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Resumen

La sucesion ciclica de duplicacion del ADN y segregacién de una copia a las células hijas durante
la divisién celular es dictada por la red de regulacion del ciclo celular. En cada una de las fases del
ciclo celular se expresan diferentes conjuntos de genes y estan activas diferentes proteinas, inter-
conectados en una red regulatoria dindmica. La divisidén celular es esencial para el crecimiento
y morfogénesis de los organismos multicelulares y, a su vez, también depende del programa de
desarrollo. El objetivo de este trabajo fue proponer un modelo Booleano con las interacciones
reportadas entre reguladores del ciclo celular de Arabidopsis, y que subyace la emergencia de
su comportamiento ciclico. Cuando no habia datos experimentales para plantas, consideramos
referencias de levaduras y animales, puesto que muchos de sus componentes estdn conservados.
La red resultante convergié a un unico patron ciclico de actividad o transcripcién que se ase-
meja al comportamiento peridédico de los componentes moleculares clave del ciclo celular. Para
validar el modelo, simulamos mutaciones en los componentes de la red y las comparamos con
el fenotipo correspondiente. Descartamos artefactos metodoldgicos obteniendo la aproximacion
continua del modelo Booleano, y mostramos que el modelo del ciclo celular es robusto a al-
teraciones transitorias. La validacién y estos analisis sugieren que el patrén ciclico recuperado
de presencia de los reguladores del ciclo celular, es una consecuencia emergente de la légica de
regulacion propuesta. En conclusion, el modelo es una explicacion sistémica de la progresion del
ciclo celular, ademas de una herramienta con la que inferimos nuevas interacciones criticas para

la regulacién del ciclo celular de Arabidopsis.



Abstract

The cyclic succession of DNA replication and segregation of a copy to daughter cells, during
cell division, is governed by the regulatory network of cell cycle progression. In each cell cycle
phase, different sets of genes are expressed and different proteins are activated, interconnected
in a dynamic regulatory network. Cell division is fundamental for growth and morphogenesis
of multicellular organisms, and at the same time, it depends on developmental program. The
main aim of this work was to propose a Boolean model with the interactions previously described
between regulators of the Arabidopsis cell cycle, and which underlies the emergence of its cyclic
behavior. When there were no experimental data from plants, we considered some references
from yeast and animals since many of their cell cycle components are conserved. The proposed
network converged to a unique cyclic pattern of activity or gene expression and, which is similar
to the periodic behavior of the key molecular components of cell cycle. In order to validate our
model, we simulated mutations in network components and then we compared them with the
corresponding phenotype. To discard methodological artifacts, we obtained the continuous ver-
sion of the Boolean model, and then we showed that the cell cycle model is robust to transient
alterations. Together with the validation, these analyses suggest that the recovered cyclic pat-
tern of presence of cell cycle regulators, is an emergent consequence from the regulatory logic
proposed. In conclusion, the model is a systemic explanation for the cell cycle progression, and
in addition, a tool with which we inferred new critical interactions for the cell cycle regulation

in Arabidopsis.
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INTRODUCCION

La homeostasis de 6rganos y tejidos que depende del equilibrio entre proliferacion y difer-
enciacién es necesaria para mantener la morfogénesis normal de un 6rgano multicelular [1].
Aunque la proliferacién y la diferenciacion celular se consideraron en algin momento como
procesos distintos y espacialmente segregados, ahora sabemos que a nivel molecular existe una
estrecha coordinacion [2, 3], sugiriendo mecanismos sistémicos multiestables subyacentes que
aun no comprendemos bien. Esta coordinacién se vuelve evidente, por ejemplo, frente a al-
teraciones genéticas que conllevan a una reduccién en el namero de células sin afectar el patréon
de desarrollo, debido a que éste se restablece por un incremento en la cantidad y el tamafo de
células en diferenciacion [4]. Dicho mecanismo de compensacion involucra reguladores del Ci-
clo Celular (CC), el proceso por el que las células como unidades de la morfogénesis responden
a sefiales globales del desarrollo, al mismo tiempo que su produccién influye al crecimiento y al
propio desarrollo [5,6].

