9,248 + 502, 24435 =+ 615, and 18,840 =+ 580
pmol -oocyte™*-h~%, respectively, while in the presence of
SPAK, the ®Rb™ uptake in KCC1+SPAK, KCC3+SPAK, or
KCC4+SPAK cRNA-injected oocytes was 8,319 =+ 684,
25,029 * 543, or 16,493 + 742, respectively. The valuesin the
presence of SPAK were not statistically different to those
observed in its absence.

Presence of SPAK does not change the WNK4 inhibitory
effect on K*-CI~ cotransporters activity in swollen oocytes.
We previously showed that WNK4 effect on NKCC1 is
changed by the presence of SPAK (16). We thus analyzed
whether SPAK could also change the type of effect that WNK4
has on the K*-Cl~ cotransporters. Experiments were designed
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to analyze the effect of the WNK4+SPAK combination on
K*-Cl~ cotransporter activity. X. laevis oocytes were injected
with KCC1, KCC3, or KCC4 cRNA aone, or in combination
with WNK4 cRNA or WNK4 + SPAK cRNA. The combined
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Fig. 1. Effect of wild-type WNK4 on KCC cotransport activity induced by cell
swelling under hypotonic conditions. Xenopus laevis oocytes were injected
with water or 0.2 png/pl each of KCC1 (A), KCC3 (B), or KCC4 (C) cRNA
alone or together with WNK4 cRNA. #Rb" uptake was assessed 4 days |ater
in hypotonic conditions (110 mosmol/kgH20) in the presence (open bars) or
absence (filled bars) of Cl~ in the uptake medium. The pooled data from at
least 5 different experiments are shown, with means = SE of at least 50
oocytes for each group. * Significantly different from the uptake observed in
the corresponding control (absence of WNK4, P < 0.01).
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results of five experiments for KCCL, four experiments for
KCC3, and six experiments for KCC4 are shown in Fig. 3. As
shown above, coinjection of KCC cRNA with WNK4 cRNA
alone resulted in significant reduction of the K™-Cl~ cotrans-
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Fig. 2. Effect of wild-type SPAK on KCC cotransport activity induced by cell
swelling under hypotonic conditions. X. laevis oocytes were injected with
water or 0.2 ug/pl each of KCC1 (A), KCC3 (B), or KCC4 (C) cRNA aone
or together with SPAK cRNA. #Rb* uptake was assessed 4 days later in
hypotonic conditions (110 mosmol/kgH>O) in the presence (open bars) or
absence (filled bars) of Cl~ in the uptake medium. The pooled data from at
least 5 different experiments are shown, with means = SE of at least 50
oocytes for each group. No difference was observed between groups of oocytes
injected with KCCs alone or together with SPAK.
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Fig. 3. Effect of wild-type SPAK on WNK4-induced inhibition of KCC
activity induced by cell swelling under hypotonic conditions. X. laevis oocytes
were injected with water or 0.2 ng/p.l each of KCC1 (A), KCC3 (B), or KCC4
(C) cRNA aone or together with WNK4 cRNA or WNK4 cRNA and SPAK
cRNA, as stated. ®Rb* uptake was assessed 4 days later in hypotonic
conditions (110 mosmol/kgH20) in the presence (open bars) or absence (filled
bars) of Cl~ in the uptake medium. The pooled data from 4 experiments for
KCC1 or KCC3 and 6 for KCC4 are shown, with means = SE of at least ~40,
~40, and ~60 oocytes for each group, respectively. *Significantly different
from the uptake observed in the corresponding control (absence of WNK4,
P < 0.02).
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porter activity. Tracer ®Rb™ uptake in KCC1, KCC3, and
KCC4 in the presence of WNK4 was 4,341 + 596, 16,129 +
867, and 7,464 + 552 pmol -oocyte™1-h~1, respectively. These
values were significantly different from those observed in
the absence of WNK4. When SPAK cRNA was added to the
microinjected cocktail, the uptake observed in KCC1 was
further reduced to 3,490 + 347 pmol-oocyte 1-h~1. How-
ever, the difference did not reach significance. For KCC3
and KCC4 cRNA-injected oocytes, addition of SPAK cRNA
did not increase the WNK4-induced inhibition of the K*-
Cl~ cotransporter activity. Uptake observed in the presence
of WNK4+SPAK for KCC3 was 14,471 =*= 0981
pmol-oocyte”*-h~! and for KCC4 was 7,942 + 552
pmol -oocyte™* - h™. These values were not different from the
uptake observed in the presence of WNK4 alone. Thus, in
contrast to observations of Gagnon et al. (16) that SPAK
changes the type of WNK4 effect on NKCC1, the presence of
SPAK does not change the WNK4-induced inhibition of K*-
Cl~ cotransporter activity. As shown in Fig. 4A, nested RT-
PCR analysis demonstrated the presence of SPAK/OSRL tran-
script in X. laevis oocytes, indicating that this kinase is ex-
pressed endogenously. In addition, endogenous expression of
SPAK/OSR1 was suggested by our previous observation that
the SPAK-stimulated NKCCL1 activity in oocytes is reduced in
the presence of the catalytically inactive SPAK (16). We thus
coinjected oocytes with KCC4 cRNA alone, KCC4 + wild-
type WNK4, or KCC4 + wild-type WNK4 + the catalytically
inactive SPAK harboring the K104R substitution that confers
dominant negative activity (SPAK-KR) (16, 36). As shown in
Fig. 4B, the WNK4-induced inhibition of KCC4 activity was
not affected by the presence of the catalytically inactive SPAK-
K104R, suggesting that the WNK4 inhibitory effect of KCC4
is probably not requiring the endogenous SPAK.

Inhibition of KCCs by WNK4 is dependent on WNK4 cata-
Iytic activity. Previous studies with WNK1, WNK3, and
WNK4 showed that catalytic activity of these kinases is re-
quired for regulation of some, but not for al of the WNKs
target proteins. Catalytically inactive WNKs can be obtained
by a single point mutation in which an aspartic acid of the
kinase domain is substituted by alanine (50). The mutations
D368A, D294A, and D318A have been used for WNK1 (36,
47, 50), WNK3 (41), and WNK4 (9, 47, 49), respectively. For
instance, the ability of WNK4 to reduce the NCC activity is
lost by the D318A substitution (9, 21, 49), while its ability to
inhibit the potassium channel ROMK is not affected by this
mutation (28). We thus analyzed whether the effect of WNK4
on K*-Cl~ cotransporters requires the kinase catalytic activity.
To this end, experiments were performed in which X. laevis
oocytes were injected with KCC1, KCC3, or KCC4 cRNA
alone or coinjected with similar amounts of either wild-type
WNK4 cRNA or the catayticaly inactive WNK4 D318A
cRNA. Four days later, ®Rb* uptake was assessed in all
groups. The results of these series of experiments are shown in
Fig. 5. As shown in Fig. 5A, the KCCl-induced uptake of
7,655 + 546 pmol -oocyte™*-h~* was reduced to 3,616 + 501
pmol -oocyte™ t-h~! by wild-type WNK4, and to 5,377 + 385
pmol-oocyte™-h™t by WNK4-D318A. The difference be-
tween the KCC1 vs. KCC1+WNK4-D318A groups was sig-
nificant. However, the difference between KCC1+WNK4 and
KCC1+WNK4-D318A groups was also significant. As shown
in Fig. 5, B and C, the KCC3 and KCC4-induced uptake of

F1201

20000
15000 - A
10000 - *

5000 -

NSRRI |

86Rb" Uptake (pmol/oocyte/h) o

N

H,0 KCC4 KCC4 KCC4
WNK4 WNK4
SPAK-KR

Fig. 4. Effect of dominant negative SPAK-K104R on WNK4-induced inhibi-
tion of KCCs activity under hypotonic conditions. A: nested PCR from X.
laevis oocytes mMRNA with specific external and internal primers to amplify
SPAK/OSR1. Primers were designed using the reported sequence of X. laevis
SPAK/OSR1 (accession number BCO77748). The gel shows amplification of
the expected size bands of both external and internal fragments from reverse
transcriptase template and the nested PCR fragment obtained when the external
band was used astemplate. The last 2 lines depict PCR analysis of external and
internal fragments from mRNA not exposed to reverse transcriptase. B:
oocytes were injected with water or 0.2 g/l each of KCC4 cRNA aone or
together with WNK4 cRNA or WNK4 cRNA and SPAK-K104R cRNA, as
stated. ®6Rb* uptake was assessed 4 days later in hypotonic conditions (110
mosmol/kgH20) in the presence (open bars) or absence (filled bars) of Cl~ in
the uptake medium. The pooled data from 3 experiments are shown. * Signif-
icantly different from the uptake observed in the corresponding control
(absence of WNK4, P < 0.01). No difference was observed between the
KCC+WNK4 group when compared with the KCC+WNK4+SPAK group.

23,839 + 108 and 19,078 = 1,067 pmol-oocyte 1-h™1, re-
spectively, was significatively reduced by WNKA4. In contrast,
no significant effect was observed by WNK4-D318A since
uptake in KCC3 or KCC4 oocytes coinjected with WNK4-
D318A was 24,489 + 1,264 and 16,136 + 839 pmol-oocyte™*
h™1, respectively. Thus the inhibitory effect of WNK4 on KCC1
was significatively reduced and on KCC3 and KCC4 was com-
pletely prevented by eliminating the catalytic activity of WNKA4.

Protein expression of wild-type and mutant WNK4 and
SPAK in oocytes. Western blot analysis was performed to find
out whether the protein expression of the wild-type and mutant
forms of WNK4 and SPAK were not affected by introduction
of the mutations used to generate the catalytically inactive
forms or by coexpression of two kinases together. To perform
these experiments, the DNA sequence encoding the HA-tag
epitope was introduced in frame into the wild-type and mutant
kinases. Then, oocytes were injected with KCC1, KCC3, or
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Fig. 5. Catalytic activity of WNK4 is required for WNK4-induced inhibition
of KCC cotransporters. X. laevis oocytes were injected with water or 0.2 g/l
each of KCC1 (A), KCC3 (B), or KCC4 (C) cRNA alone or together with
WNK4 cRNA or catalytically inactive WNK4 harboring the D318A mutation,
as stated. 8Rb* uptake was assessed 4 days later in hypotonic conditions (110
mosmol/kgH:20) in the presence (open bars) or absence (filled bars) of Cl~ in
the uptake medium. The pooled experiments from 2 experiments are shown,
with means = SE of at least 20 oocytes for each group. * Significantly different
from the uptake observed in the corresponding control (absence of WNK4,
P < 0.01). **Significantly different from uptake in KCC1+WNK4 group
(P < 0.05).

KCC4 cRNA aone or together with wild-type or mutant
WNK4 and/or SPAK cRNA. Three to four days later, one-half
of the oocytes were used to assess functional expression by
measuring ®Rb™ uptake in the absence or presence of extra-
cellular chloride. The other half were used to extract proteins
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for Western blot analysis using an anti-HA monoclonal anti-
body. Functional experiments exhibited similar results as those
presented in Figs. 1to 4. That is, when oocytes were incubated
in hypotonic conditions, the KCC activity was inhibited by
wild-type HA-WNK4, but not by wild-type HA-SPAK or the
catalytically inactive HA-WNK4-D318A. The level of inhibi-
tion observed by the coinjection of wild-type HA-WNK4
together with the catalytically inactive HA-SPAK-K 104R was
similar to that observed by HA-WNK4 aone. Thus the pres-
ence of the HA epitope did not affect the behavior of the
wild-type and mutant kinases. Figure 6 shows a representative
Western blot obtained from one of these experiments from
KCC4 cRNA-injected oocytes. Results were similar when
proteins were extracted from experiments in which KCCL1 or
KCC3 was the K*-Cl~ cotransporter cRNA injected (data not
shown). As shown in Fig. 6, no protein bands were detected by
anti-HA antibodies in proteins extracted from X. laevis oocytes
injected with water or with KCC4 cRNA aone. A band
corresponding to WNK4 molecular mass (~135 kDa) was
detected in oocytes injected with HA-WNK4 cRNA. The
presence and intensity of WNK4 bands were similar in oocytes
injected with KCC4 plus wild-type HA-WNK4 cRNA com-
pared with those injected with KCC4 plus HA-WNK4-D318A,
HA-WNK4 and HA-SPAK, or HA-WNK4 and HA-SPAK-
K104R. Thus expression of the mutant WNK4-D318A was
similar to wild-type WNK4, and the presence of wild-type or
mutant SPAK had no effect on WNK4 expression. In addition,
aband corresponding to SPAK molecular mass (~58 kDa) was
observed in oocytes injected with wild-type or mutant SPAK.
The intensity of the band was similar in the absence or
presence of WNK4.

PHAII-type mutations do not affect the inhibition of KCCs
by WNK4. Missense mutations of an acidic domain of WNK4
are the cause of PHAII syndrome that features arterial hyper-
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Fig. 6. Protein expression of HA-tagged active and inactive WNK4 and SPAK
kinases. Representative image of a Western blot analysis of proteins extracted
from X. laevis oocytes injected with water, KCC4 cRNA aone, or together
with active and inactive HA-tagged kinases cRNAs, as stated is shown.
Immunoblot was performed using monoclonal anti-HA antibody. No bands
were observed in water- or KCC4 cRNA-injected oocytes. The bands of ~130
kDa correspond to wild-type HA-WNK4 or mutant HA-WNK4-D318A, while
the bands of ~60 kDa correspond to wild-type HA-SPAK or mutant HA-
SPAK-K104R. No differences in protein expression were observed between
the active and inactive kinases or when any pair of cRNAs was coinjected.
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tension and metabolic acidosis among other clinical manifes-
tations. It has been proposed that these mutations alter the way
in which WNK4 regulates the activity of severa membrane
transport proteins. In some cases, as occurs with the inhibitory
effect of WNK4 on NCC (9, 49), the mutations prevent this
effect. In other cases, like the WNK4-induced inhibition of
ROMK (28) or the WNK4-induced phosphorylation of clau-
dins (26, 52), the PHAII mutations increased the effect on its
targets. In other words, PHAII-type mutations can behave as
“loss-of-function” or “gain-of-function” mutations (19). Be-
cause KCC4 is expressed in a-intercalated cells of the cortical
collecting duct and its targeted deletion resulted in metabolic
acidosis (7), we wanted to know whether the PHAII-type
mutations affected the WNK4-induced inhibition of KCCA4.
The results, however, as shown in Fig. 7 revealed that wild-
type WNK4 reduced the activity of KCC4 to a similar degree
to WNK4 harboring any of the PHAII type mutations E559K,
D561A, or Q562E.

Catalytically inactive WNK4 activates KCC2 and KCC3 in
isotonic conditions. We showed before that WNK3 in its
catalytically active and inactive form is able to bypass the
tonicity requirement for regulation of the cation-chloride co-
transporters. For example, wild-type WNK 3 activates NKCC1
cotransporter, even when oocytes are incubated in hypotonic
conditions in which NKCC1 isinhibited. In contrast, catalyti-
caly inactive WNK3-D294A inhibits NKCC1, even when
oocytes are incubated in hypertonic solutions in which NKCC1
is activated. Similarly, wild-type WNK3 prevents the cell
swelling-induced activation of all four K*-Cl~ cotransporters,
while WNK3-D294A is able to activate the four K*-Cl—
cotransporters in isotonic conditions in which they are nor-
mally inactive (11, 27, 41). Therefore, we analyzed the effect
of wild-type WNK4 and the catalytically inactive WNK4-
D318A on K*-Cl~ cotransporters in isotonic conditions. We
first observed that in isotonic conditions, WNK4 has no effect
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Fig. 7. PHAII-type mutations do not change the WNK4-induced inhibition of
KCC4 activity. X. laevis oocytes were injected with water or 0.2 g/l each of
wild-type KCC4 or KCC4 cRNA together with similar amounts of KCC4 +
wild-type WNK4 or KCC4 + WNK4 harboring the PHAII-type mutations
E559K, D561A, or Q562A, as stated. 8Rb* uptake was assessed 4 days later
in hypotonic conditions (110 mosmol/kgH-0) in the presence (open bars) or
absence (filled bars) of Cl~ in the uptake medium. The pooled data from 5
experiments are shown, with means + SE of at least 50 oocytes for each group.
*Significantly different from the uptake observed in the corresponding control
(absence of WNK4, P < 0.01).
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on the K*-Cl~ cotransporter’s activity. Then, we performed
experiments in which oocytes were injected with the K*-CI~
cotransporter cRNA aone or together with WNK4-D318A
cRNA, the catalytically inactive form of SPAK (SPAK-
K104R) cRNA or both inactive kinases simultaneously
(WNK4-D318A + SPAK-K104R). Then, 8Rb* uptake was
assessed by incubating the oocytes in isotonic conditions. As
shown in Fig. 8, A and B, coinjection of KCC1 or KCC4 with
the catalytically inactive forms of WNK4 and/or SPAK had no
effect on these cotransporters activity. In contrast, coinjection
of KCC2 or KCC3 with WNK4-D318A resulted in a signifi-
cant increase in the Cl~-dependent 8Rb* uptake. 8Rb™ up-
take in oocytes injected with KCC2 or KCC3 aone was
1,003 = 74 and 715 = 133 pmol-oocyte -h~1, respectively,
while in oocytes injected with KCC2 or KCC3 and WNK4-
D318A cRNA #Rb* uptake was 5,161 = 723 and 2,446 +
434 pmol-oocyte™*-h™1, respectively. The increase was sig-
nificant (P < 0.01) compared with its respective control. In
addition, although 8Rb* uptake was not affected by SPAK-
K104R, neither in KCC2 nor in KCCS3, coinjection of these
cotransporters cRNA with WNK4-D318A cRNA and SPAK-
K104R cRNA resulted in further increase in activity since
8Rb* uptake in KCC2 oocytes increased to 13,184 + 1,751
pmol -oocyte”1-h~1 (P < 0.01 vs. KCC2+WNK4-DA group)
and in KCC3 oocytes to 4,483 + 603 pmol-oocyte t-h™1
(P < 0.01 vs. KCC3+WNK4-DA group). Thus our data
suggest that catalytically inactive WNK4-D318A is able to
induce activation of KCC2 and KCC3 in isotonic conditions,
but not of KCC1 and KCCA4.

The activation of KCC2 and KCC3 observed by WNK4-
D318A is similar to what we previously observed with the
catalytically inactive form of WNK3 (WNK3-D294A) (11) and
it is aso similar to what would be expected with activation of
the protein phosphatases, suggesting that WNK4-D318A is
also able to activate some of the endogenous protein phospha-
tases in the oocytes. To test this possibility, we assessed the
effect of the PP1 inhibitor calyculin A and/or the PP2B
inhibitor cyclosporine A on the WNK4-D318A-induced acti-
vation of KCC2 or KCC3 in isotonic conditions. As shown in
Fig. 9A, the activity of KCC2 was increased by WNK4-D318A
and the increment was partialy inhibited by calyculin A or
cyclospirne A, and completely prevented by the combination
of both inhibitors. Interestingly, the activation of KCC2
achieved by the combination of both inactive kinases WNK4-
D318A and SPAK-K104R was not inhibited by calyculin A or
cyclosporine A aone but was significantly decreased by the
combination of both inhibitors. As Fig. 9B shows, the activa
tion of KCC3 either by WNK4-D318A aone or both inactive
kinases together was completely prevented by calyculin A.

DISCUSSION

In the present study, we analyzed the effect of the serine/
threonine kinase WNK4 on the functional expression of the
K*-Cl~ cotransporter isoforms KCC1, KCC3, and KCC4. We
observed that cell swelling-induced activation of K*-Cl~ co-
transporters is partially (~50%) inhibited by WNK4. The
catalytic activity of WNK4 is required since the catalytically
inactive WNK4-D318A, in which the aspartate 318 was sub-
stituted by alanine, lost the inhibitory effect of WNK4. The
presence and/or activity of the STE20 kinase SPAK did not
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affect the inhibitory effect of WNK4 on KCCs. In addition,
PHA-II type mutations in WNK4 did not affect the WNK4
ability to reduce K*-Cl~ cotransporter activity. Finally, when
activity of the cotransporters was assessed in isotonic condi-
tions, we observed that catalytically inactive WNK4 is able to
bypass the tonicity requirements for activation of KCC3 (and
KCC2), but not for KCC1 and KCCA4.

WNK Kinases are emerging as powerful regulators of several
transport pathways in many tissues. Among these transport
mechanisms are the cation-coupled chloride cotransporters.
The hypothesis that WNK kinases are regulators of salt trans-
port mechanisms is supported by evidence indicating that
WNK kinase activity is regulated by hypertonicity and hypo-
tonicity (31). In the kidney, WNK4 is most highly expressed in
the distal nephron. In this region, the modulation of NCC and
ROMK activity by WNK4 has been proposed to be critical for
balancing the renal reabsorption of salt and secretion of potas-
sium. WNK4 inhibits NCC and ROMK by different mecha
nisms. NCC inhibition requires the catalytic activity of WNK4
and is lost by PHAII-type mutations (9, 21, 49), whereas
ROMK inhibition is independent of WNK4 catalytic activity
and is enhanced by PHAII-type mutations (28). Thus it has
been proposed that distinct states of WNK4 activity and reg-
ulation, presumably by aldosterone, may allow variations in
WNK4 activity toward salt reabsorption and K* secretion
mechanisms, endowing the kidney with the ability for K*
secretion when K™ in plasma is increased, without having to
activate salt reabsorption mechanisms, or increasing salt reab-
sorption, when required, without having to increase K™ secre-
tion (28). Outside the kidney, WNK4 is expressed in severa
polarized epithelial cells and modulates the activity of NKCC1
(16, 25).

Another member of WNK kinases with remarkable effects
on SLC12 cotransporters is WNK3. This kinase possesses the
ability to bypass the tonicity requirements for activation or
inhibition of the cotransporters. Wild-type WNK3 activates
NCC, NKCC1, and NKCC2, and inhibits all four KCCs, even
during cell swelling. In contrast, the catalytically inactive
WNK3-D294A inhibits NCC, NKCC1, and NKCC2, and re-
markably activates KCCs, even when oocytes are incubated in
isotonic conditions (11, 27, 41). Interestingly, WNK4 without
catalytic activity (WNK4-D318A) loses its inhibitory effect on
NCC, while WNK3 without catalytic activity not only losesits
ability to activate NCC but actualy turns into a powerful
inhibitor of this cotransporter.

WNK1 does not seem to directly regulate the activity of
SLC12 members. However, WNK1 has been proposed to be a
major regulator of other WNK' kinases. The WNKA4-induced
inhibition of NCC activity is prevented by WNK1 (53) and
biochemical analysis has shown that WNK2 and WNK4 ki-
nases can be phosphorylated and regulated by WNK1 (31). In
addition, WNK kinases not only interact with each other.
Recent observations indicate that WNK kinases also interact
with STE20-like kinases such as SPAK (or PASK) and OSR1,
which have been shown to regulate NKCC1 activity (13, 39).
Gagnon et al. (16) observed that in the presence of SPAK, the
effect of WNK4 on NKCCL1 turned stimulatory when oocytes
were incubated in isotonic conditions, but has no further effect
when oocytes were exposed to hypertonicity, suggesting that
WNK4+ SPAK together are able to bypass the tonicity require-
ment for NKCC1 activation. Simultaneously, Vitari et al. (47)
and Moriguchi et al. (36) using combinations of WNK1 or
WNK4 with SPAK observed that NCC, NKCC1, or NKCC2
become phosphorylated at their NH,-terminal domain only
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Fig. 9. Effect of the protein phosphatases inhibitors calyculin A and/or
cyclosporine A on the WNK4-DA or WNK4-DA + SPAK-KR-induced
activation of KCC2 or KCC3 activity under isotonic conditions. X. laevis
oocytes were injected with water or 0.2 g/pl each of KCC2 (A) or KCC3 (B)
cRNA aone or together with WNK4-D318A cRNA or WNK4-D318A and
SPAK-K104R cRNA, as stated. ®Rb* uptake was performed 3 days later in
control conditions (open bars) or in the presence of 100 nM calyculin A (gray
bars), 25 g cyclosporine A (black bars), or both inhibitors together (stripped
bars). 8Rb* uptake is expressed as the Cl~-dependent fraction. * Significantly
different from the same group in the absence of inhibitor (P < 0.05).
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when both WNK and SPAK kinases were expressed together,
suggesting that WNK kinases lie upstream of SPAK (20).
Recently, it was shown that WNK1, but not WNK4, is able to
regulate OSR1 kinase in HeLa cells (5).

In the present study, we show that WNK4 also modul ates the
activity of the K*-Cl~ cotransporter isoforms that are ex-
pressed outside the central nervous system. We previously
observed that KCC2 is partialy inhibited by WNK4 (16). The
activity of KCC1, KCC3, and KCC4 is reduced by 50% when
these cotransporters where coexpressed with WNK4. Thus the
K*-Cl~ cotransporters are another Cl~ transport pathway to be
regulated by WNK4. Kahle et a. (25) showed that WNK4
inhibits the activity of NKCC1, whereas Gagnon et a. (16)
showed that in the presence of SPAK, WNK4 increases the
NKCCL1 activity. Supporting these observations, Vitari et al.
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(47) and Moriguchi et al. (36) presented evidence that WNK1
and WNK4 are able to phosphorylate SPAK, which in turn
interacts and phosphorylates the NHx-terminal domain of
NKCCL. In the present study, we observed that WNK4 is a
negative regulator of the K*-Cl~ cotransporters and that this
type of effect is not changed by the presence of SPAK. This
conclusion is based on the following observations. Although X.
laevis oocytes exhibit endogenous expression of SPAK/OSR1
(Fig. 4), the activity of KCCs was not affected by coinjection
of KCCs cRNA with SPAK cRNA (Fig. 2), the WNK4 effect
on KCCs was not changed by coinjection of the KCCs with
WNK4 and SPAK cRNA (Fig. 3), and dominant negative
SPAK-K104R did not affect the inhibitory effect of WNK4
(Fig. 4). Thus WNK4 aone inhibits NKCC1 (25) and in the
presence of SPAK activates NKCC1 (16, 36, 47). In contrast,
WNK4 aone or coexpressed with SPAK inhibits all K*-CI~
cotransporters. Therefore, WNK4 (in the presence of SPAK)
activates CI~ influx and inhibits ClI~ efflux through members
of the SLC12 family. Thisisasimilar situation to that observed
previously for WNK3 that activates ClI~ influx pathways
(NCC, NKCC1, and NKCC2) and inhibits Cl ~ efflux pathways
(KCCL1 to KCC4).

Three isoforms of the K*-Cl~ cotransporters are expressed
in the kidney. Immunolocalization of KCC1 along the nephron
has not been addressed. At the mRNA level, KCC1 transcripts
have been shown to be expressed along the nephron (12, 32).
KCC3 and KCC4 are present in the PT basolateral membrane
(7, 35, 46) in which their role has been proposed to be the
regulation of cell volume, since large amounts of solute and
water are transported by PT cells (24, 37). For instance,
stimulation of the Na*-glucose cotransporter in the apical
membrane of PT increases the load of salt and water into cells,
presumably increasing cell volume, and activates a K™ efflux
mechanism that is barium insensitive and inhibitable by 1 mM
furosemide, strongly suggesting that the activated pathway is a
K™*-CI~ cotransporter (6). Null micein which KCC3 or KCC4
was disrupted, however, did not show major disturbances in
renal function attributable to PT cells. It is possible that the
presence of one cotransporter is enough to compensate for the
absence of the other, suggesting that double knockout mice
will be required to clarify the role of K*-Cl~ cotransportersin
PT cells. In TALH, the presence of a K*-Cl~ cotransporter
pathway has been clearly demonstrated to be present in the
basolateral membrane (3, 22) and immunolocalization studies
indicate that it is the KCC4 isoform. In DCT KCC4 is ex-
pressed in the basolateral membrane. However, physiological
studies have also suggested the presence of an apical K*-Cl~
cotransporter (4, 14, 45). Because neither KCC3 nor KCC4 has
been observed in DCT apical membrane, it is highly likely that
KCCL is the isoform responsible for such observations. Fi-
nally, KCC4 hasaclear rolein CD acid secretion. Thisisoform
is expressed in the basolateral membrane of a-intercalated cells
and targeted disruption of KCC4 resulted in rena tubular
acidosis (7). The proposed mechanismisthat KCC4 isrequired
for basolateral Cl~ efflux that maintains the gradient for the
basolateral CI :HCO; exchanger to be functional. If the ac-
tivity of this exchanger is reduced, the accumulation of HCO3
within the intercalated cell will prevent H™ production and
secretion in the apical membrane, reducing the urinary acidi-
fication.
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Because WNK4 is most highly expressed in DCT and CD, it
is expected that regulation of KCCs by WNK4 will affect the
function of these cotransporters in the distal nephron, adding
another pathway for the WNK4-induced inhibition of K™
secretion. Interestingly, WNK4 inhibition of the potassium
channel ROMK does not require the kinase catalytic activity
(28). In contrast, WNK4-induced inhibition of K*-ClI~ co-
transporters requires the WNK4 catalytic activity. This in-
creases the diversity of regulatory possibilities by WNK4,
becauseit is possible that WNK4 isinhibiting two different K*
secretory mechanism in DCT by different mechanisms. The
requirement of catalytic activity of WNK4 to inhibit K*-Cl~
cotransporters suggests that WNK4 induces phosphorylation of
KCCs because it is known that KCC remains inactive when
these proteins are phosphorylated (1). In addition, WNK4
could also be involved in regulating urine acidification. The
expression of WNK4 along the CD has been demonstrated by
three studies (30, 38, 48). None of them, however, specifically
shows that WNK4 is expressed at the a-intercalated cells. If
this were the case, then the inhibition of KCC4 by WNK4
could decrease the H* secretion by a-intercalated cells of the
CD following the proposed mechanism by Boettger et al. (7).
We explored the effect of PHAII-type mutations on KCC4
inhibition by WNK4 as a potential mechanism to explain part
of the metabolic acidosis seen in these patients. However, our
data do not support this possibility. In contrast to what has been
observed for NCC (9, 49), ROMK (28), and claudins (26, 52),
PHAII-type mutations in WNK4 do not affect its inhibitory
properties on KCC4. Because outside the kidney WNK4 is
expressed in several Cl~-transporting polarized epithelia (25),
the regulation of KCCs in these places could play a role in
transepithelial K™ transport.

We previously observed that eliminating the catalytic activ-
ity of WNK3 by the D294A substitution (41) switch thiskinase
affects members of the SLC12 family. Wild-type WNK3 acti-
vates NCC, NKCC1, and NKCC2, while the catalyticaly
inactive WNK3-D294A completely inhibits the activity of
these Na*-driven cotransporters (27, 41). A similar situation
occurs with KCCs. Wild-type WNK3 completely inhibits the
activity of al four KCC cotransporters, even when oocytes
were exposed to hypotonicity in which KCCs are maximally
active, whereas WNK3-D294A activates the KCC cotransport-
ers, even when oocytes are incubated in isotonic medium
during the uptake where it is known that KCCs are inactive
(11). KCC activation by WNK3-D294A apparently is due to
WNK3-D294A-induced activation of protein phosphatases 1
and 2B (11). Thus WNK3 has the ability to bypass the tonicity
requirements for regulation of the SLC12 family members. In
the present study, we explored whether a similar situation
occurs by eliminating the catalytic activity of WNK4. Interest-
ingly, we observed that KCC2 and KCC3 but not KCC1 or
KCC4 were activated by WNK4-D318A. When catalyticaly
inactive SPAK-K104R cRNA was added to the coinjection
cocktail, further activation of KCC2 and KCC3 was observed.
These effects of the catalytically inactive kinases were partially
or completely prevented by the protein phosphatase inhibitors
calyculin A or clyclosporine A (Fig. 9), suggesting that, as we
previously observed with the catalytically inactive form of
WNK3 (11), WNK4-D318A-induced increase in 8Rb™ uptake
by KCC2 and KCC3 is associated with activation of the protein
phosphatases. Because KCC1 and KCC4 were not activated in

WNK4 REGULATION OF K*-CI~ COTRANSPORTERS

the same way, it is possible that unique sequences or motifs
within KCC2 and KCC3 endow these isoforms with the ability to
be activated by WNK4-D318A. Further studieswill be required to
clarify these possibilities.

In summary, in the present study we show that K*-Cl—
cotransporters are inhibited by WNK4, adding another Cl~
transport mechanism that is regulated by this kinase. WNK4
inhibits KCCs by mechanisms in which WNK4 catalytic ac-
tivity is required. PHAII-type mutations do not change the
effect of WNK4 on KCC cotransporters. Finaly, the catalyti-
cally inactive WNK4 is able to activate KCC2 and KCC3 in
isotonic conditions.
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Cl~ cotransporter activity and vasopressin-induced trafficking are lipid
raft-dependent. Am J Physiol Renal Physiol 295: F789-F802, 2008. First
published June 25, 2008; doi:10.1152/ajprenal.90227.2008.—Apical bu-
metanide-sensitive Na™-K™-2CI~ cotransporter (NKCC2), the kidney-
specific member of a cation-chloride cotransporter superfamily, is an
integral membrane protein responsible for the transepithelial reabsorption
of NaCl. The role of NKCC2 is essential for renal volume regulation.
Vasopressin (AVP) controls NKCC2 surface expression in cells of the
thick ascending limb of the loop of Henle (TAL). We found that 40—70%
of Triton X-100-insoluble NKCC2 was present in cholesterol-enriched
lipid rafts (LR) in rat kidney and cultured TAL cells. The related
Na*-ClI~ cotransporter (NCC) from rat kidney was distributed in LR as
well. NKCC2-containing LR were detected both intracellularly and in the
plasma membrane. Bumetanide-sensitive transport of NKCC2 as ana-
lyzed by 8Rb* influx in Xenopus laevis oocytes was markedly reduced
by methyl-B-cyclodextrin (MBCD)-induced cholesterol depletion. In
TAL, short-term AVP application induced apical vesicular trafficking
along with a shift of NKCC2 from non-raft to LR fractions. In parallel,
increased colocalization of NKCC2 with the LR ganglioside GM1 and
their polar translocation were assessed by confocal analysis. Apical
biotinylation showed twofold increases in NKCC2 surface expression.
These effects were blunted by mevalonate-lovastatin/MBCD-induced
cholesterol deprivation. Collectively, these findings demonstrate that a
pool of NKCC2 distributes in rafts. Results are consistent with a model
in which LR mediate polar insertion, activity, and AVP-induced traffick-
ing of NKCC2 in the control of transepithelial NaCl transport.

thick ascending limb; lipid raft; Xenopus oocyte; cholesterol depletion

THE KIDNEY-SPECIFIC, apical Na*-K*-2Cl~ cotransporter (NKCC2 or
BSC1; SLC12A1) is strongly expressed on the luminal mem-
brane of renal tubular cells of the thick ascending limb of
Henle’s loop (TAL) (14, 32), where it is crucial for normal
Na*, K*, CI7, Mg?", and Ca?" reabsorption (16). It also
serves to maintain the corticomedullary osmotic gradient that
drives urinary concentration in response to the antidiuretic
hormone vasopressin (AVP) (14, 18). In the specialized cells of
TAL constituting the macula densa, NKCC2 mediates signal-
ing at the juxtaglomerular apparatus (32, 33, 47). The funda-
mental role of NKCC2 in renal salt reabsorption has further
been firmly established in the context of salt wasting disorders
and NKCC2-deficient mice (37, 52).
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Data on the intracellular regulation of NKCC2 are scarce
(13). Amino-terminal phosphorylation at three threonine resi-
dues (15), mediated by kinases such as WNK3 (39), may play
a major role herein. AVP, glucagon, several other hormones,
paracrine factors, and osmolality have been shown to influence
NaCl transport as well as trafficking and biosynthesis of
NKCC2 (14, 24, 27, 34, 46). AVP is particularly effective in
enhancing NKCC2 and salt transport via Gas-coupled V2
receptor (V2R), cCAMP release, and PKA activation preferen-
tially in medullary TAL (1, 14, 18, 27, 29). Localization of
NKCC2 in subapical vesicles suggested membrane transloca-
tion of the transporter in the acute response to AVP/CAMP
(31). In accordance with this, acute AVP-dependent phosphor-
ylation of NKCC2 was associated with vesicular trafficking of
the transporter to the luminal membrane (14).

Membrane proteins can be organized in microdomains (lipid
rafts, LR). LR are liquid-ordered phase, discrete domains enriched
in glycosphingolipids and cholesterol. The raft hypothesis pro-
poses that phase separation causes these lipids and proteins to
aggregate in LR, determining their insolubility in nonionic deter-
gents (for review, see Refs. 4, 36, 50). In the biosynthetic path-
way, proteins may enter LR at the Golgi level and form com-
plexes with other membrane proteins. Their shuttling between the
Golgi and the cell membrane is probably a way for the cell to exert
regulatory control over the surface expression of the proteins (30,
51). Lipid-binding proteins such as caveolins or flotillins may help
to organize LR (9, 44). Although there has been controversy about
proper definitions in the raft concept, there is now little doubt
about their functional involvement in polar sorting, turnover, and
signaling properties of membrane proteins (4, 22, 48). Meanwhile,
it has been shown that apart from hydrophobicity, other factors
such as transmembrane domain amino acid sequence, membrane-
proximal cytoplasmic or extracellular motifs, or components of
adhering macromolecular complexes may affect raftophilicity (2,
4, 6, 11, 38, 53). Accordingly, there is now growing literature to
demonstrate that membrane-multispanning ion channels and
transporters such as the Na*/H* exchanger 3 (NHE3), Na*-P;
cotransporter-2 (NaPi-11a), epithelial Na* channel (ENaC), and
basolateral Na™-K*-ATPase (NKA) may distribute in LR (20, 21,
28, 55).

In this study we hypothesized whether surface expression,
activity, and vesicular trafficking of NKCC2 depend on its
distribution in LR. We have studied a functional role for the
lipid environment in NKCC2-dependent ion transport using an
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oocyte system with heterologous expression of NKCC2 (27,
39). The Brattleboro rat model of central diabetes insipidus
was used to study the effect of AVP on the pool of LR-
associated NKCC2 in apical trafficking. The cell biological
detail of LR-related trafficking and delivery of NKCC2 to the
apical cell pole was investigated in cultured TAL cells.

EXPERIMENTAL PROCEDURES

Animals. Adult male Sprague-Dawley (SD), Long Evans (LE), and
Brattleboro rats with hereditary hypothalamic diabetes insipidus (DI)
weighing between 200 and 250 g were used. LE and DI rats had been
obtained from Harlan (Indianapolis IN) for breeding. All rats were
bred in the local animal facility under conditions agreed to by the
German law for animal protection (Berlin registration no. G357/05).
Homozygous DI and control LE rats received treatments to induce
trafficking of NKCC2; the selective V2 vasopressin receptor agonist
1-deamino-8-p-arginine vasopressin (dADAVP; 1 wg/kg body wt) or
vehicle (0.9% NaCl) were given to both strains by intraperitoneal
injections (4 groups, total n = 20 rats). To obtain kidneys for cell
isolation or biochemical analysis, rats were isoflurane anesthetized
and kidneys were removed via opening of the abdominal cavity 1 h
after drug application. For histochemical evaluation of kidneys, rats
were given an intraperitoneal injection of Nembutal (40 mg/kg body
wt) and were aldehyde-fixed by retrograde perfusion through the
abdominal aorta (46). Kidneys were then removed and prepared for
cryostat sectioning or paraffin embedding. For immunoelectron mi-
croscopy, samples were postfixed in 3% paraformaldehyde (PFA) and
0.05% glutaraldehyde and then embedded in LR-White resin.