El CC se define como el proceso por el cual una célula da origen a dos células hijas [1].
Durante el CC la célula crece, duplica su material genético y lo segrega en las células hijas que
comenzaran de nuevo el ciclo. Si estas células hijas son idénticas y ademas tienen el mismo
destino, la divisién se conoce como ‘proliferativa’, ésta es la divisién que mas contribuye al
crecimiento de la planta. En cambio, cuando la divisién da origen a células con diferente destino
celular, entonces la divisién es asimétrica o ‘generativa’, ya que es una forma de mantener la
poblacion de células troncales y a la vez permitir la diferenciacién [7]. En la escala molecular,
el CC es un proceso conservado entre plantas, animales y hongos. Proteinas como las Cinasas
dependientes de ciclinas (CDK por sus iniciales en inglés) y las ciclinas forman heterodimeros que
regulan la progresién del CC. Estas y otras proteinas involucradas directamente en la regulacién

del CC estan evolutivamente conservadas y algunas de ellas son lo suficientemente similares



1. INTRODUCCION

que pueden complementar la pérdida de funcién de los ortélogos! en otras especies [8-12]. A
diferencia de otros organismos, el numero de componentes del CC es mucho mayor en plantas,
como sucede en el caso de Arabidopsis thaliana (Arabidopsis) [13]. Inicialmente se propuso que
su genoma codifica cerca de 61 genes involucrados en el control del CC [8], sin embargo esta
cifra no incluye subunidades de los complejos que regulan la degradacion especifica de proteinas
ni de factores transcripcionales (FTs) importantes para la division propiamente.

A pesar de las diferencias entre plantas y animales, en ambos organismos pluricelulares,
la regulacion del CC es fundamental para mantener el balance entre proliferacion y diferen-
ciacién celular. Por ello, resulta fundamental entender a cabalidad los procesos complejos que
subyacen a la regulacién del CC. Los sistemas modelo experimentales mds usados para el es-
tudio de los componentes moleculares y sus interacciones en la regulacién del CC han sido la
levadura [14-16], la rana [17] y el ratén [18,19]. En plantas se han descrito una parte impor-
tante de los mismos componentes, y aspectos muy importantes de la regulacién del CC parecen
estar conservados entre todos los eucariontes. Mds aun, el entendimiento de como emerge el CC
y por qué es robusto y resiliente ante una gran cantidad de sefiales intra- y extra-organismicas, es
aun parcial. Para poder estudiar este proceso, es indispensable contar con un modelo dindmico
de la red de interacciones que regulan o que generan, como resultado de su dindmica, el CC.
No existen estudios sistémicos formales y dindmicos que recuperen el comportamiento ciclico de
transicion de una célula en las distintas fases estereotipicas que caracterizan al CC de todos los
eucariontes. Sélo existen algunos trabajos que han comenzado a enfrentar este reto [19,20]. Por
ello, integramos los datos descritos en la planta experimental modelo, Arabidopsis, y con ellos
propusimos un modelo de las interacciones entre los componentes moleculares capaz de recu-
perar el comportamiento ciclico de la célula. Para ello usamos formalismos de redes dinamicas
discretas y continuas, andlisis de robustez, y validamos el modelo con el comportamiento ob-
servado en plantas silvestres y mutantes. El estudio resumido en esta tesis constituye una base
formal para plantear nuevas hipdtesis acerca de componentes del CC y de cémo éste puede inter-
actuar con vias de transduccién de sefiales o redes de regulacién transcripcional. También puede
servir de base para plantear nuevas hipdtesis acerca de los procesos regulatorios que subyacen
al CC de animales y levaduras.

Los analisis comparativos son un apoyo para identificar reguladores importantes, ya que a
pesar de la enorme cantidad de informacién disponible, atin quedan preguntas sin resolver por
la falta de integracién de esos datos. A continuacion se describen brevemente las interacciones
que conforman la red de regulacion del CC en Arabidopsis y una comparacion general con el CC

de otros organismos.

!Genes homoélogos originados por un evento de especiacién
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1.1 Regulacion del ciclo celular en eucariontes

La replicacion del ADN y la mitosis definen las fases por las cuales transita una célula antes de di-
vidirse. La célula crece en la fase G1, y si hay nutrientes suficientes, pasa a la fase S (de Sintesis)
donde replica su ADN y, en seguida a la G2, donde verifica que el ADN no tenga dafio y la disponi-
bilidad de nutrientes. Si se cumplen estas condiciones y las sefiales intracelulares lo propician,
la célula entra en fase M, donde segrega el material genético y ocurren la mitosis y la citocine-
sis?. En plantas es comtin encontrar ciclos con varias rondas de replicacién de ADN sin mitosis,
produciendo asi células poliploides [21]. Este fendmeno se conoce como endorreduplicacion y
también se presenta en animales [22]. La transicion entre fases demanda una coordinacién muy
precisa entre eventos [23]; por ejemplo, no se segrega el ADN antes de concluir su replicacion.
Dicha coordinacién recae en Cinasas Dependientes de Ciclinas (CDKs) y, las ciclinas a las que
se unen para formar complejos activos. Las ciclinas deben su nombre al perfil de trancripcion
oscilante que presentan a lo largo del CC. Ademads de la regulacién transcripcional, hay otras
tres formas de regulacién molecular que se distinguen en la red del CC: interacciones fisicas
entre proteinas, fosforilacion y degradacion mediada por ubiquitinaciéon [24]. Sélo hasta que
los complejos CDK-ciclina alcanzan cierto umbral de actividad es que promueven la transicion
a la siguiente fase [25]. En Arabidopsis, los complejos CDKA;1-CYCD3;1 y CDKA;1-CYCB1;1
son factores limitantes para la transicién G1/S y G2/M, respectivamente. En levaduras y ani-
males, la especificidad de sustrato la confiere principalmente la ciclina; en cambio en plantas,
esa especificidad depende también de las CDKs [26, 27].