Cells. Cultured SV40-transformed rabbit TAL cells (roTAL) were
obtained from rabbit kidney medulla. Cells were seeded on culture
dishes or glass coverslips and cultured in DMEM/Ham’s F-12 me-
dium containing L-glutamine, 15 mM HEPES, 1% penicillin/strepto-
mycin, 5% fetal calf serum, 1% vr-glutamine, and 1% nonessential
amino acids (GIBCO; 7.5% CO,, 37°C). Cells were utilized up to the
10th passage (55). For immunohistochemistry, cells were seeded in
multiwell tissue culture plates into which either coverslips coated with
aminosilane (Sigma) or, alternatively, membrane inserts with a pore
size of 0.4 um (Falcon) had been placed. Cells were grown to
confluent monolayers and incubated with 7.5% CO, at 37°C. Culture
medium was changed every 2 days. Cell viability was tested using
trypan blue (Sigma).

AVP treatment. For AVP treatment, cells were incubated in culture
flasks or on coverslips with 0. wuM AVP (Sigma) in culture medium
for 15, 30, or 60 min and 4, 6, or 24 h, harvested, and prepared for
Western blot or immunostaining as detailed below. To study respon-
siveness to the cAMP signaling pathway under AVP stimulation (34),
rbTAL cells were incubated for 1 h with the cAMP agonist 8-bro-
moadenosine 3',5'-cyclic monophosphate (8-Br-cAMP; 10 nM; Bi-
olog) or the PKA inhibitors H-89 (10 nM; Biaffin) or the Rp diaste-
reomer of adenosine 3’,5’-cyclic monophosphorothioate (Rp-cAMPS;
20 nM; Biolog) in the presence or absence of AVP. Cells had been
preincubated for 45 min with 0.5 mM 3-isobutyl-1-methyl xanthine
(Sigma) to inhibit the activity of cAMP phosphodiesterase. Cells were
then washed with cold PBS, harvested, counted in a Neubauer cham-
ber, frozen and thawed twice, and centrifuged at 800 g. CAMP was
detected in the supernatants using an ELISA kit (R&D Systems).
Influence of AVP on NKCC2 translation was studied by preincubation
of rbTAL cells with 0.1 mM cycloheximide (Sigma) for 4 h, followed
by an incubation for 1 or 4 h with AVP (0.1 wM) in the continued
presence of cycloheximide. Whole cell lysates were analyzed by
Western blotting. To study the role of the cytoskeleton, the actin-
depolarizing agent cytochalasin-B (20 wM; Sigma) was applied in the
presence or absence of AVP.

Functional expression of NKCC2 in Xenopus laevis oocytes. Func-
tional expression of NKCC2 was assessed as previously described
(27, 35). In brief, defolliculated stage V-VI Xenopus laevis oocytes
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were injected with water or NKCC2 cRNA at 0.2 pg/pl and incubated
for 3 days in frog Ringer ND96 containing sodium pyruvate and
gentamicin. The next day, oocytes were exposed to 30 min of
incubation in K*- and Cl—-free ND96 medium supplemented with 1
mM ouabain, followed by a 60-min uptake period in ND96 with 1 mM
ouabain and 2.0 wCi of ®Rb*. Because X. laevis oocytes express an
endogenous Na*™-K*-2Cl~ cotransporter (12), the mean value ob-
served in water-injected oocytes was subtracted from the uptake
observed in NKCC2-injected oocytes from each experiment. 8Rb*
uptake was assessed in the absence or presence of bumetanide. Values
observed in parallel groups of oocytes injected with water were
subtracted from values in corresponding groups of oocytes injected
with NKCC2 cRNA to define the 8Rb* uptake induced by NKCC2.
At the end of the uptake period, oocytes were washed five times in
ice-cold uptake solution without isotope, dissolved in 10% sodium
dodecyl sulfate, and counted by beta scintillation counting. Each
experiment was performed in duplicate.

Depletion of membrane cholesterol. For cholesterol depletion
(CD), rbTAL cells were cultured in the presence or absence of 4 uM
lovastatin and 0.25 mM mevalonate for 24 h and subsequently for 1 h
with 10 mM methyl-B-cyclodextrin (MBCD; all from Sigma). To
confirm CD cytochemically, coverslips or membrane inserts were
incubated for 15 min with green fluorescent filipin (125 wg/ml in PBS
at room temperature; Sigma), followed by nuclear staining with
4,6-diamidino-2-phenylindole (DAPI; dilution 1:10,000; Abcam).
Coverslips or inserts were placed on microscopic slides in the pres-
ence of antifading fluorescence mounting medium (DAKO). Oocytes
were exposed to 10 mM MBCD alone for a total of 90 or 180 min,
including the uptake period of 60 min. The use of MBCD to induce
CD in X. laevis oocytes has been previously validated (45).

In situ hybridization. In situ hybridization was performed on
perfusion-fixed, paraffin-embedded tissue as described previously
(29). Digoxygenin (DIG)-11-UTP-labeled antisense V2R riboprobes
were hybridized and recognized with sheep anti-DIG-alkaline phos-
phatase-conjugated antibody (DAKO) diluted 1:50 in blocking me-
dium. Signal was generated using 4-nitroblue tetrazolium chloride.
Sections were analyzed in bright-field microscopy.

Antisera. Antibodies used for NKCC2 in this study were guinea pig
anti-rat NKCC2 antibody (2.1; 1:250 dilution) (29, 46), rabbit anti-rat
NKCC2 antibody (1:250 dilution; Biotrend), and mouse monoclonal
anti-rabbit NKCC1/2 antibody (T4; 1:250 dilution; Developmental
Studies Hybridoma Bank). Other antibodies used in this study were
rabbit anti-human THP (1:200 dilution) (46), mouse monoclonal
anti-flotillin-1 antibody (1:500 dilution; BD Biosciences), mouse
monoclonal anti-caveolin-1 antibody (1:200 dilution; Santa Cruz
Biotechnology), rabbit anti-human zonula occludens (ZO)-1 antibody
(2:500 dilution; Invitrogen), mouse monoclonal anti-clathrin antibody
(2:200 dilution; Progene), rabbit polyclonal anti-vasopressin receptor
(V2R) antibody (1:300 dilution) (29), and rabbit polyclonal anti-
ganglioside asialoGM1 (1:500 dilution, Abcam). For double staining,
specific sera were combined with FITC-conjugated phalloidin, stain-
ing actin filaments (Molecular Probes). Secondary antibodies were
coupled to horseradish peroxidase (HRP; DAKO), Cy3, or Cy2 (both
from Dianova).

Immunohistochemical analysis. Cryostat sections (7 wm) or paraf-
fin sections (4 pm) were prepared for immunohistochemical study of
kidneys. For immunoelectron microscopy, ultrathin LR-White sec-
tions were prepared on grids. To analyze cultured cells, these were
grown on coverslips and fixed with cold methanol or, alternatively,
3% PFA in PBS. In brief, sections and cells were blocked with 5%
milk powder dissolved in PBS and incubated with specific antibodies
dissolved in the blocking solution overnight at 4°C; after thorough
rinsing in PBS, appropriate secondary antibodies were applied at room
temperature (55). Monolayers from primary cell culture were selected
for evaluation when a proportion of 20-30% of the cells was NKCC2
immunoreactive. Immunoelectron microscopy staining was per-
formed on grids, and signal was detected with 10-nm 1gG-coupled
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immunogold (Auroprobe). All antibodies used for immunohistochem-
istry had been previously characterized elsewhere; specificity was
therefore controlled only by omitting the first antibody.

Conventional fluorescence microscopy and quantitative confocal
laser scanning microscopy. Conventional fluorescence microscopy
was performed in a DMRB microscope (Leica) equipped with a
digital camera (Spot 32; Diagnostic Instruments); images were digi-
tized using Metaview software (Visitron). For confocal microscopy
and quantitative evaluation of the cell culture experiments, a
confocal laser scanning microscope equipped with a multilaser
system (argon laser, 458-514 nm; helium-neon laser, 543 nm; and
helium-neon laser, 633 nm; Leica) and a Leica confocal software
package was used. The observer was blinded to the treatment of the
individual samples. From each experiment, five slides per individual
condition, cytochemically labeled by single or double staining, were
analyzed by randomly selecting five optical fields per slide. Mul-
tichannel detection was checked by sequential scanning analysis to
avoid overlapping of fluorescence emission signals in double-stained
conditions. Per field, the sum of pixel intensities in the selected stacks
of interest of the apical vs. basolateral cell compartments were
evaluated. The dynamic range was set such that sites with the most
intensive fluorescence had only a few saturated pixels. Fluorescence
signal intensities were quantified under standard digital scanning
conditions with the basic microscope settings (laser intensity, photo-
multiplier tube offset, and gain) adjusted uniformly for the evaluation
of the individual samples.

Cholera toxin-NKCC2 double staining. To study potential colocal-
ization of NKCC2 with the LR component ganglioside GM1, primary
TAL cells and rbTAL cells grown on coverslips were incubated with
a cholera toxin-B chain (CT-B)-Alexa 594 conjugate (10 pg/ml) that
binds to GM1, followed by incubation with antibody to CT-B; the
conjugates were then cross-linked with PFA according to the manu-
facturer’s instructions (Vybrant lipid raft labeling kit; Sigma). Next,
the cells were incubated with anti-NKCC2 (2:1) for double staining,
followed by staining with Cy3-coupled secondary antibody.

Tissue and cell homogenization and fractionation. Tissue blocks of
kidney inner stripe or cortex were frozen in liquid nitrogen, ground in
a mortar, and thawed in buffer 1 [250 mM sucrose, 10 mM trietha-
nolamine, protease inhibitors (Complete; Roche Diagnostics), pH 7.5]
(55); alternatively, 500 mM sodium carbonate, 5 mM dithiothreitol,
and the protease inhibitors were used at pH 11. roTAL cells grown to
confluence were harvested in ice-cold PBS with a plastic scraper (20
petri dishes per experiment, diameter 9 cm; Falcon) and pelleted. The
pellet was frozen in liquid nitrogen and then thawed in buffer I.
Tissues and cells were subsequently lysed by ultrasonication (5 X 5s
with 4°C cooling intervals) to produce extracts. These were centri-
fuged at 300 g (10 min, 4°C) to remove nuclei and whole cells or,
alternatively, at 4,000 g (15 min, 4°C) to also remove mitochondria
(P1). For preparation of membrane fractions, the resulting postnuclear
supernatant (S1) was centrifuged at 18.000 g (60 min, 4°C) to obtain
a pellet containing plasma membrane and adherent vesicular struc-
tures (P2) and a supernatant (S2) containing the intracellular fraction
with cytoplasmic and vesicular components.

Detergent extraction using Triton X-100. The postnuclear superna-
tant (S1) was centrifuged at 120,000 g. (60 min, 4°C) to concentrate
the plasma membrane and cytoplasmic vesicular structures. The pellet
was homogenized in buffer | with a 26G syringe and incubated with
ice-cold. Triton X-100 (final concentration 1%, 60 min, 4°C). Alter-
natives to Triton X-100 (Triton X-114, Brij-98, and CHAPS) have
been tested as well.

Sucrose gradient fractionation (floating assay). Triton X-100-
treated cell or kidney homogenates were resuspended in buffer I and
processed using two alternative floatation techniques that differed
with respect to gradient composition (55). In brief, the detergent-
insoluble fraction was resuspended in 1 ml of buffer | containing 40%
sucrose, overlayed with 2 ml of 30% sucrose plus 2 ml of 5% sucrose
in buffer I (discontinuous floating assay). Both gradients were then
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centrifuged at 200,000 g (16 h, 4°C). From the discontinuous gradi-
ents, 3 fractions (1 ml of 40%, 2 ml of 30%, and 2 ml of 5% sucrose)
for overview study and parallel lipid analysis or 10 fractions (200 .l
each) for high-resolution analysis were sequentially collected from the
top of the gradients and analyzed using gel electrophoresis and
Western blotting. For control purpose, cell or kidney homogenates
were incubated with Triton X-100 (1%) at 37°C for 1 h to study
disintegration of LR.

Gel electrophoresis and immunoblotting. Protein concentrations
were measured with the BCA protein assay reagent kit (Pierce), and
20 g of protein per lane were separated on 8 or 10% SDS polyacryl-
amide minigels. After electrophoretic transfer to nitrocellulose mem-
branes, equity in protein loading and blotting was verified by mem-
brane staining using 0.1% Ponceau red. Membranes were blocked
with 5% skim milk in PBS and exposed to the specific antibodies for
90 min at room temperature, followed by HRP-conjugated secondary
antibody (DAKO) for 45 min at room temperature. Immunoreactive
bands were detected by chemiluminescence, using an enhanced
chemiluminescence (ECL-) kit and exposed to Amersham Hyperfilm
ECL X-ray films (both from GE Healthcare). BIO-PROFIL Bio-1D
image software (Vilber Lourmat) was used for densitometric evalua-
tion of the resulting bands.

Lipid analysis. Fractions of floating assays derived from rat kidney
outer medullary membrane preparations were resuspended in 50 mM
Tris-HCI, 150 mM NacCl, 0.5% Na-deoxycholate, and 20% methanol
(pH 7.4), blotted onto nitrocellulose, verified by Ponceau red, and
analyzed by dot-blot staining for GM1 using specific antibody and
peroxidase detection. For further lipid detection, extracts were resus-
pended in 100 wl of 50 mM HEPES adjusted to pH 8.0 in HEPES and
mixed with 200 wl of methanol-chloroform (1:1). After Bligh-Dyer
two-phase extraction, lipids were separated by thin-layer chromatogra-
phy (TLC) using a mixture of chloroform-methanol-H,O (65:25:4).
Lipids were visualized using 20% H,SO, at 120°C. Cholesterol, phos-
phatidylcholine, and sphingomyelin were used as standards (all from
Sigma). Dot blot and TLC signals were evaluated densitometrically.

Liquid chromatography-tandem mass spectrometry for identifica-
tion of NKCC2 in membrane raft fractions. LR preparations of kidney
outer medullary tissue from control rats were used to verify NKCC2
in raft fractions by liquid chromatography-tandem mass spectrometry
(LC-MS/MS) (see Supplemental Material 1). (Supplemental data for
this article is available online at the American Journal of Physiology-
Renal Physiology website.)

Ultrastructural analysis of LR. LR fractions from floating assays
with membrane preparations from rat kidney outer medulla were
resuspended in HEPES (pH 7.3) and prepared for fixation or Western
blot control using anti-flotillin-1 antibody. Pooled pellets were fixed in
3% PFA and 0.05% glutaraldehyde and embedded in LR-White resin.
Immunogold labeling on the grids was performed with anti-NKCC2
antibody (T4) and 10-nm size immunogold for detection as described
above. Ultrathin sections were examined in a Zeiss EM 12.

Surface biotinylation. Control rbTAL cells as well as cholesterol-
depleted and AVP-treated rbTAL cells were prepared as detailed
above. Cells were grown in culture flasks and washed with ice-cold
PBS (pH 7.5) for surface biotinylation using sulfo-NHS-biotin
(Pierce) according to the manufacturer’s instructions. In brief, cells
were incubated for 30 min with the biotin reagent, followed by
removal of the solution and quenching of remaining reagent with PBS
containing 100 mM glycine. Cells were then scraped, washed with
cold PBS, and centrifuged to produce a postnuclear supernatant (S1)
that was further centrifuged at 18,000 g for 30 min to obtain the
membrane fraction (P2) and a supernatant (S2; cytoplasmic and
vesicular fraction). P2 and S2 fractions were incubated with protein
G-coupled microbeads for magnetic cell separation (MACS, Miltenyi)
according to the manufacturer’s instructions. The protein G-coupled
beads were incubated with rabbit anti-NKCC2 antibody (1:200 dilution)
and mixed with the P2 and S2 fractions for 1 h on a rotating platform at
4°C. Beads were then bound to columns placed in a magnetic field, and
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columns were washed by sucrose buffer three times to remove unbound
proteins. Immunoprecipitated protein was then eluted from the columns.
Eluates were analyzed by Western blot. To this end, beads were run on
8% SDS-PAGE, blotted onto nitrocellulose, and detected with streptavi-
din-coupled HRP (1:5,000 dilution; DAKO) or guinea pig anti-NKCC2
(1:250 dilution); signal was generated by anti-guinea pig antibody cou-
pled to HRP (1:4,000 dilution; DAKO).

RT-PCR. Total RNA was isolated from whole kidney homogenates
or cell lysates using the RNeasy total RNA kit (Qiagen). To perform
RT-PCR, genomic DNA was digested by DNase. cDNA was synthe-
sized by reverse transcription of 5 g of total RNA using a cDNA
synthesis kit (Invitrogen). For amplification of V2 vasopressin recep-
tor, 5'-TgT ggC TCT ¢gTT TCA AgT gC-3' forward primer and
5'-gTg CCA CAA ACA CCA TCA Ag-3' reverse primers were used.
For amplification of NKCC2, 5'-gCC ACT ggg AgC ATg AAT
gAC-3’ forward primer and 5'-AAA CCC TgA CAC CAT gCT
CAT-3' reverse primer were used. For specific detection of three
alternatively spliced NKCC2 cassette exons (33), 5'-gTC TTg gAg
TTg TCA TAA TT-3' forward primer and 5'-CTC CAC gAA CAA
ACC CgT TA-3' reverse primer for the A-isoform, 5’-gTC TTg gTg
TgA TTA TCA TC-3' forward primer and 5'-CTC CTC TgA CAT
ATC CAT TT-3' reverse primer for the B-isoform, and 5'-ATC gTC
ATT ggC CTg AgT gT-3' forward primer and 5'-CTC CTC TTA
CTA CTC CAT TT-3' reverse primer for the F-isoform were used.
RT-PCR reactions were carried out in an automated thermal cycler
(Perkin Elmer, Boston, MA) using Taq polymerase (GIBCO). Reac-
tions were controlled by PCR amplification of the housekeeping gene
B-actin. Quantitative gene expression studies were performed using
TagMan gene expression assays for NKCC1 and NKCC2 (Applied
Biosystems) in a 7500 Fast Real-Time PCR System (Applied Biosys-
tems). GAPDH expression was used as an endogenous control.

Presentation of data and statistical analyses. Results are means =+
SD. Statistical significance was determined using Student’s unpaired
t-test. P < 0.05 was considered significant.

RESULTS

Rat kidney and cultured TAL cells specifically express va-
sopressin receptor along with NKCC2. To study the effect of
AVP on NKCC2 in association with LR, we have confirmed
histochemically the key gene products expressed in the studied
tissue and cells. NKCC2 immunostaining and concomitant V2R
mRNA expression have been demonstrated in rat outer medullary
TAL (29). Cultured rbTAL cells showed NKCC2 diffusely dis-
tributed in the cytoplasm and apical cell region (Fig. 1, A-C).
Preincubation of the antibody with peptide used for immunization
resulted in a near-complete lack of NKCC2 immunoreactivity
(Fig. 1, D—F). Cell borders showed continuous ZO-1-immunore-
active junctional belts. Lysates from rbTAL cells expressed
mMRNA encoding for NKCC2 with its A-, B-, and F-isoforms and
V2R receptor (Fig. 1, G and H). Comparing expression levels of

Fig. 1. Cytochemistry and RT-PCR characterize rabbit cells of the thick
ascending limb of the loop of Henle (rbTAL) cell monolayers as used in lipid
raft (LR) studies. A-C: conventional immunofluorescence shows Na*-K*-Cl—
cotransporter 2 (NKCC2; red) in a widespread distribution across the cell; cell
borders are zonula occludens (ZO)-1-positive (green), nuclei are 4,6-dia-
midino-2-phenylindole (DAPI)-stained (blue). D-F: preincubation peptide
blockade (10-fold excess) of the antibody against NKCC2 reveals near-total
absence of specific signal. G and H: RT-PCR showing the presence of mMRNA
coding for NKCC2 and its 3 isoforms (F, B, and A) with specific, distinct
primers and of vasopressin receptor (V2R) mRNA. | and J: real-time PCR
assay showing representative expression of NKCC2 (1) vs. NKCC1 mRNA (J)
in rabbit kidney (1), rbTAL cells (2), and rat kidney extracts (3) from 4
independent experiments. Data are normalized for GAPDH mRNA, which was
run in the same well, and are expressed as the change in cycle threshold (dCy).
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the kidney-specific NKCC2 with the ubiquitous transporter
NKCC1 by sensitive real-time PCR, extracts from rabbit and rat
kidneys as well as rbTAL cells showed differences in the 1,000-
fold range, indicating very low expression of NKCCL1 (Fig. 1, |
and J). NKCC2 mRNA expression level in rbTAL cells was
~15% that of rabbit kidney. These data thus demonstrate viability
for the models used in this study.

AJP-Renal Physiol « vOL 295 « SEPTEMBER 2008 « www.ajprenal.org

0T0Z ‘s aunr uo Bio ABojoisAyd-jeuaidle wol papeojumoq



http://ajprenal.physiology.org

NKCC2 POLAR DELIVERY BY LIPID RAFTS

There is a pool of NKCC2 in detergent-resistant, cholesterol-
and sphingolipid-enriched membranes in rat kidney and cul-
tured TAL cells. Major criteria to establish the association of
proteins with LR are used to demonstrate that the protein is
insoluble in cold detergent and that it shifts from lighter to

F793

gradient fractionation (50). Detergent solubilization of
membrane extracts from rat kidney and rbTAL cell homog-
enates and subsequent centrifugation resulted in the separa-
tion of detergent-soluble and -insoluble membranes. Lipid
composition analysis by dot blot for GM1 and by TLC for

heavier membrane fractions after CD based on density
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phosphatidylcholine, and sphingomyelin re-

Fig. 2. A pool of membrane NKCC2 and related
proteins from rat kidney is associated with LR-
specific lipids. Purified membrane preparations
from rat kidney extracts were solubilized with
cold 1% Triton X-100 and assayed in sucrose
gradient floating assays. Fractions show distri-
bution of GM1 by dot blot (A), cholesterol,
phosphatidylcholine, and sphingomyelin by
TLC (B), and NKCC2 (C), co-localized THP
(D), V2R (E), and Na*-Cl~ cotransporter
(NCC) (F) by Western blots in the low-density
LR raft fractions. The reference protein flotillin
distributes in rafts (G), whereas clathrin is typ-
ically absent from LR (H). Densitometric scan-
ning analysis of blots and TLC bands from at
least 4 independent experiments is shown above
the respective representative samples for the
gradients. Products are enriched in the LR frac-
tions ranging near 20% sucrose. The bands for
NKCC2 were located at 160 kDa, THP at 98
kDa, V2R at 50 kDa, NCC at 165 kDa, flotillin
at 48 kDa, and clathrin at 180 kDa.
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vealed enrichment of these lipids in the low-density frac-
tions from rat kidney extracts separated by floating assay
(Fig. 2, A and B). Plots indicate a heterogeneous distribution
of these components along the different fractions. Western
blots showed that 40-70% of NKCC2 was associated with
the Triton X-100-insoluble fractions and the other 60-30%
with the Triton X-100-soluble fractions at 160 kDa (Fig.
2C). Among different nonionic detergents tested for
NKCC2’s resistance to solubilization, Triton X-100 pro-
duced the most marked NKCC2 insolubility. Reacting ho-
mogenates with warm (37°C) instead of cold Triton X-100
resulted in LR disruption and absence of NKCC2 and
flotillin from the low-density fractions. The GPl-anchored
glycoprotein THP, which is coexpressed with NKCC2 in the
TAL, fractionated in parallel (Fig. 2D). The V2 receptor and
the thiazide-sensitive Na™-Cl~ cotransporter NCC, a second
major member of the Na*-K*-Cl~ cotransporters that is
located in the downstream nephron segment ensuing TAL,
fractionated in the buoyant membranes as well (Fig. 2, E and
F). Flotillin and clathrin served as positive and negative
controls, respectively (Fig. 2, G and H).

Identification of NKCC2 by LC-MS/MS in LR fractions. To
corroborate Western blot identification of NKCC2 in LR, a
high-specificity proteomic approach was performed using
LC-MS/MS from rat kidney medullary LR fractions. The results
demonstrated highly significant occurrence of a 19-amino acid
NKCC2-specific peptide (ISQGFDISPVLQVQDELEK) from a
COOH-terminal cytoplasmic tail of NKCC2 located next to the
TM12 domain (see Supplemental Material 1).

Ultrastructural analysis of LR membranes. LR membranes
prepared from purified rat outer medulla revealed vesicles
100-200 nm in diameter and membrane fragments. Immuno-
gold staining with T4 antibody against NKCC2 showed label-
ing over some but not all of the membranes, reflecting that
some but not all LR were from TAL (Fig. 3). For control,
negative staining for clathrin (Fig. 3A) and positive staining for
THP and GM1 (Fig. 3, C and D) of the same preparation
further characterized this result.

Depletion of cholesterol reduces the pool of NKCC2 in LR.
To evaluate the effect of CD in roTAL monolayers, cells had been
treated with mevalonate-lovastatin and MBCD; absence of cyto-
chemical staining for filipin confirmed CD in the treated cells as
described (55). Trypan blue staining of the cholesterol-depleted
cells confirmed their viability, since no intracellular penetration of
the dye was registered. CD caused a significant shift in the
distribution of NKCC2 and flotillin from the low- to the high-
density fractions, indicating partial solubilization of NKCC2 and
the control protein (Fig. 4, A-C). The detection of clathrin in the
high-density fraction was not influenced by this treatment.

Depletion of cholesterol reduces NKCC2 activity in Xenopus
laevis oocytes. Oocytes were exposed to MBCD for a total of 90
or 180 min, including the uptake period of 60 min. The activity of
NKCC2 was significantly reduced by CD in a time-dependent
fashion (Fig. 4, D and E). At 90 min, the observed reduction was
from 4,676 + 313 pmol-oocyte1-h~* in the absence of MBCD
to 3,121 + 258 pmol-oocyte 1-h~1 in its presence (P < 0.05;
Fig. 4D). At 180 min of exposure, the reduction was more
pronounced. NKCC2-induced %°Rb™" uptake was reduced from
5,859 + 570 pmol-oocyte *-h~? in the absence of MBCD to
802 + 109 pmol-oocyte 1-h~? in its presence (P < 0.01; Fig.
4D). The observed reduction with these times of incubation

NKCC2 POLAR DELIVERY BY LIPID RAFTS
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Fig. 3. Ultrastructural immunogold labeling of LR isolated from rat kidney
outer medulla shows NKCC2-positive membranes. LR were prepared from
purified membrane preparations after solubilization with cold 1% Triton X-100
and sucrose density gradient centrifugation technique. The detergent generates
vesicle-like and fragmentary LR ~200 nm in diameter. Rafts were incubated
with antibodies against clathrin (A), NKCC2 (T4 antibody; B), THP (C),
and GM1 (D). A subset of LR shows positive NKCC2 immunostaining.
Bar, 200 nm.

represented 33 and 87% NKCC?2 inhibition, respectively (Fig.
4E). These observations strongly suggest a functional background
for an association between NKCC2 expressed in oocytes and their
membrane cholesterol content.

Effect of short-term AVP administration on apical trafficking
and the association of NKCC2 with LR. To study whether
VV2R-mediated polar delivery of NKCC2 is related to cholesterol-
dependent, LR-associated trafficking upon AVP stimulation, we
performed experiments in vivo, in cultured rbTAL monolayers,
and in primary TAL cell culture. V2R mRNA was strongly
expressed in medullary TAL profiles of LE and DI rats (Fig. 5, A
and B). In LE rats, and more drastically in Brattleboro DI rats,
treatment with AVP (intraperitoneal injection of a bolus of 1
wrg/kg, 1 h) showed significant changes in apical NKCC2 abun-
dance compared with the respective controls receiving vehicle
injection (Fig. 5, C and D). In rbTAL cells, an AVP-induced shift
of immunoreactive NKCC2 toward the luminal membrane was
observed along with a general increase in apical signal intensity
for NKCC2 (Fig. 5, E and F; vehicle vs. 1077 M AVP, 1 h). In
vivo, NKCC?2 also fractionated to a significantly increased pro-
portion (almost 2-fold) into the low-density range of the plasma
membrane fractions as used throughout for the floating assays;
this was independent of the general increase in NKCC2 signals
upon AVP (Fig. 6A). Flotillin was unaffected under this condition
(Fig. 6B). Analogous observations were made in cultured rboTAL
cells (see Supplemental Material 2). In these cells, the AVP-
dependent shift from a juxtanuclear position of immunoreactive
NKCC2 toward an apical concentration was further specified
using confocal series of stacks (Fig. 7A). A sharp increase in mean
apical fluorescence intensity was detectable as early as after 15
min, followed by further augmentation after 4 h. Parallel evalua-
tion by Western blot showed a moderate increase in NKCC2
abundance as early as after 1 h and a more marked increase after
4 h of AVP treatment, whereas after 24 h, signal was decreased to
near control level (Fig. 7B). Cycloheximide, an inhibitor of
protein translation, did not prevent the rise in NKCC2 signal after
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Fig. 4. Cholesterol depletion (CD) influences po-
lar delivery of NKCC2 in TAL and blunts ion
transport function of NKCC2 in Xenopus laevis
oocytes. A—C: CD reduces the pool of NKCC2 in
LR of rbTAL cells. Cells underwent CD by com-
bined mevalonate-lovastatin and methyl-g-cyclo-
dextrin (MBCD) treatment to inhibit cholesterol syn-
thesis and disrupt LR. Rafts were prepared from
purified membrane preparations after solubilization
with cold 1% Triton X-100. Floating assays demon-
strated cholesterol dependence in the partitioning of
NKCC?2 (A) and flotillin (B), but not clathrin (C), in
LR. Densitometric scanning analysis of Western
: blots from 5 independent experiments is shown
clathrin-CD above the respective, representative Western blots.

(=] CD caused significant rightward shifts of NKCC2 in
the LR fractions ranging near 20% sucrose. *P <
0.05 compared with vehicle. D and E: NKCC2
activity in X. laevis oocytes is reduced by CD.
Oocytes were injected with water or NKCC2 cRNA,
and ®Rb* uptake was assessed. D: NKCC2-depen-
dent 8Rb™* uptake in the absence (vehicle) or pres-
ence of 10 mM MBCD during 90 or 180 min, as
indicated. E: normalized NKCC2-dependent 8Rb*
uptake (after subtraction of uptake in water-injected
oocytes) in the absence of MBCD set as 100%. *P <
0.05 compared with vehicle. Data in both D and
E are pooled results from 2 independent experiments
with 10 oocytes per group each.

vehicle CD

90 min 180 min 90 min

1 h of AVP treatment but blunted the increase after 4 h (Fig. 7C).
Specificity of the AVP-induced changes was verified by incubat-
ing the cells with 8-Br-cAMP, leading to adluminal increase of
NKCC?2 fluorescence close to the level that was reached after
AVP application (Fig. 7D). Further controls included the PKA
inhibitors H-89 and Rp-cCAMPS, both of which reduced AVP-
dependent stimulation of NKCC2 significantly. Cytochalasin B
markedly blunted the effect of AVP as well, suggesting that apical
trafficking of NKCC2 depends on actin polymerization.

LR markers such as CT-B, staining ganglioside GM1, pro-
duce fluorescent patches in the cell, indicating LR sites. These
may copatch with LR proteins, resulting in an overlapping
fluorescence signal. Copatching was therefore used as a mi-
croscopy assay for raft association. After 1 h of AVP treatment,
NKCC?2 revealed a clear increase in copatching of the two
signals in confocal imaging as visualized by the merge images;
the individual signals not only for NKCC2 but also for CT-B
were enhanced. The overlap is demonstrated semiquantita-
tively (Fig. 8). These findings were corroborated using rat
primary cultured TAL cells from the inner stripe (see Supple-
mental Material 3). CD by combined mevalonate-lovastatin/
MBCD application led to mildly reduced steady-state NKCC2
signal and blunted the effect of AVP (Fig. 9A). Western
blotting from rbTAL cell lysates also revealed a decrease in
NKCC2 abundance after CD and demonstrated that the AVP-
induced increase in NKCC2 signal was blunted by CD (Fig.

180 min

9B). To study the potential impact of CD on AVP signaling,
CAMP levels were determined in the supernatants from rbTAL
cells incubated for 1 h in the presence or absence of AVP,
combined with CD. Augmentation of cCAMP levels by AVP
was pronounced; under CD, these changes were still signifi-
cant, albeit to a reduced amount (Fig. 9C).

Biotinylation assays show the amount of surface-expressed
NKCC2 is increased upon short-term AVP stimulation of
rbTAL cells in a cholesterol-dependent manner. We ultimately
aimed to consolidate our hypothesis that AVP not only causes
apical trafficking of NKCC2 but also promotes luminal inser-
tion of a pool of NKCC2 in a cholesterol-dependent manner to
modulate transepithelial NaCl transport via LR. To this end,
the surface of live rbTAL cell monolayers was biotinylated.
The monolayers were then homogenized and cell membrane
and intracellular fractions prepared. Fractions were immuno-
precipitated with anti-NKCC2 antibody. The abundance of
biotinylated NKCC2, which was determined by streptavidin-
peroxidase labeling, was compared with the total abundance of
NKCC2, as determined using a different anti-NKCC2 anti-
body, in the respective fractions (Fig. 10). Samples receiving
vehicle showed dramatic reductions in NKCC2 in the mem-
brane fractions upon CD with either detection system (Fig. 10,
A and B), whereas in the intracellular fractions, total NKCC2
was not significantly changed (Fig. 10, C and D). As expected,
the amount of intracellular biotinylated NKCC2 was very low
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Fig. 5. NKCC2 surface expression of rat medullary TAL and cultured rbTAL
cells increases upon treatment with vasopressin (AVP). V2R mRNA (A) and
immunoreactive NKCC2 (B) distributed in untreated control Long Evans (LE)
rat medullary TAL. Intraperitoneal bolus injections of vehicle (0.9% NaCl; C)
or 1-deamino-8-p-arginine vasopressin (dDAVP; 1 wg/kg; D) in Brattleboro
rats with diabetes insipidus (DI rats) after 1 h; adluminal immunoreactive
NKCC2 signal is enhanced upon treatment with dDAVP. A, in situ hybridiza-
tion; B-D, immunoperoxidase staining with anti-NKCC2. Comparable effects
are shown in vehicle (E) and AVP (1 X 10~7 M; 1 h)-treated rbTAL cells (F).
Confocal merge signals of NKCC2 (red) and phalloidin identifying intracel-
lular F-actin (green) are shown in the Z-axis with the apical side oriented
toward the asterisk. Significant augmentation of red fluorescent NKCC2 label
along with a shift toward the apical cell pole (asterisk) are shown.

in the respective fractions (Fig. 10, C and D). Mirroring the
histochemical results shown in Fig. 5, E and F, and Fig. 7A,
Fig. 10, A and B, further shows pronounced increases for
biotinylated NKCC2 (nearly 3-fold) and total NKCC2 in the
cell membrane fraction after 1 h of AVP stimulation. Both
effects were blunted by CD. These observations permit the
conclusion that both steady-state as well as AVP-stimulated
surface expressions of NKCC2 are markedly cholesterol de-
pendent. This finding agrees with the concept that LR-depen-
dent trafficking may be relevant for NKCC2 in its active,
luminally inserted form. Corresponding to the increases in total
cell NKCC2 shown in Fig. 7B, intracellular NKCC2 abundance
showed a pronounced stimulation upon AVP; this increase was
effectively blunted by CD (Fig. 10, C and D). In agreement
with our results from the floating assays and the confocal
analysis, the latter observation reflects intensified packing of
NKCC2 in LR-containing intracellular membranes upon the
stimulatory effect of AVP. Packing into LR thus appears to be
linked to the cellular adjustment of NKCC2 abundance.

DISCUSSION

Evidence for partitioning of NKCC2 into cholesterol- and
sphingolipid-enriched LR. Results of this study have extended
the current concepts of cellular distribution, function, and
regulated polar delivery of the major renal epithelial cotrans-
porter NKCC2. Our first major point was to confirm the
hypothesis that NKCC2 may distribute in LR with a functional

NKCC2 POLAR DELIVERY BY LIPID RAFTS

background. As a biochemical hallmark for LR localization,
we have applied the procedure of cold extraction with nonionic
detergent to isolate LR, relying on their relative, differential
insolubility in the detergent in sucrose gradient fractionation,
which is based on the close packing of acyl chains and
stabilization via cholesterol interdigitation (50).

We have shown that a pool of both intracellular and plasma
membrane NKCC2 is LR associated based on the following
observations. 1) Forty to seventy percent of NKCC2 obtained
from the extracted plasma membrane preparations including
adherent vesicular membranes was detected in the low-density
range of the floating assays. The presence of the transporter in
LR fractions was identified by Western blot and highly specific
LC-MS/MS. 2) LR properties were confirmed by the typical
enrichment in ganglioside GM1, sphingolipid, and cholesterol
selectively in the low-density fractions (55). 3) NKCC2 was
detected immunoelectron microscopically in a subset of mem-
brane fragments obtained from sucrose fractionation, reflecting
data on intestinal LR proteins (7). 4) Binding of CT-B to
GM1-containing LR, a natural process adapted for experimen-
tal LR recognition (17), showed copatching of a subset of
CT-B and NKCC2 within the cell and on the surface. 5) LR
association of NKCC2 depended on cholesterol availability as
a widely used criterion (19, 28, 55). Localization of NKCC2
in LR of the plasma membrane further agrees with its
histochemical localization of NKCC2 in subapical and api-
cal TAL epithelium (14, 31). The occurrence of LR carrying
NKCC2 in intracellular fractions suggested their involve-
ment in apical delivery of NKCC2, as described for other
membrane-spanning proteins (19, 28). Parallel detection of
the structurally related cotransporter NCC (13) in LR frac-
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Fig. 6. AVP administration increases the pool of NKCC2 in LR from rat
kidney outer medulla. An intraperitoneal bolus injection of vehicle (0.9%
NaCl) compared with dDAVP (1 wg/kg) in DI rats after 1 h increased the
proportion of NKCC2 (A) but not flotillin (B) partitioned in LR. Rafts were
prepared from purified outer medullary membrane preparations after solubili-
zation with cold 1% Triton X-100 and sucrose gradient floatation technique.
Densitometric analysis of Western blots from 4 independent experiments with
fractions F3-F6 were evaluated cumulatively. Representative Western blots
are shown at bottom with the evaluated fractions boxed (discontinuous gradi-
ents). *P < 0.05 compared with vehicle.
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Fig. 7. Time-dependent effects of AVP stimulation on NKCC2 trafficking and protein abundance in rbTAL cells. A: time-dependent effects of AVP on NKCC2
surface expression are shown by semiquantitative evaluation of apical NKCC2 fluorescent signal. Values represent mean fluorescence intensity from 3 pooled
apical confocal stacks. Baseline apical fluorescence was set at 100%. Representative confocal images are shown at bottom. B: time-dependent effects of AVP
on NKCC2 protein abundance are shown by semiquantitative evaluation of Western blots from whole cell lysates and densitometric scanning. Results are
normalized for the housekeeping protein B-actin. Representative blots are shown at bottom. C: as in B, time-dependent effects of AVP (1 and 4 h) on NKCC2
abundance are shown in the absence vs. presence of cycloheximide (cyclo). D: specificity of the AVP-induced changes in NKCC2 surface expression was
demonstrated by application of the cAMP analog 8-bromo-cAMP (8-Br-cAMP), AVP alone, the PKA inhibitors H-89 and Rp-cAMPS, and cytochalasin B (CyB),
each combined with AVP. Values were obtained from confocal microscopy of apical NKCC2 immunofluorescent signal. Values represent mean fluorescence
intensity from pooled apical confocal stacks. Results are from 3 (A), 4 (B), 5 (C), and 3 independent experiments (D), respectively. *P < 0.05 compared with

vehicle. **P < 0.05 compared with AVP.

tions from rat kidney further strengthened our view; appar-
ently the two products are using similar posttranscriptional
pathways during biosynthesis.

Protein markers for raft and non-raft domains confirm LR
association of NKCC2. Among the positive reference pro-
teins, flotillin-1 as a well-established LR marker (44) and
THP as a GPIl-anchored raft- and TAL-specific product (5)
were detected in the buoyant membrane fractions along with
NKCC2. Apart from demonstrating specificity of the assays,
the presence of flotillin suggests a role to organize LR as
specialized membrane domains interacting with the cy-
toskeleton (4). Another well-defined, intrinsic component of
LR is caveolin, which may target other proteins to LR in
certain cell types (9). However, caveolins are not solely
responsible for LR association of proteins, and the known
caveolin isoforms were not detected in TAL (3, 42). The
coated pit-related protein clathrin was used as an established
non-raft marker (20, 55).

Cholesterol depletion allows mechanistic insight into polar
delivery of NKCC2 in TAL and ion transport function of
NKCC2 in the oocyte system. We have administered choles-
terol-depleting agents to study whether the liquid-ordered bio-
physical properties stabilizing LR may influence NKCC2 char-
acteristics. MBCD, a cyclic oligosaccharide acting like an
external sponge to remove membrane cholesterol by adhe-
sional contact to the cell surface, was applied acutely to
withdraw lipid from the plasma membrane and reduce LR
under established conditions (28, 43, 45). To prevent LR
association of proteins during their transit through the Golgi
apparatus and polar trafficking (28, 51), CD was reached in a
two-step approach using mevalonate-lovastatin during 24 h to
inhibit de novo synthesis of cholesterol, added with a final
short period of MBCD treatment. Cholesterol in the entire cell
may thus be reduced to near 80% (10). Neither this measure
nor MBCD alone should cause general deficits in membrane
structure and function (28, 45, 55).
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Fig. 8. Short-term AVP administration increases copatching of NKCC2 with
the LR component, ganglioside GM1, in rbTAL cells. Confocal analysis shows
the effects of short-term vehicle vs. AVP administration (1 X 10~7 M; 1 h)
on the degree of coincident fluorescence of immunostained NKCC2 and the
choleratoxin-B (CT-B)-labeled ganglioside GM1. Diagrams at bottom indicate
the degree of merged signals between CT-B plotted on the X-axis and NKCC2
on the Y-axis, indicating copatching.

In the roTAL model, Western blot analyses from the floating
assays showed that two-step CD induced significant shifts of
NKCC2 along with flotillin from lower to higher density
fractions, reflecting similar data from elsewhere (20, 28, 55).
The histochemical findings further elucidate that LR and their
association with NKCC2 in plasma membrane as well as
cytoplasmic vesicles were strongly reduced after CD. Studying

NKCC2 POLAR DELIVERY BY LIPID RAFTS

X. laevis oocytes, which have been widely used by us and
others as a robust heterologous expression system of rat
NKCC2 (13, 15, 27, 39), we have obtained important func-
tional insights into NKCC2 function in conjunction with cho-
lesterol availability. The prominent, highly reproducible de-
creases in NKCC2-induced 8Rb* uptake upon CD by MBCD
in a time course of up to 3 h were suggestive of a major role
for the integrity of a cholesterol-enriched membrane envi-
ronment in transporter functioning. Previous analyses of
other LR-associated transporters have provided divergent
results with respect to their lipid environment (21, 28); for
instance, CD failed to affect transepithelial Na* channel
activity or expression of ENaC (20, 49). However, CD-
induced effects may plausibly diverge among transporters
and channels, since the N(K)CC family of proteins differs
substantially from ENaC subunits with respect to molecular
structure and functional requirements (13, 20). Alterations
in membrane fluidity may have affected NKCC2 activity in
the oocytes upon MBCD, as shown for a cation-conducting
acetylcholine receptor (45). Since the typical distribution of
LR in the plasma membrane of TAL cells probably agrees
with the original concept of integral proteins distributed in
LR or in non-raft membrane domains (25, 50), an equilib-
rium of silent vs. functional pools of NKCC2 might be
effectively adjusted by changes in lipid composition, de-
pending on their LR association (45). Our oocyte results may
well resemble the in vivo membrane condition with its particular
LR characteristics, since raft properties also have been established
in the oocyte cell membrane (26).

Trafficking and polar delivery of NKCC2 on AVP is LR
dependent. Our second major point was to investigate the
involvement of LR in vesicular trafficking and apical deliv-
ery of NKCC2. Short-term exposure to AVP, a potent
stimulus not only for water channel and NKA activation in
collecting duct (8) but also for transepithelial NaCl reab-
sorption across TAL (1, 18, 27, 55) was therefore chosen to
test our hypothesis. Established parameters for the activa-
tion of NKCC2 by short-term AVP application, such as V2R
signaling and the particular effects of cAMP, PKA, and
intactness of the actin cytoskeleton, have been demonstrated
successfully, proving viability of the rbTAL cell line in this
respect (1, 18, 29, 54, 55).

Short-term AVP treatment in the present setting produced
two per se fundamentally different effects. One was related to
changes in NKCC2 abundance and the other to LR-associated
trafficking of the transporter. We earlier showed that cellular
NKCC2 abundances in Brattleboro DI rats lacking endogenous
AVP and in rbTAL cells were increased nearly twofold as early
as after 30 min (29), and the present 1-h exposures to AVP
produced similar results. As discussed previously (29), these
findings are at variance with previous data raised in mice in
which comparable, moderately supraphysiological concentra-
tions of AVP after 1 h had failed to produce changes in
NKCC2 abundance (14); increases in NKCC2 protein abun-
dance have formerly been reported only from prolonged treat-
ment periods (23). However, DI rats in our hands served as a
suitable model for an induction of NKCC2 unbiased by endog-
enous AVP levels (29), and comparative setups with control
rats also produced similar, albeit less drastic, results (unpub-
lished data). Corresponding increases in NKCC2 abundance in
rbTAL cells were highly reproducible and were further con-
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Fig. 9. AVP-induced changes of NKCC2 in rbTAL cells are cholesterol-dependent. A: confocal analysis shows the effects of AVP (1 X 10~7 M; 1 h) with and
without CD by combined mevalonate-lovastatin (M/L)/MBCD treatment on NKCC2 surface expression. Values indicate quantification of the apical fluorescence
intensity from 3 pooled apical confocal stacks with the vehicle control set at 100%. Representative confocal images are shown at bottom. B: representative
Western blots from rbTAL cell extracts show specific bands for NKCC2 and densitometric evaluation with intensity values normalized for B-actin. C: ELISA
measurements of cCAMP accumulation in rbTAL cells incubated for 1 h with vehicle or AVP, combined with CD induced by M/L, MBCD, or a combination of
M/L and MBCD. Results are from 3 (A), 4 (B), and 4 independent experiments (C), respectively. *P < 0.05 compared with vehicle.

firmed by parallel histochemical evaluation. Changes in
NKCC2 mRNA were absent, which could be expected regard-
ing its delayed induction (29, 40). Accordingly, inhibition of
translation by cycloheximide was without effect on NKCC2
abundance after 1 h of AVP but blunted its effect after 4 h.
Therefore, the observed effects were obviously unrelated to de
novo protein biosynthesis. Conceivably, the V2R-cAMP-PKA
signal cascade at some point may interfere with NKCC2
stability or so far unrecognized protein degradative mecha-
nisms in TAL.

AVP-induced recruitment of NKCC2 to LR and traffick-
ing were cholesterol-dependent as shown by 1) shifting of
NKCC2 toward the lower density fractions from DI rat
kidney and rbTAL cell extracts, 2) enhanced copatching of
NKCC2 and CT-B in rbTAL and primary cultured TAL cells
along with apical delivery, and 3) increased surface bioti-
nylation of NKCC2. Short-term AVP treatment produced
more than twofold increases in both surface-expressed and
total plasma membrane NKCC2 in rbTAL cells. Changes

were dependent on cholesterol availability. The response
showed a quick onset with 15 min. For comparison, GPI-
anchored proteins typically also appear at the apical mem-
brane within 15 min of leaving the Golgi in Madin-Darby
canine kidney cells (48). Conversely, abundance of NKCC2
was significantly diminished upon CD chiefly in the apical
cell pole or plasma membrane, but not in intracellular
fractions, as depicted in Figs. 9 and 10. Along the same line,
decreased apical NKCC2-immunoreactive signals under CD
probably reflected disaggregation of LR and diminished
apical delivery, since the CT-B-positive sites were also
obviously reduced in parallel. These observations suggest
that LR substantially interfere not only with trafficking but
probably also with stability of NKCC2 at the apical cell
pole. The failure to enhance trafficking and luminal inser-
tion of the transporter upon AVP treatment in the absence of
LR underscores this interpretation, suggesting that the cho-
lesterol environment of the transporter molecules or the
structure of LR proper are required for the maintenance of a
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sufficiently large apical pool of NKCC2 and appropriate
trafficking to the plasma membrane. This interpretation is
further in line with results on intestinal NHE3 (28) and renal
ENaC (49), highlighting a role for LR specifically in apical
trafficking of these proteins.

The effects of CD on AVP-dependent increases in NKCC2
abundance and translocation might be questioned regarding the
obvious distribution of a pool of V2R itself in LR. V2R
themselves could therefore be affected by the CD protocol,
possibly resulting in changes in binding as shown for another
receptor (41) or in downstream signaling effects. Monitoring
intracellular cAMP levels, we accordingly found that AVP
application under various conditions of CD caused diminished
CAMP accumulation in rbTAL cells; however, albeit reduced,
the AVP-induced changes were still significant, thus validating
our observations.

Collectively, our results from rat tissue, X. laevis oocytes, and
TAL cell culture experiments support the hypothesis that NKCC2
distributes in LR both intracellularly and on the cell surface and
that cholesterol availability is required for its activity, AVP-

induced trafficking, and delivery to the cell membrane. In the
plane of the luminal membrane, LR could act as platforms that
modulate NKCC2 activity by accumulating active pools of the
transporter. We therefore suggest that LR are an essential com-
ponent in NKCC2 biology and therefore play an important role in
the function of renal volume regulation. New aspects for studying
lipid effects on ion transporter function have thus been presented.
Future investigation must define the nature of protein-lipid inter-
actions of NKCC2 and clarify how LR may determine trafficking,
function, and turnover of NKCC2 in mammalian TAL.
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San-Cristobal P, Ponce-Coria J, Vazquez N, Bobadilla NA,
Gamba G. WNK3 and WNK4 amino-terminal domain defines their
effect on the renal Na*-Cl~ cotransporter. Am J Physiol Renal
Physiol 295: F1199-F1206, 2008. First published August 13, 2008;
doi:10.1152/ajprenal.90396.2008.—Loss of physiological regulation
of the renal thiazide-sensitive Na™-Cl~ cotransporter (NCC) by mu-
tant WNK1 or WNK4 results in pseudohypoaldosteronism type 1l
(PHAII) characterized by arterial hypertension and hyperkalemia.
WNK4 normally inhibits NCC, but this effect is lost by eliminating
WNKA4 catalytic activity or through PHAII-type mutations. In con-
trast, another member of the WNK family, WNK3, activates NCC.
The positive effect of WNK3 on NCC also requires its catalytic
activity. Because the opposite effects of WNK3 and WNK4 on NCC
were observed in the same expression system, sequences within the
WNKSs should endow these kinases with their activating or inhibiting
properties. To gain insight into the structure-function relationships
between the WNKs and NCC, we used a chimera approach between
WNK3 and WNKA4 to elucidate the domain of the WNKSs responsible
for the effects on NCC. Chimeras were constructed by swapping the
amino or carboxyl terminus domains, which flank the central kinase
domain, between WNK3 and WNKA4. Our results show that the effect
of chimeras toward NCC follows the amino-terminal domain. Thus
the amino terminus of the WNKSs contains the sequences that are
required for their activating or inhibiting properties on NCC.

distal convoluted tubule; diuretics; hypertension; kinase

THE WNKs [with no lysine (K)] are a subfamily of serine/
threonine kinases that lack the conserved lysine (substituted by
cysteine), which in all other serine/threonine kinases is located
in the B-strand 3 of kinase subdomain |1 of the catalytic domain
(35). A total of four genes encoding WNK isoforms are present
in the human genome: WNK1, WNK2, WNK3, and WNK4,
located in chromosomes 12, 9, X, and 17, respectively. The
degree of identity among WNKs is >80% in the kinase domain
and <17% in the flanking amino- or carboxy-terminal do-
mains. Mutations in WNK1 and WNK4 are the cause of
pseudohypoaldosteronism type 1l (PHAII) (33), an inherited
disease that features arterial hypertension, hyperkalemia, and
metabolic acidosis. PHAII patients are highly sensitive to
thiazide diuretics (18). Clinically, PHAII is the mirror image of
Gitelman’s disease, an inherited illness characterized by arte-
rial hypotension, hipokalemia, and metabolic alkalosis due to
inactivating mutations of the SLC12A3 gene that encodes the
thiazide-sensitive Na™-Cl~ cotransporter NCC (28). Thus
PHAII seems to be the consequence of overactivity of NCC
due to a loss of physiological regulation by the WNKs (15, 34,
41). This hypothesis is supported by recent studies in Xenopus

laevis oocytes (11, 34, 37), culture cells (2), and transgenic
mice harboring WNK4 with PHAII-type mutations (15, 41). It
is not surprising that the WNKSs have emerged as powerful
regulators not only of NCC but also of all the members of the
cation-coupled chloride cotransporter family (SLC12) (9, 14).

The SLC12 family of membrane transporters is composed of
seven members that are divided into two branches. The Na™-
driven branch that includes SLC12A3 encodes NCC and two
other genes: SLC12A1 (encoding the kidney-specific Na™-K*-
2CI~ cotransporter NKCC2) and SLC12A2 (encoding the ubig-
uitously expressed Na™-K*-2CI~ cotransporter NKCC1). The
K™*-driven branch is composed of four genes, SLC12A4 to
SLC12A7, which encode K*-CI~ cotransporters KCC1 to
KCC4, respectively. Studies from several laboratories have
shown that phosphorylation activates Na*-driven and inacti-
vates K*-driven cotransporters, whereas dephosphorylation
has the opposite effect (for review, see Refs. 1, 5, 6, 9, 12, 16).
With the use of X. laevis oocytes as a heterologous expression
system, it has been observed that WNKA4 is a negative regulator
of NCC (11, 34, 37) and all four KCCs (7, 10). The effect on
both NCC (2, 11, 34) and KCCs (10) is eliminated by the
D318A substitution, which renders WNK4 catalytically inac-
tive, proving that the catalytic activity of WNK4 is required. In
addition, PHAII-type missense mutations of WNK4 in a con-
served acidic region of the carboxy-terminal domain prevent
the negative effect of WNK4 on NCC (2, 34). WNK3 is also a
powerful regulator of all members of the SLC12 family.
However, WNK3 activates NCC, NKCC1, and NKCC2 (13, 27)
while inhibiting all four KCCs (3). Interestingly, eliminating
WNKS3 catalytic activity by the D294A mutation not only pre-
vents it from acting on the cotransporters but also inverts the
kinase effect. In other words, WNK3-D294A becomes a powerful
inhibitor of NCC, NKCC1, and NKCC2 (13, 27) and an activator
of all KCCs (3), regardless of the cell volume changes that are
usually required to activate or inhibit these transporters.

All these studies together demonstrate that, with the same
expression system of X. laevis oocytes, the effect of WNK3
and WNK4 on NCC is opposite, whereas their effect on KCCs
is similar. Thus it is reasonable to propose that sequences
within WNK3 and WNK4 endow these kinases with the ability
to activate or inhibit NCC, respectively. In the present study we
undertook a chimeric approach between WNK3 and WNK4 to
begin to define structure-function relationships between WNKs
and NCC. Our results show that information required for being
a positive or a negative regulator of NCC in WNK3 and WNK4
is located within the short amino terminal domain.
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MATERIAL AND METHODS

The cDNAs of rat NCC, mouse WNK4, human WNK3, and human
KCC2 have been described previously and are the clones that were
used in the studies that demonstrated the effects of WNK3 or WNK4
on NCC or KCC2 (8, 27, 29, 34). Chimeric clones were constructed
between WNK3 and WNK4 by swapping the amino- or the carboxy-
terminal domain. To this end, unique silent Kpnl and Nsil sites were
introduced by site-directed mutagenesis (QuickChange; Stratagene) at
the beginning and at the end, respectively, of the kinase domain of
both WNK3 and WNK4. Amino- and carboxy-terminal domains were
then swapped by cutting and pasting cDNA fragments to construct the
chimeric proteins shown in Fig. 1. Restriction analysis and sequencing
were used to corroborate the appropriate creation of silent sites and to
rule out unwanted mutations. In addition, all experiments were per-
formed using the constructs of wild-type WNK3 and WNK4 in which
the Kpnl and Nsil sites were introduced.

Assessment of the Na*-Cl~ and K*-CI~ cotransporter function.
NCC and KCC2 activity was assessed by functional expression in X.
laevis oocytes following previously described protocols (3, 8, 20, 24,
29). Briefly, oocytes were surgically harvested from adult female X.
laevis frogs (Nasco) under tricaine anesthesia (0.17%) and incubated
in frog Ringer ND96 (in mM: 96 NaCl, 2 KCl, 1.8 CaCl,, 1 MgCl, and
5 HEPES/Tris, pH 7.4) in the presence of collagenase B (2 mg/ml) for
1 h. Oocytes were washed four times in ND96, defolliculated, and
incubated overnight at 18°C in ND96 supplemented with 2.5 mM
sodium pyruvate and 5 mg/100 ml gentamicin. The next day, mature
oocytes were injected with 50 nl of water alone or containing cRNA
at 0.2 pg/pl NCC or KCC2 cRNA alone or together with a wild-type,
mutant, or chimeric WNK cRNA. After injection, oocytes were
maintained for 3 days in frog Ringer.

For NCC influx experiments 2 h before uptake, oocytes were
incubated in a Cl~-free isotonic medium (in mM: 96 Na™ isethionate,
2 K*-gluconate, 1.8 Ca?*-gluconate, 1.0 Mg?*-gluconate, and 5
HEPES, pH 7.4). Tracer 22Na* uptake (New England Nuclear) was
then assessed in groups of 10—15 oocytes exposed to isotonicity using
our usual isotonic uptake solution [in mM: 40 NaCl, 56 N-methyl-p-
glucamine (NMDG)-CI, 1.8 CaCl,, 1.0 MgCl,, and 5.0 HEPES, pH
7.4; 210 mosmol/kgH,0] containing 1 mM ouabain, 0.1 mM amilo-
ride, and 0.1 mM bumetanide plus 2 w.Ci/ml 22Na*. To determine the
22Na™ uptake due to NCC, we exposed parallel groups to the same
uptake solution but in the presence of 100 wM metolazone.

For KCC2 influx experiments, we assessed tracer 86Rb* uptake
(New England Nuclear) in experimental groups of 10-15 oocytes.
8Rb* influx was measured in two different osmolar conditions. For
hypotonic conditions, oocytes were incubated for 30 min in hypotonic
K™*-and Cl~-free medium (in mM: 50 NMDG-gluconate, 4.6 Ca2*-
gluconate, 1.0 Mg2*-gluconate, and 5 HEPES/Tris, pH 7.4; 110
mosmol/kgH,0) with 1 mM ouabain, followed by 60 min in hypo-
tonic Na*-free medium containing 10 mM KCI, 40 mM NMDG-CI,
1.8 mM CaCl,, 1 mM MgCl,, and 5 mM HEPES, pH 7.4, and
supplemented with 1 mM ouabain and 2.0 nCi/ml 8Rb*. Parallel
groups of oocytes were exposed to Cl~-free uptake solution in which
Cl~ was substituted with gluconate. For uptake in isotonic conditions,
the same solutions were used but supplemented with 3.5 g/100 ml
sucrose to reach picomolar conditions for oocytes (~210 mosmol/

In all experiments, tracer activity was determined for each oocyte
dissolved in 10% SDS by beta-scintillation counting. All results
presented are based on a minimum of three different experiments with
at least 10 oocytes per group in each experiment. Statistical signifi-
cance is defined as two-tailed, with P < 0.05, and the results are
presented as means = SE. The significance of the differences between
groups was tested by one-way ANOVA with multiple comparisons
using Bonferroni correction.

RT-PCR of WNKs in X. laevis oocytes. X. laevis genome data bases
were analyzed with BLAST using protein sequences of the carboxy-

WNK STRUCTURE-FUNCTION RELATIONSHIPS

terminal domain of human WNK1, WNK2, WNK3, and WNK4 as
bait. EST sequences with significant identity to each WNK were
found. The percentages of identity of sequences from accession nos.
EG575770, CA983538, BF048601, and BJ067481 were 75, 68, 76,
and 84 with WNK1, WNK2, WNK3, and WNK4 carboxy-terminal
domain, respectively. We then designed primer pairs from each
sequence to amplify a fragment of each WNK from the oocytes’
MRNA by RT-PCR. Total RNA from X. laevis oocytes was isolated
using the Tripure system (Roche) following the manufacturer’s rec-
ommendations and treated with DNase | for 1 h to eliminate possible
contamination with genomic DNA. Reverse transcription was carried
out using 2.5 g of total RNA extracted from oocytes at 37°C for 60
min in a total volume of 20 ! using 200 units of the Moloney murine
leukemia virus reverse transcriptase (Invitrogen). Simultaneous PCR
for each WNK was carried out in the absence of reverse transcription
to rule out the possibility of DNA genomic contamination. The cDNA
fragments obtained from PCR were resolved in 5% acrylamide gels.
Fragments from WNK3 and WNK4 were also resolved in agarose gel,
excised, and sequenced by automatic DNA sequencing.

RESULTS

As shown in Fig. 1, WNKSs can be divided into three
structurally defined domains. The first is a short amino-termi-
nal domain that, in WNK3 and WNK4, is made up of 146 and
173 amino acid residues, respectively. This is followed by the
serine/threonine kinase domain of 274 amino acid residues in
all WNKs and a long carboxy-terminal domain of 1,380 and
796 amino acid residues in WNK3 and WNK4, respectively.
To analyze the role of the amino- and carboxy-terminal do-
mains on NCC regulation, we constructed four chimeras be-
tween WNK3 and WNK4 by swapping their amino- or car-
boxy-terminal domains. To this end, silent restriction sites for
Kpnl and Nsil were introduced by site-directed mutagenesis at
the beginning and end of the kinase domain. Figure 1B shows
the chimeras denoted by three numbers corresponding to the
amino-, kinase, and carboxy-terminal domains, respectively.
The numbers 3 and 4 represent the origin of each domain. Thus
chimeras 344 and 433 contain the amino-terminal domain of
WNK3 and WNKA4, respectively, fused into the kinase and
carboxy-terminal domains of the other WNK. Chimeras 334
and 443 were made by swapping the carboxy-terminal domain
of WNK3 or WNK4, respectively, into the amino-terminal and
kinase domains of the other WNK. All chimeric constructs
were corroborated by a restriction map and sequencing. The
effect of each chimera on NCC and KCC2 activity was then
assessed in control experiments that used wild-type WNK3 or
WNK4 harboring the silent Kpnl and Nsil sites (See MATERIALS
AND METHODS).

Effect of WNK3 or WNK4 on NCC follows the amino-
terminal domain. Figure 2 depicts the compiled results of three
different experiments in which X. laevis oocytes were injected
with NCC cRNA alone or together with wild-type or chimeric
cRNAs. As we had previously shown (27), coinjection with
NCC cRNA and wild-type WNK3 cRNA resulted in increased
NCC activity. Figure 2A shows that activation induced by
WNK3 increased 2?Na* uptake by NCC from 4,006 + 464
pmol-oocyte*-h~* in oocytes injected with NCC cRNA alone
to 12,925 + 1,651 pmol-oocyte -h~ in oocytes coinjected
with NCC and wild-type WNK3 cRNA (P < 0.01). Interest-
ingly, coinjection with the chimera 344 cRNA resulted in a
similar extent of NCC activation that reached 13,956 * 1,520
pmol-oocyte~1-h~1 (P < 0.01 vs. NCC alone). The chimera
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334 cRNA also induced a significant increase in NCC activity
to 8,449 + 1,010-0ocyte™*-h~1 (P < 0.05 vs. NCC alone).
Therefore, chimeras containing the amino-terminal domain of
WNK3 were able to increase NCC activity.

The opposite results were observed with chimeras containing
the WNK4 amino-terminal domain (Fig. 2B). As we had previ-
ously shown (34), coinjection of NCC cRNA with WNK4 cRNA
resulted in a significant reduction of NCC-induced ??Na™ uptake
(Fig. 2B) from 4,562 = 348 pmol-oocyte *-h~ in NCC oocytes
to 1,456 = 109 pmol-oocyte *-h~* in oocytes coinjected with
NCC and wild-type WNK4 cRNA (P < 0.01). Chimeras 433 and
443 also induced a significant reduction of NCC activity to
2,747 + 296 and 1,058 = 75 pmol-oocyte™1-h, respectively.
Thus data shown in Fig. 2 suggest that WNKS3 activating effects
and WNK4 inhibiting effects on NCC correspond to the WNKs’
amino-terminal domain. Interestingly, the inhibitory effect of
chimera 433 was significantly lower than that observed in wild-
type WNK4 or chimera 443, suggesting that activity and/or
stability of this chimera in these experiments was lower than that
of wild-type WNK4 or chimera 443 or that the catalytic domain
of WNKS still exerted some positive effect that somehow com-
petes with the negative effect of the amino terminus. The first
possibility is most likely, since in the series of experiments done
in Fig. 5 (see below) the inhibitory effect of chimera 433 and
wild-type WNK4 was similar.

All chimeras are powerful inhibitors of K*-Cl~ cotrans-
porter KCC2. It has been shown previously that both wild-type
WNK3 and WNK4 are potent inhibitors of K™-CI~ cotrans-
porters KCC1 to KCC4. Catalytically inactive forms of WNK3
and WNK4 not only lose their inhibitory effect but also
become powerful activators of K*-Cl~ cotransporters (3, 7,
10). We thus reasoned that if the WNK3 and WNK4 chimeras
conserved their catalytic activity, then it would follow that they
were able to inhibit K*-CI~ cotransporter expression, since
this is the effect of both wild-type WNK3 and WNK4. Thus we
assessed the effect of wild-type WNK3 and all four chimeras
on the activity of KCC2 in hypotonic conditions, in which this
cotransporter is maximally active (Fig. 3, A and B). Oocytes
were injected with KCC2 cRNA alone or together with each of

the chimeras’ cRNA. Three days later, the activity of KCC2
was assessed in hypotonic conditions by measuring the Na™-
independent and Cl~-dependent ®Rb™ influx. As we had
previously shown (27, 29), injection of oocytes with KCC2
cRNA resulted in a remarkable increase in ®Rb™ uptake
during cell swelling (Fig. 3, A and B). When KCC2 was
coinjected with wild-type WNK3 or any one of the four
chimeras, regardless of their effect on NCC, 8Rb* uptake in
these groups was similar to that of water-injected oocytes (Fig.
3, A and B). This finding implies that all cRNAs induced a
complete inhibition of KCC2 activity. Because catalytic activ-
ity of WNK3 and WNKA4 is required for the inhibition of
K*-CI~ cotransporters (10, 27), these observations strongly
suggest that all four chimeras are functional.

Effect of chimeras 344 and 433 on NCC and KCC2 requires
their catalytic activity. We have previously shown that the
elimination of catalytic activity in wild type WNK3 (WNK3-
D294A) not only prevents its activating effect on NCC but also
turns kinase-dead WNK3 into an NCC inhibitor (27). Thus, to
further study the chimera 344 properties, we introduced the
mutation D294A into this chimera to render it catalytically
inactive (344-DA). We then assessed the effect of wild-type
WNK3, WNK3-D294A, the chimera 344, and the kinase-dead
chimera 344-D294A on NCC activity (Fig. 4). We observed
that 22Na™ uptake in oocytes injected with NCC cRNA alone
was 3,830 = 444 pmol-oocyte™*-h~1. However, in those
coinjected with NCC and either WNKS3 or chimera 344 cRNA,
the tracer uptake increased to 10,826 = 1,364 and 7,296 =+
1,114 pmol-oocyte*-h1, respectively (P < 0.01 vs. NCC
alone). In contrast, uptake in oocytes coinjected with NCC and
kinase-dead WNKS3 or kinase-dead chimera 344 cRNA was
significantly reduced. Na* uptake in NCC plus WNK3-D294A
was 631 = 120, and in oocytes injected with NCC plus
344-DA, itwas 1,772 + 103 pmol-oocyte t-h~* (P < 0.01 vs.
NCC alone). Thus, similar to WNK3-D294A (27), chimera
344-DA lost the activating effect on NCC and became an
inhibitor of this cotransporter. This observation, together with
results shown in Fig. 3, implies that increased activity of NCC
by the chimera 344 requires its catalytic activity.
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Fig. 2. Effect of WNK3, WNK4, and chimeras on the renal thiazide-sensitive
Na+-2Cl~ cotransporter (NCC) activity. A: Xenopus laevis oocytes were
injected with water or NCC cRNA alone or together with WNK3, chimera 344,
or chimera 334 cRNAs, as indicated. B: oocytes were injected with water or
NCC cRNA alone or together with WNK4, chimera 433, or chimera 443
cRNAs, as indicated. 22Na* uptake was assessed in isotonic medium 3 days
later in the absence (open bars) or presence (filled bars) of 100 .M metola-
zone. *Significantly different from the uptake observed in oocytes injected
with NCC cRNA alone. **Significantly different from the uptake observed in
oocytes injected with NCC cRNA alone or NCC + wild-type WNK4 or 443
chimera.

We and others (2, 11, 34) have shown that the WNK4
inhibitory effect on NCC requires its catalytic activity. There-
fore, to further analyze the functional properties of chimera
433, we assessed the effect of wild-type WNKA4, the kinase-
dead WNK4-D318A, chimera 433, and the kinase-dead chi-
mera 433-D318A (433-DA) on NCC activity. As shown in
Fig. 5, the NCC-induced basal 22Na™ uptake of 7,225 + 658
pmol-oocyte~t-h~! was reduced to 4,483 + 832 and 3,138 +
855 pmol-oocyte~*-h~ by WNK4 and chimera 433, respec-
tively. In contrast, no significant reduction of NCC activity was
induced by WNK4-D318A or chimera 433-DA. Therefore, as
in the case of the catalytically inactive WNK4-D318A, elimi-
nating the catalytic activity of chimera 433 prevented its
inhibition of NCC. This observation, together with results
shown in Fig. 2, also implies that to inhibit NCC, the 433
chimera requires catalytic activity.

WNK STRUCTURE-FUNCTION RELATIONSHIPS

Elimination of catalytic activity in both WNK3 and WNK4
also results in interesting effects on the K*-CI~ cotransporters.
The mutant WNK3-D294A and WNK4-D318A not only lost
their inhibitory effect on the K*-CI~ cotransporters expressed
in oocytes under hypotonic conditions but also became pow-
erful activators of these cotransporters under isotonic condi-
tions (3, 10). Thus we also tested the effect of kinase-dead
chimeras 344-D294A and 433-D318A on KCC2 activity under
both hypotonic and isotonic conditions. As shown in Fig. 6,
oocytes injected with KCC2 cRNA alone exhibited a remark-
able increase in 8Rb™ uptake. The level of 8Rb™ uptake was
not affected by coinjection with the catalytically inactive chi-
meras 344-D294A and 433-D318A. We showed in Fig. 2 that
all chimeras were able to inhibit KCC2 activity under hypo-
tonic conditions. Thus kinase-dead chimeras lost their inhibi-
tory properties on KCC2.

When expressed in oocytes and exposed to isotonic condi-
tions during the uptake, KCC2 was minimally active (Fig. 6).
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Fig. 3. Effect of WNK3 and chimeras on K*-Cl~ cotransporter KCC2.
A: oocytes were injected with water or KCC2 cRNA alone or together with
WNKS3, chimera 344, or chimera 334 cRNAs, as indicated. B: oocytes were
injected with water or KCC2 cRNA alone or together with WNK3, chimera
433, or chimera 443 cRNAs, as indicated. 8®Rb™ uptake was assessed in
hypotonic medium 3 days later in the presence (open bars) or absence (filled
bars) of extracellular CI~. *Significantly different from the uptake observed in
oocytes injected with KCC2 cRNA alone.
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Fig. 4. Effect of aspartic acid substitution in wild-type WNK3 and chimera
344 on NCC activity. Oocytes were injected with NCC cRNA alone or together
with wild-type WNK3, WNK3-D294A, chimera 344, or chimera 344-D294A
cRNA. Three days later, ?Na* uptake was assessed in the absence (open bars)
or presence (filled bars) of 100 M metolazone. *Significantly different from
the uptake observed in oocytes injected with NCC cRNA alone.

Coinjection with catalytically inactive chimeras 344-DA and
433-DA cRNA resulted in a significant activation of KCC2.
The observation that D294A or D318A mutations in 344 and
433 chimeras, respectively, as in wild-type WNK3 or WNK4,
prevented the inhibitory effect of these chimeras on KCC2
activity in hypotonic conditions (Fig. 3 vs. Fig. 6) is also strong
evidence that chimeras 344 and 433 possess catalytic activity.
In addition, similar to what we observed for WNK3 (3) and
WNK4 (10), the activating effect on KCC2 under isotonic
conditions is generated in chimeras 344 or 433 by eliminating
their catalytic activity.

DISCUSSION

WNK kinases have emerged as powerful regulators of sev-
eral transport pathways including transporters, channels, and

10000

1

7500 4 T

5000 A

2500 A

0 H
H0
NCC cRNA

Fig. 5. Effect of aspartic acid substitution in wild-type WNK4 and chimera
433 on NCC activity. Oocytes were injected with NCC cRNA alone or together
with wild-type WNK4, WNK4-D318A, chimera 433, or chimera 433-D318A
cRNA. Three days later, ?Na* uptake was assessed in the absence (open bars)
or presence (filled bars) of 100 M metolazone. *Significantly different from
the uptake observed in oocytes injected with NCC cRNA alone.
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Fig. 6. Effect of chimeras 344-D294A and 433-D318A on KCC2 activity
under hypotonic and isotonic conditions. A: oocytes were injected with KCC2
cRNA alone or together with 344-D294A cRNA. B: oocytes were injected with
KCC2 cRNA alone or together with 433-D318A. Three days later, tracer
8Rb* uptake was assessed exposing oocytes to hypotonic or isotonic uptake
medium in the presence (open bars) or absence (filled bars) of extracellular
Cl~—. *Significantly different from the uptake observed in oocytes injected with
KCC2 cRNA alone.

paracellular proteins (for recent review, see Refs. 14 and 25).
NCC is one of the most important targets, because impairing its
regulation by WNK1 or WNK4 mutations results in the arterial
hypertension observed in PHAII patients (15, 18, 41). How-
ever, little is known regarding the critical domains within
WNKSs that endow these kinases with the ability to activate or
inhibit NCC. In the present study, we took advantage of the
fact that in the same expression system, WNK3 and WNK4
have opposite effects on NCC. WNK3 is an activator (27),
whereas WNK4 is an inhibitor of this cotransporter (34). In
contrast, both kinases are inhibitors of K*-CI~ cotransporters
(3, 10). Thus unique sequences within WNK3 and WNK4
should be critical in defining their effects on NCC. WNK3 and
WNK4 exhibit a very high degree of identity within the
serine/threonine kinase domain but a very low degree of
identity in the amino- and carboxy-terminal domains. There-
fore, we constructed chimeric proteins by interchanging these
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two domains and tested their effects on NCC and KCC2. Our
experiments showed that chimeras containing the amino-ter-
minal domain of WNK3 (344 and 334) increased the activity of
NCC, whereas chimeras containing the amino-terminal domain
of WNK4 (433 and 443) inhibited NCC (Fig. 2). Similar to
wild-type WNK3 and WNKA4, these effects were lost with DA
mutations that render the WNKSs kinase-dead (Figs. 4 and 5).
Furthermore, all chimeras were able to inhibit KCC2 activity
under hypotonic conditions (Fig. 3) in which we had previ-
ously shown that catalytic activity is required for such effects
of WNK3 or WNK4 (3, 10). In addition, kinase-dead chimeras
344-DA or 433-DA also became KCC activators (Fig. 6).
Taking all these observations together, we conclude that be-
havior of chimeras toward NCC follows the amino-terminal
domain and that chimeras are catalytically active.

Two previous studies have suggested that essential se-
quences for NCC regulation in WNK4 and WNK3 are located
within the carboxy-terminal domain. Yang et al. (40) analyzed
the effect of coinjecting X. laevis oocytes with cRNA from
NCC and different fragments of WNKA4. Constructs from the
amino-terminal and kinase domains (WNK4 1-444) were not
able to inhibit NCC, whereas those containing the carboxy-
terminal domain, with or without the kinase domain (WNK4
168-1222 or 445-1222), reduced NCC activity with efficacy
similar to full-length WNK4. More recently, Yang et al. (39)
confirmed our previous observations (27) that wild-type
WNK3 activates NCC and that catalytically inactive WNK3-
D294A becomes an inhibitor. Nevertheless, they observed that
injecting oocytes with a construct containing only the WNK3
carboxy-terminal domain (WNK3 421-1743), without the as-
sociated kinase domain, resulted in increased NCC activity.
Thus, although catalytic activity in WNK3 is required for
activating NCC (34, 39), the authors observed that the carboxy-
terminal domain by itself contains the information required for
the WNK3 effects on NCC and proposed that WNK3 and
WNK4 interact each other for NCC regulation (19). The active
site or motif for such regulation was not elucidated. However,
these studies did not rule out the possibility of a dominant
negative effect induced by fragments of WNKSs, particularly
since transcripts corresponding to all four WNKs are expressed
in X. laevis oocytes. As shown in Supplemental Fig. 1 (supple-
mental data for this article is available online at the American
Journal of Physiology-Renal Physiology website), a fragment of
the expected size for each WNK was amplified from oocytes total
RNA, using primers that were designed based on est sequences
from X. laevis that showed a high degree of identity with the
carboxy-terminal domain of each mammalian WNK. No frag-
ments were amplified in the absence of reverse transcription. The
DNA sequence of excised bands corresponding to WNK3 and
WNK4 exhibit a 75 and 82% identity with the corresponding
fragment of mammalian WNK3 or WNKA4, respectively.

It has been shown that WNKSs can interact between each
other physically and/or through phosphorylation processes (17,
30, 36, 39). One important example is seen in the WNK1
regulation of WNK4-NCC activity. WNKZ1 can interact with,
and inhibit the effect of, WNK4 on NCC (38, 40). Under
physiological conditions, this effect is not observed because
the PRKWNK1 gene produces an alternative spliced variant
(S-WNK1), which is expressed exclusively in the distal con-
voluted tubule (DCT) and the connecting tubule (CNT) of the
nephron (22, 23). S-WNKT1 lacks the entire amino-terminal and

WNK STRUCTURE-FUNCTION RELATIONSHIPS

kinase domains and prevents the WNK1-WNK4 interaction by
hijacking the long form of WNKZ1 through protein-protein
interaction (30). In PHAII patients, because of the intronic
deletion of WNKZ, the expression of the long WNK1 isoform
is increased, diminishing the ratio of S-WNK1 to L-WNK1 in
DCT/CNT. This allows WNKZ1 to interact with WNK4,
preventing its inhibitory effect on NCC (30). These studies
show that fragments of WNKSs can affect cotransporters
through dominant negative action on other WNKSs, and this
mechanism seems to occur in vivo, since expression of the
S-WNKT1 protein occurs naturally in DCT and CNT (4, 23).
In contrast, there is no evidence for the existence of spliced
truncated variants of WNK3 or WNK4 in DCT. Since
WNKs are expressed in oocytes, it is possible that the
carboxy terminus of WNK3 or WNK4 interacting with
endogenous WNK3 or WNK4 prevents their respective
effect on NCC. Thus, although the effect of wild-type
WNK3 or WNK4 on NCC can be emulated by the carboxy-
terminal domain of WNKSs in oocytes, there is no implica-
tion for a shared mechanism.

The above proposal might explain why the inhibitory effect
of WNK4 on NCC has been shown to be kinase dependent by
three groups (2, 11, 34) as well as the present study, but not by
another group (40). An important difference between these
studies could be the WNK4 construct that was used. Wilson
et al. (34), Golbang et al. (11), Cai et al. (2), and the present
study were performed using the complete WNK4 (1-1222
residues), with or without the D318A mutation that eliminates
catalytic activity. In contrast, Yang et al. (40) used a truncated
form of WNK4 lacking the first 168 residues of the amino-
terminal domain (168-1222 residues). Because WNK3 and
WNK4 fragments can interact at the protein level (39) and X.
laevis oocytes express all four WNKSs, it is possible that the
truncated WNK4 (168-1222) has a dominant negative effect
on endogenous WNK3 or WNK4 resulting in NCC inhibition
that is not expected to be kinase dependent.

The extent of identity between WNK3 and WNK4 amino-
terminal domains is very low (17%). In essence, the two
domains are extremely different. It is not known how WNK3
or WNK4 affects the activity of NCC. This could be due to
direct interaction and phosphorylation between WNK and
NCC, or alternatively, WNKSs could interact with other proteins
that in turn define the type of effect on NCC. Supporting the
first possibility, it has been shown that WNK4 and NCC form
a protein complex that is not affected by the kinase activity
(31) or by PHAII type mutations (15), suggesting that at least
WNK4 and NCC interact directly. Supporting the second
possibility, several studies have shown that WNK1 and WNK4
interact with STE-20 kinases such as SPAK and OSR1 and that
this interaction is critical for the effect of WNKs on NKCC1
(7, 21, 31). In this regard, we have shown that SPAK is
expressed in X. laevis oocytes (10) and that interaction between
WNK3 and SPAK is required for WNK3-induced activation of
NKCC2 (26). Finally, we also have provided evidences that
protein phosphatases are involved in the effect of WNKS3 and
its catalytically inactive form on the K*-CI~ cotransporters
(3). Thus it is possible that information that allows WNKS3 or
WNKA4 to activate or inhibit NCC contained within the WNKs’
amino-terminal domain endows the kinase with the capacity to
associate with NCC or other intermediary proteins (SPAK,
protein phosphatases, or others). However, no particular pro-
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tein patterns or motifs are found when both WNK3 and WNK4
amino-terminal domains are analyzed using multiple database
algorithm sites. Interestingly, WNK3 and WNK4 amino-ter-
minal domains drastically differ in the number of proline
residues, 7 of 146 for WNK3 (4.7%) and 32 of 173 for WNK4
(18.4%), suggesting a different structural conformation for
each domain. In this regard, a recent report clearly shows that
an amino-terminal proline-rich domain of WNK1 is necessary
and sufficient for inhibition of ROMKL by this kinase (32).
The identity degree of the amino-terminal domain of WNK1
with WNK3 or WNK4 is, however, also below 15%. Thus
further investigation is required to define the motif or active
site within the WNK3 or WNK4 amino-terminal domain re-
sponsible for their activating or inhibiting properties.

In summary, our data using WNK3/WNK4 chimeras strongly
suggest that the activating effect of WNK3 and the inhibitory
effect of WNK4 on NCC follow the amino-terminal domain.
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Abstract

Two members of a recently discovered family of protein ki-
nases are the cause of an inherited disease known as pseu-
dohypoaldosteronism type Il (PHAII). These patients exhibit
arterial hypertension together with hyperkalemia and meta-
bolic acidosis. This is a mirror image of Gitelman disease that
is due to inactivating mutations of the SLC12A3 gene that en-
codes the thiazide-sensitive Na*:Cl~ cotransporter. The un-
covered genes causing PHAIl encode for serine/threonine
kinases known as WNK1 and WNK4. Physiological and bio-
chemical studies have revealed that WNK1 and WNK4 mod-
ulate the activity of several transport pathways of the al-
dosterone-sensitive distal nephron, thus increasing our
understanding of how diverse renal ion transport proteins
are coordinated to regulate normal blood pressure levels.
Observations discussed in the present work place WNK1 and
WNK4 as genes involved in the genesis of essential hyper-
tension and as potential targets for the development of an-

tihypertensive drugs. Copyright © 2008 S. Karger AG, Basel

Arterial hypertension is one of the most common dis-
eases affecting more than one billion people worldwide.
Most of the affected patients belong to a category known
as essential hypertension, which means the origin of their
disease is unknown. Unfortunately, most of the time in-
creased blood pressure is not associated with any par-
ticular symptom, but induces a remarkable increase in
the risk of fatal illnesses such as heart attack, aneurysm
or stroke, due to increased pressure on the arterial wall
accelerating the processes of atherosclerosis. Arterial hy-
pertension is a prototype of what is currently known as
polygenic disease, in which it is postulated that normal
variation throughout the genome, due to changes at the
single-base level, known as single-nucleotide polymor-
phisms (SNPs), predispose individuals to an increased
susceptibility to environmental factors (i.e. sugar con-
sumption and diabetes mellitus, or salt intake and arte-
rial pressure) to produce the disease. SNPs can also be the
reason for the well-known variation in the type or mag-
nitude of response to antihypertensive drugs observed
within the population (pharmacogenomics). While the
origins of hypertension are unknown, several lines of ev-
idence demonstrate that pressure natriuresis in the kid-
ney plays a key role in the long-term regulation of arte-
rial pressure and that arterial hypertension only occurs
when the pressure natriuresis relationship in the kidney
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is switched to the right (guytonian hypothesis) [1]. That
is, increased arterial blood pressure is required in order
to achieve normal salt urinary output.

Because arterial hypertension is polygenic, in order to
understand the mechanisms of the disease, it is impor-
tant to identify genes involved in blood pressure regula-
tion. A very successful approach used over the last decade
has been unmasking genes causing monogenic diseases
that exhibit high or low blood pressure levels under the
assumption that if altered function of a single gene is
enough to produce an abnormal change in blood pres-
sure, it is highly likely that the gene could be involved in
the genesis of essential hypertension. More than 15 genes
have been identified following this strategy [2]. Support-
ing the guytonian hypothesis, all recognized genes are
involved in the maintenance of renal salt balance. Good
examples of genes discovered by this strategy that have
increased our understanding of hypertension mecha-
nisms are the serine/threonine kinases of the WNK
family.

WNK Kinases and Genetic Hypertension

Identification of WNK Kinases as Proteins Involved in

the Regulation of Arterial Blood Pressure

Two monogenic diseases resulting in abnormal varia-
tions in blood pressure exhibit mirror images in their
clinical features. On the one hand, Gitelman disease
(OMIM No. 263800) is an autosomal recessive disorder
associated with arterial hypotension, together with hypo-
kalemic metabolic alkalosis and hypocalciuria. This
monogenic disease is due to mutations in the SLCI2A3
gene located in the human chromosome 16 that encodes
for the thiazide-sensitive Na*:Cl~ cotransporter (NCC)
thatis expressed in the apical membrane of the distal con-
voluted tubule (DCT) [3-5] (table 1). The mutations are
of the ‘loss of function’ type resulting in inactivation of
the cotransporter [9-11]. The absence of NCC activity de-
creases salt reabsorption in the DCT, resulting in dehy-
dration and arterial hypotension. The consequential in-
crease in salt delivery to the connecting tubule (CNT)
and collecting duct (CD) induces increased potassium
and hydrogen secretion producing the hypokalemic met-
abolic alkalosis. On the other hand, a disease known by
several names such as Gordon’s disease, familial hyper-
kalemic hypertension or pseudohypoaldosteronism type
IT (PHAIL OMIM No. 145260) exhibits a mode of inher-
itance that is compatible with autosomal dominant trans-
mission and features arterial hypertension that is accom-

WNK Kinases and Hypertension

Table 1. Genetic defects in PHAII and Gitelman disease

Disease =~ Location  Gene Defect Refer-
ence
PHAII1  12p13.3  PRKWNKI intronic deletion 12
PHAII2  17q21 PRKWNK4 missense mutations 11
PHAII3  1q31-42 unknown  unknown 11
PHAII4  unknown unknown  unknown 13
Gitelman 16q13 SLCI2A3 mutations 3-5

panied by hyperkalemic metabolic acidosis and hypercal-
ciuria. This phenotype is Cl- dependent and is corrected
with low doses of thiazide-type diuretics [12]. Thus,
PHAII is a mirror image of Gitelman disease, strongly
suggesting that increased activity of the NCC must be
implicated. However, initial genomic analysis demon-
strated no significant linkage of kindred with PHAII to
the SLCI2A3 gene on chromosome 16 in patients with
PHAII [13], making it unlikely that the cause of PHAII is
activating mutations of the NCC. Later, locus heterogene-
ity of PHAII was identified by Manstfield et al. [14] when
positive linkage analysis was observed in two loci: one
located in chromosome 1q31-q42 and another in chro-
mosome 17p11-q21 (table 1). The evidence of genetic het-
erogeneity of PHAII was increased by Disse-Nicodeme et
al. [15, 16], who observed in French kindreds a positive
linkage to chromosome 12p13.3 and in another family no
linkage to the SLCI2A3 gene or to chromosomes 1, 12 and
17. Thus, at least 4 genes are capable of producing the
same disease independently (table 1).

At about the time heterogeneity of PHAII was ob-
served, in their effort to clone novel members of the mi-
togen-activated protein/extracellular signal-regulated
protein kinases from brain tissue, the Cobb group in Tex-
as [17] identified a new type of serine/threonine kinase
thatlacks the canonical lysine observed in all serine/thre-
onine kinases in the subdomain II of the kinase domain.
Due to the absence of this lysine, the new kinase was
named WNKI for ‘with no lysine (K). This report would
probably have passed unnoticed by the renal community
if not for a study months later in which the Lifton group
from Yale, following the positional cloning strategy [8],
identified that the cause of PHAII in families with posi-
tive linkage to chromosome 12 was due to deletion of a
fragment of intron 1 in the PRKWNKI gene, encoding
WNKI.
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Two Forms of PHAII Are due to Mutations in

WNK Kinases

Wilson et al. [8] uncovered 2 genes causing PHAIL
They first observed that 2 kindreds with significant link-
age to chromosome 12p13 cosegregated with a 41- or 21-
kb deletion, respectively, within the first large intron of
PRKWNKI1.Nomutations or deletions within the WNKI1-
coding sequence were detected in these families. The ex-
pression of WNK1 mRNA in leukocytes in affected indi-
viduals was observed to be 5-fold higher than in nonaf-
fected members of the family. Thus, genomic deletions of
the first intron of WNKI increase the expression of an
otherwise normal WNKI1 kinase. Supporting this hy-
pothesis, Delaloy et al. [18] later revealed that the region
that goes from -2,500 to -1,200 of the human PRKWNK]1
promoter represses transcription of the gene. To date,
these are the only 2 PHAII kindreds in which deletion of
PRKWNKI1 genes have been reported.

The other form of PHAII that is due to mutations in
WNK Kkinases is the one in which positive linkage was
observed with human chromosome 17. Four independent
missense mutations in the PRKWNK4 gene were ob-
served by Wilson et al. [8] in these families. Interestingly,
3 out of 4 missense mutations occur within a highly con-
served acidic region that is located within the carboxyl-
terminal domain, just after the first coiled-coil domain
(fig. 1). This negatively charged region contains 10 amino
acid residues that are 100% identical between WNK1,
WNK2 and WNK4, and 70% with WNK3. Six out of 10
amino acid residues in this region of WNK4 are charged.
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The 3 missense mutations that occur in this region change
or eliminate the charge of a residue (E562K, D564A and
Q565E mutations). Golbang et al. [19] later reported an-
other PHAII kindred in which asparagine 564 is mutated
to histidine (D564H). In addition, Wilson et al. [8] also
observed that mutation R1185C cosegregates with PHAII
in another family. This mutation, although outside the
acidic domain, also changes the charge of an amino
acid residue. Thus, the PHAII that cosegregates with the
PRKWNK4 gene is due to point mutations that change 1
charged amino acid residue. It is believed that this altera-
tion probably affects the way in which WNK4 interacts
with other proteins or charged molecules, resulting in
modification of the effect of WNK4 upon transport sys-
tems.

The WNK Family Is Composed of Four Members

After the cloning and identification of WNKI from
the rat kidney [17], it was soon observed that the WNK
family is composed of 4 members that were named
WNKI1, WNK2, WNK3 and WNK4 (fig. 1). The corre-
sponding genes PRKWNKI, PRKWNK2, PRKWNK3
and PRKWNK4 are located in human chromosomes 12,
9, X and 17, respectively. As shown in figure 1, WNK ki-
nases are composed of 3 domains. A serine/threonine ki-
nase domain of 274 residues is flanked by a short amino-
terminal domain of 146-220 amino acid residues and a
large carboxyl-terminal domain of 786-1,888 residues
containing an autoinhibitory domain and 2 coiled-coil
domains that could be important for protein-protein in-
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teraction. The degree of identity among the 4 WNKs at
the amino- and carboxyl-terminal domains is below 20%,
whereas at the serine/threonine kinase it is above 80%.
The WNKI1 kinase domain crystal structure was resolved
at 1.8 A demonstrating that the catalytic lysine is located
in the B-strand 2, rather than strand 3 as in other serine/
threonine kinases [20]. Several in vitro studies have
shown that WNK kinases can interact amongst each oth-
er at the protein-protein level [21-23] or by phosphoryla-
tion processes [24], as well as with many other kinase pro-
teins including mitogen-activated protein kinases [6, 25],
transforming growth factor 3 signaling pathway kinases
[26], synaptotagmin [27] and STE-20-related kinases like
serine-proline-alanine-rich kinase (SPAK) or oxidative
stress response kinase 1 (OSR1) (7, 28-31].

WNKI is a ubiquitously expressed kinase with pre-
dominant expression in the kidney, heart, muscle and
testis in the rat [17], mouse [32] and human [33]. In most
tissues, it is predominantly expressed in polarized epithe-
lial cells. In the kidney it is expressed along the entire
nephron [32, 34]. By RT-PCR analysis it has been ob-
served that WNK3 transcripts are present in all tissues
[35], and by immunohistochemistry WNK3 protein was
shown to be expressed in all nephron segments, as well as
in epithelial cells of several organs such as the pancreas,
biliary duct, stomach and intestine [36]. In contrast to
WNK1 and WNK4, WNK3 protein is highly expressed
in the central nervous system in which it is present in cell
bodies of neurons expressing ionotropic y-aminobutyric
acid A receptors [36]. WNK4 is mainly expressed in the
aldosterone-sensitive distal nephron. At the protein level
it has been shown to be present in the DCT and CD [8,
34], and at the mRNA level, by single-nephron RT-PCR,
WNK4 transcripts have been shown to be expressed also
in the thick ascending limb of Henle’s loop [34]. In addi-
tion, Kahle et al. [37] observed that WNK4 transcript and
protein are present in several epithelial tissues, in which
expression is more prominent in tight junctions. Interest-
ingly, all epithelia expressing WNKs are heavily involved
in CI” transport.

The molecular diversity of the WNK family has been
shown to be increased by expression of several alternative
splicing variants described in WNK1 and WNK3. Two
independent groups [18, 38] observed by Northern blot
analysis 2 WNKI1 transcripts, 9.0 and 10.5 kb in size, that
differ in the length of the 3" untranslated region. These
transcripts are present in all tested tissues and are known
as L-WNKI. In addition, there is an approximately 8.0-kb
transcript expressed only in the kidney that is due to al-
ternative splicing of exons 1-4. The transcription of this
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isoform is under control of an intron 4 alternative pro-
moter and contains sequences from an extra exon located
between exons 4 and 5 which has been designed as exon
4a. As shown in figure 1, at the protein level the conse-
quence of this splicing mechanism is a shorter WNK1
isoform that lacks the first 437 amino acid residues, in-
cluding almost the entire kinase domain. This shorter,
truncated isoform is known as S-WNKI. By in situ hy-
bridization it has been demonstrated that within the kid-
ney, L-WNKI isoforms are present all along the entire
nephron, whereas S-WNKI1 is only present in the aldoste-
rone-sensitive distal nephron, particularly abundant in
the DCT and CNT. These locations are very important to
understand the mechanism by which overexpression of
L-WNKI1 produces activation of the NCC (see below). For
WNKI1 another 5 different transcripts have been detected
due to splicing of exons 9, 11 and 12, either separately or
in combination. The functional consequences of all these
isoforms are unknown. Finally, human WNK3 exhibits
at least 2 alternative variants. One is due to usage of an
alternative splice donor into exon 18 that introduces 47
amino acid residues, and the other is due to splicing of
exon 22 [35]. The functional consequences of these splic-
ing isoforms are unknown.

Modulation of Renal lon Transport Systems by WNKs

Several lines of evidence suggested that WNKs would
be critical regulators of renal ion transport systems: (1)
WNKI and WNK4 are predominantly expressed in the
aldosterone-sensitive distal nephron; (2) in addition to
hypertension, PHAII patients exhibit hyperkalemia,
metabolic acidosis and hypercalciuria consistent with
impairment of the normal renal excretion of these ions;
(3) PHAII is the mirror image of Gitelman disease that is
due to inactivating mutations of the NCC; (4) the PHAII
clinical picture is easily reverted by very low doses of thi-
azide-type diuretics [12].

Effects of WNK4 upon Distal Nephron Transport

Systems

Due to the mirror image between Gitelman disease
and PHAII, and the exquisite sensitivity of this latter dis-
ease to thiazides, the first transport system that was stud-
ied was the NCC, which is the major salt transport path-
way in the DCT (fig. 2). The effect of WNK4 upon NCC
activity was assessed using the heterologous expression
system of Xenopus laevis oocytes, which was used to
clone these and other transporters [39, 40], and in which
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Fig. 2. Salt and potassium transport sys-
tems in the DCT and CNT. The DCT be-
gins few cells after the macula densa; it is
divided into 2 portions, the DCT1in which
the salt reabsorption pathway is the NCC
and the DCT2 in which salt reabsorption
takes place through both, the NCC and
ENaC. Then, the ENaC is the major salt
reabsorption pathway in the CNT and
downstream in the CD. In all these seg-
ments, the ROMK is the major potassium-
secretory pathway. As discussed in the
text, L-WNKI1, S-WNK1 and WNK4 are
heavily expressed in these nephron seg-
ments.

Macula
L densa

most of the functional properties of the NCC have been
analyzed [41]. Two independent groups obtained compa-
rable results simultaneously [42, 43]. When coexpressed
in oocytes, WNK4 reduces the activity of NCC by de-
creasing the amount of the cotransporter present on the
cell surface. This negative effect upon the NCC was de-
pendent on the WNK4 kinase activity and was also elim-
inated by introducing the PHAII mutation Q562E (mouse
sequence; table 2). These observations were later corrob-
orated by other groups using culture cells as expression
systems [19, 44, 45] and, also, added the evidence that de-
creased expression of NCC on the cell surface is not as-
sociated with increased dynamin-induced vesicle inter-
nalization but is rather due to increased lysosomal deg-
radation of NCC protein.

PHAII is associated with hyperkalemia and potassium
excretion in the nephron that predominantly occurs in
the aldosterone-sensitive distal nephron. Thus, another
obvious target for WNK4 regulation was the renal outer
medullary potassium channel (ROMK) that is the major
renal potassium-secretory pathway in the apical mem-
brane of the distal nephron (fig.2). Similar to NCC,
WNK4 is a negative regulator of the ROMK [46]. How-
ever, there are important differences between WNK4 ef-
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Table 2. Modulation of renal ion transport systems by WNKs

WNK4 PHAII S1169D WNK1
WNK4 WNK4
NCC 1 t ! -
ROMK l W 1 i
ENaC ! t ) 1
Claudin 4 T " n.d. )
KCCs 1 l n.d. n.d.

ROMK = Renal outer medullary potassium channel; ENaC =
epithelial Na channel; KCC = K-Cl cotransporter; n.d. = not de-
termined.

fects upon the NCC than upon the ROMK (table 2). First,
WNK4 catalytic activity is not required for ROMK inhi-
bition. Second, the mechanism is due to a WNK4-in-
duced increased internalization of the ROMK via clath-
rin-coated pits. These observations performed originally
in Xenopus oocytes have been confirmed in mammalian
cells [47], in which it has been observed that WNK4 in-
teracts with a protein known as intersectin that is in-
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volved in the clathrin-induced endocytosis. Additionally,
treatment of HEK-293 cells with siRNA against WNK1
and WNK4 resulted in increased activity of the ROMK,
indicating that, indeed, basal activity of the channel is
modulated by both kinases [48]. Third, while for the NCC
PHAII type mutations in WNK4 prevented the dominant
negative effect, for ROMK they resulted in increased in-
hibition. This observation can explain the hyperkalemia
in PHAII patients since inhibition of the ROMK is in-
creased by mutant WNK4.

A third candidate target for WNK4 is the apical epi-
thelial sodium channel (ENaC) that in the distal nephron
is an important pathway for sodium reabsorption (fig. 2).
In addition, activity of the ENaC is required for ROMK
potassium excretion since the luminal negative potential
that is generated by sodium translocation is required for
potassium to be secreted. Ring et al. [49] demonstrated
that WNK4 reduces the activity of the ENaC. This effect
does not require WNK4 catalytic activity and is lost by
elimination of the PPXY motif of the ENaC 3- or y-sub-
unit, indicating that, similar to ROMK, it is due to clath-
rin-mediated endocytosis. Interestingly, PHAII type mu-
tations in WNK4 prevent the inhibitory effect of WNK4
upon the ENaC (table 2).

The fourth identified targets for WNK4 are the pro-
teins mediating parecellular CI™ flux in the distal neph-
ron known as claudins. Two independent groups [50, 51]
observed simultaneously in MDCKII cells that WNK4
increases the paracellular transport of Cl~ but not that of
Na*. This effect requires WNK4 catalytic activity and is
associated with phosphorylation of claudin 4 in its car-
boxyl-terminal domain. In addition, PHAII-type muta-
tions in WNK4 are associated with a further increase in
Cl” permeability and phosphorylation of claudin 4 (ta-
ble 2). Finally, WNK4 also inhibits the activity of the K-Cl
cotransporters KCC1, KCC3 and KCC4 [52], which in the
distal nephron are critical for potassium secretion in the
DCT [53] and acid secretion in the CD [54]. KCC4 knock-
out mice feature metabolic acidosis. The WNK4 inhibi-
tory effect is kinase dependent but was not affected by
PHAII-type mutations (table 2).

Effects of WNKI upon Distal Nephron Transport

Systems

The effect of WNKI upon distal transport systems is
probably more complex than WNK4 since it has been
demonstrated that WNKI1 is a regulator of other WNKs
by phosphorylation processes [55] or by WNK-to-WNK
interactions at the protein level [21, 22]. For instance,
Yang et al. [43] observed that WNKI has no direct effect
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upon the NCC, but prevents the WNK4-induced inhibi-
tion of the NCC. That is, when the NCC and WNK4 were
coexpressed together in X. laevis oocytes, WNK4 in-
duced inhibition of NCC activity. However, when WNK1
was added to the coexpression cocktail, the WNK4 in-
hibitory effect of the NCC was lost. Later on, Subrama-
nya et al. [56] analyzed the effect of the L-WNK1 and S-
WNKI1 variants of WNKI upon the NCC and its WNK4
regulation. Their observations are very important to un-
derstand the mechanism by which increased expression
of a normal L-WNKI1 in PHAII patients produces in-
creased activity of the NCC. These authors demonstrated
that while L-WNKI1 prevented the WNK4-induced inhi-
bition of the NCC, S-WNK1 by interacting with L-WNK1
in a dominant negative fashion eliminated the L-WNKI-
induced inhibition of WNK4. As was discussed above,
while L-WNKT1 is present in several epithelial cells and
along the entire nephron, S-WNKI1 is mainly expressed
in the DCT and CNT [34, 38]. Thus, it is proposed that in
normal subjects the ratio of S-WNK1/L-WNKI1 expres-
sion in the DCT and CNT is in favor of S-WNK1, and
thus, the shorter isoform by highjacking L-WNKI1 pre-
vents its inhibitory effect upon WNK4, allowing WNK4
to keep the NCC inhibited. In PHAII patients due to in-
tronic deletions of the PRKWNKI gene that increases ex-
pression of L-WNKI1, the ratio S-WNK1/L-WNK1 is re-
duced. As a consequence, L-WNKI is able to inhibit
WNK4 and thus, NCC activity is increased, augmenting
salt reabsorption in the DCT and thus arterial pressure.
Similarly, it has been demonstrated that S-WNK1 and L-
WNKI interact with each other regulating ROMK activ-
ity. Lazrak et al. [48] observed in HEK cells transfected
with ROMK that L-WNKI1 decreased the activity of the
channel. This effect of L-WNKI1 requires the L-WNK1
catalytic activity and can be prevented by coexpression of
S-WNKI. In the same study it was observed that expos-
ing rats to a K*-deficient diet was associated with in-
creased expression of L-WNKI1 and decreased expression
of S-WNK{1, consistent with a situation in which ROMK
activity is decreased since K* secretion is maximally re-
duced. Consistent with these findings, O’Reilly et al. [34]
also observed that the ratio S-WNK1/L-WNKI and the
expression of WNK4 at the mRNA level are modulated
by low- and high-potassium diets.

WNKT1 is also a modulator of ENaC activity. In a very
interesting study, Xu et al. [57] demonstrated that ENaC
can be regulated by WNKI, via another kinase known as
serum glucocorticoid kinase (SGK). WNKI induces a
phosphorylation of SGK which in turn phosphorylates
and inhibits a protein named Need4 that is known to re-
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duce ENaC activity by promoting its endocytosis via a
clathrin-dependent mechanism. Therefore, ENaC activ-
ity is enhanced. Interestingly, SGK is known to be a key
kinase through which aldosterone achieves its effects
upon distal nephron transport mechanisms. Finally, sim-
ilar to WNK4, WNKI1 also increases paracellular Cl-
fluxes, an effect that was associated with increased phos-
phorylation of claudin 4 (table 2).

WNK:s Lie Upstream of Kinases Involved in the

Regulation of Ion Transporters

Biochemical and functional analysis revealed that
WNK kinases and the cation-coupled chloride cotrans-
porter (SLC12 family) interact with each other and with
another family of serine/threonine kinases known as
SPAK and OSRI1 that belong to the STE-20 family. On the
one hand, Piechota et al. [28, 58] observed that some
members of the SLC12 family, such as the K*-CI~ cotrans-
porter KCC3 and the basolateral isoform of the Na™:
K*:2Cl" cotransporter, NKCCI, interact with SPAK in a
2-hybrid yeast system. They observed that these inter-
actions occurred through an ‘SPAK-binding domain’
[RFx(V/T)] present in the cotransporter sequence. Simul-
taneously, it was demonstrated by Dowd and Forbush
[59] that modulation of NKCCI activity by intracellular
chloride concentration involved the activity of this ki-
nase. On the other hand, Vitari et al. [29] observed that
immunoprecipitation of WNK1 or WNK4 brought SPAK
as an interacting protein. In this study they observed in
an in vitro phosphorylation assay using the amino-ter-
minal domain of NKCC1 that the presence of WNKI,
WNK4, SPAK or OSR1 alone was not enough to achieve
NKCC1 phosphorylation. Only when WNK1 or WNK4
was added together with SPAK or OSR1, did NKCCI1 be-
come phosphorylated. This effect disappeared when cat-
alytically inactive kinases were used. The conclusion of
the study was that WNK1 or WNK4 is able to induce
phosphorylation of NKCC1 only when SPAK or OSR1 is
present. Similar observations were obtained by Morigu-
chi et al. [31] for NKCC1, and also for the apical isoform
of the Na":K":2Cl~ cotransporter, NKCC2, and for the
NCC. These observations are supported by the observa-
tions of Gagnon et al. [7] at the functional level. These
authors observed in X. laevis oocytes that injecting
WNK4 cRNA had no effect upon the NKCCI cotrans-
porter, unless SPAK cRNA was added to the injecting
cocktail. They observed that injecting cRNA of both ki-
nases resulted in a significant activation of NKCCI. In-
terestingly, this interaction does not seem to be required
for WNK4-induced inhibition of the K*-Cl~ cotransport-
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ers [52]. Finally, detailed definitions of the interacting do-
mains between WNK4 and SPAK were informed [30, 60].
Thus, it is currently believed that at least for some co-
transporters, WNK1 or WNK4 lie upstream of SPAK/
OSR1 kinases.

In vivo Mouse Models of PHAII

All the above observations regarding modulation of
renal ion transport systems by WNKs were done in het-
erologous expression systems of either amphibian or
mammalian origin. Thus, it was necessary to demon-
strate that the proposed mechanisms by which PAHII-
type mutations in WNKs produce the disease actually
occur in an in vivo model. Regarding WNKI1 the only
study in which genetic manipulation of WNK1 has been
performed is in the WNKI knockout mice produced by
Zambrowicz et al. [61]. Mice homozygous for WNK1 de-
letion died before day 13 of gestation, indicating that
WNKI1 is an important protein for embryogenesis. How-
ever, WNKI1 heterozygous mice survived to adulthood
and displayed a significant reduction in arterial blood
pressure, indicating that WNK1 plays a key role in main-
taining normal blood pressure.

Two groups have produced transgenic mice overex-
pressing WNK4 containing a PHAII-type mutation.
First, Lalioti et al. [62] generated bacterial artificial chro-
mosome transgenic mice overexpressing either wild-type
WNK4 or a WNK4 gene containing one of the PHAII-
type mutations (Q562E). Interesting observations were
done in this study: when compared with control mice,
PHAII-WNK4 transgenic mice were hypertensive, where-
as wild-type WNK4 transgenic mice were hypotensive.
When exposed to a low-K* diet, PHAII-WNK4 transgen-
ic mice were hyperkalemic (approx. 5.3 mM) and when
exposed to a high-K* diet, these animals developed a dra-
matic increase in serum K' to values over 8.0 mM. In
contrast, wild-type WNK4 transgenic mice were hypo-
kalemic (approx. 3.7 mM). Furthermore, PHAII-WNK4
transgenic mice exhibited metabolic acidosis and were
hypercalciuric. Within the histological analysis, the ob-
servations were more impressive: wild-type WNK4 trans-
genic mice exhibited a significant reduction in the num-
ber and size of DCTs. In contrast, PHAII-WNK4 trans-
genic mice exhibited a remarkable increase in the number
and size of distal tubules, that is DCT hypertrophy and
hyperplasia. Therefore, overexpression of PHAII-WNK4
recapitulated the PHAII phenotype, and interestingly,
overexpression of wild-type WNK4 recapitulated a phe-
notype that is similar to Gitelman disease, in which NCC
activity is absent. Finally, to find out to what extent the
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effects of WNK4 were due to modulation of NCC activity,
the PHAII-WNK4 transgenic mice were crossed with
NCC knockout mice. The PHAII phenotype disappeared
in the new colony. Renal histology was normal, with no
changes in the DCT when compared with normal con-
trols. Arterial blood pressure and all other parameters
were corrected. Even the hyperkalemia during the high-
K* diet was prevented, implicating NCC as a key protein,
not only for the development of hypertension, but also for
hyperkalemia. In the same study, treating PHAII-WNK4
transgenic mice with thiazides also corrected the pheno-
type. A second transgenic model that has been formed is
a knockin of a PHAII mutation (D561A) that was intro-
duced into the endogenous WNK4 locus [63]. In this
study it was also observed that knockin mice reproduced
the phenotype of the disease with hypertension, hyper-
kalemia and metabolic acidosis. At the molecular level it
was shown that NCC, ENaC and BK K* channel expres-
sion was increased, with no change in WNK4 and the
ROMK. Increased phosphorylation of SPAK/OSR1 was
observed in the knockin mice supporting the hypothesis
that WNK4 affects the activity of NCC by interacting
with, and/or phosphorylation of, STE-20 kinases. In ad-
dition, it was also observed that PHAII-WNK4 induced
phosphorylation of the NCC at serine 71 where it was pre-
viously shown that its phosphorylation was associated
with the activity of the NCC [64]. These studies strongly
suggest that, as predicted in the heterologous expression
systems, wild-type WNK4 is a potent inhibitor of NCC,
and PHAII-type mutations eliminate this WNK4 prop-
erty releasing the NCC from a tonic inhibition by this
kinase. However, the consequences of transgenic wild-
type WNK4 or PHAII-type WNK4 upon transport sys-
tems such as the ROMK, ENaC or paracelin were not re-
ported in detail, and thus, the WNK4 in vitro effects
upon this transport system still need to be confirmed in
vivo.

Implications of WNK4 for Renal Physiology

The effects of WNK4 upon renal transport systems
shown in table 2 reveal that WNK4 exists in at least 3 dif-
ferent states of function. One is the wild-type WNK4 that
inhibits NCC, ROMK and ENaC, with slight stimulation
of paracellular CI™ flux. One can think of this as an equi-
librium state. A second clearly identified state is the one
resulting from PHAII mutations. In this state, WNK4 no
longer inhibits the NCC and ENaC resulting in increased
activity of these pathways, and increased inhibition of the
ROMK. Simultaneously, paracellular ClI~ flux is also en-
hanced. A third state involves the effect of WNK4 phos-
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phorylation by SGK kinase. WNK4 contains a canonical
SGK phosphorylation site at serine 1169. Ring et al. [65]
tirst showed that WNK4 is phosphorylated at this site by
SGK. Then they observed that mutation of S1169 for ala-
nine, which eliminates the possibility that WNK4 be-
comes phosphorylated at this site, had no effect upon
WNK4-induced inhibition of the ROMK or ENaC. In
contrast, mutation of serine 1169 forasparticacid (S1169D)
that mimics the phosphorylation state of this serine re-
sulted in a WNK4 kinase that lost the inhibitory effect
upon the ENaC or ROMK, resulting in increased activity
of these channels [65]. However, this mutation S1169D
has no effect upon the WNK4-induced inhibition of the
NCC [Gamba G., unpubl. observations]. The differential
functional properties of WNK4 revealed by these differ-
ent states, together with observations in PHAII patients
and transgenic mice, place WNK4 as the potential kinase
and the key molecular switch that explains how the kid-
ney handles the effect of aldosterone as a salt-retaining
and K*-losing hormone. In physiological conditions, los-
ing fluid volume increases aldosterone levels, which in
turn activates salt-retaining mechanisms, without affect-
ing the normal urinary potassium excretion. This is
achieved by activating the NCC, ENaC and paracellular
CI" flux, without changing or even reducing the ROMK.
As discussed above, WNK4 harboring a PHAII-type mu-
tation mimics this situation. In contrast, another stimu-
lus for aldosterone secretion is hyperkalemia. In this situ-
ation, aldosterone release is associated with increased K*
excretion, withoutaffectingsaltretention. Thisisachieved
by increasing ENaC and ROMK activity, without affect-
ing the NCC. Thus, salt reabsorption is not increased in
the DCT1 allowing enough sodium to be delivered to the
DCT2 and CNT, in which the increased activity of the
ENaC and ROMK promotes potassium secretion into the
lumen (fig. 2).

Future Research for WNKs, Renal lon Transport and
Human Hypertension

Observations from PHAII patients, transgenic ani-
mals and in vitro transfection models together strongly
suggest that WNKs and several ion transport systems in
the kidney work together to maintain salt and potassium
homeostasis and, as a consequence, arterial blood pres-
sure homeostasis. Alterations in the activity of WNKs
and/or transport systems are clearly associated with hu-
man diseases featuring arterial hypertension or hypoten-
sion [2]. One important area that is currently being stud-
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ied is defining the role that WNKs can have upon the
most common forms of hypertension, particularly since
a considerable proportion of patients with essential hy-
pertension exhibit low plasma renin activity, suggesting
that increased blood pressure in these patients is due to
salt retention. In this regard, the WNK4 gene in chromo-
some 17 is just 1 Mb from the locus D1751299 that has
shown the strongest linkage with hypertension in the
Framingham Heart Study population [66], and recent
studies suggest the association of SNPs or variants of
PRKWNKI1 or PRKWNK4 with arterial hypertension [67,
68]. It is equally important to define drug development
against WNK kinases. The facts that mice heterozygous

for WNKI1 deletion exhibit a significantly lower blood
pressure than normal mice and that PHAII-WNK4 trans-
genic or knockin mice are hypertensive suggest that
drugs affecting the functional properties of WNK1 or
WNK4 could play a potential role in the treatment of ar-
terial hypertension.
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