Tanto en plantas, como en hongos y animales, los principales puntos de control ocurren en la
transicion G1/S y en la G2/M. En la primera, varias proteinas, junto con sus ligandos estan con-
servados, a diferencia de las responsables de la transicién G2/M, que no se han preservado entre
eucariontes (ver Tabla 1.1). Hay proteinas que son exclusivas de plantas o que han adquirido
nuevas funciones y se regulan de forma diferente, pero que conforman motivos regulatorios con
propiedades dinamicas equivalentes. En seguida se describen las interacciones regulatorias re-
sponsables de mantener estos puntos de control, y se hace una comparacion general sefialando

las variaciones entre el control del CC en Arabidopsis y otros organismos.

Divisién de la membrana plasmatica
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Tabla 1.1. Proteinas homologas (o *equivalentes funcionales) involucradas en el control

del CC eucarionte.

Fase CC Arabidopsis O. tauri S.pombe S.cerevisiae Mamifero
G1/S, G2/M CDKA;1 CDKA Cdc2 Cdc28 CDK1
G2/M CDKB CDKB - - -
G1/S, S CYCD CYCD Pucl Clnl, Cln2, CIn3 CycE, CycD
G2/M CYCA CYCA Cigl/2 CIb5,Clb6 CycA
G2/M, M CYCB CYCB Cdc13 Clb1, Clb2 CycB
G1/S, S SCF-SKP2 SCF-Skp2 SCF SCF SCF
G1/S, G2/M KRP CKI? Ruml* Sicl* P27, P21
S RBR RBR - Whi5 Rb, p107, p130
S E2Fa/b, DPa E2F,DP Cdcl0/Resl/2 Swi4/Swi6/Mbp1* E2F1-5

S E2Fc, DPb - - - E2F6
G2 DEL1 DEL - - E2F7

M APCchQO APCOdC2O Slpl APCchQO APCchZO
M/G1 APCcCS52 APCcCS52 Ste9 APCcd}LI APCcdhl
G2/M WEE1 WEE Weel Swel Weel
G2/M Cdc25-like Cdc25 Cdc25 Mih1 Cdc25

M MYB3R1/4 - - Fkh1/2, Ndd1, Mcml  A/B/C-Myb

1.2 Regulacion de la expresion genética durante el ciclo celular

En varios organismos se han identificado patrones de expresion genética a lo largo del CC, siendo
las transiciones G1/S y G2/M las de mayor actividad transcripcional. En levaduras y mamiferos,
también hay un incremento en la actividad transcripcional justo antes de la salida de la mitosis.
Este fendmeno se debe en parte a los FTs de la via Retinoblastoma-E2F [28] y a FTs como B-
y c-Myb [23,29]. Estudios en fibroblastos de rata y en ganglioblastos de humano reportaron
que B-Myb regula genes que participan en la transicion G2/M. Los FTs B-Myb se regulan tran-
scripcionalmente por los E2Fs desde la transicién G1/S. A partir de estas observaciones, Zhu
y colaboradores [30] han sefialado que los FTs de la familia E2Fs conectan la regulacion de la
transicion de G1/S con la transcripcion de la G2/M. En S. cerevisiae y mamiferos, la regulacion
transcripcional es tal que los FTs que participan antes regulan a los que funcionan mas adelante
para formar un ciclo regulatorio completamente conectado. En células sincronizadas de Ara-
bidopsis MM2d, se detectd, por medio de RT-PCR cuantitativo, la expresion peridédica de 239
FTs [31]. Estudios previos en S. cerevisiae han demostrado que tal transcripcion periodica se
puede mantener incluso en la ausencia de ciclinas de la fase S y ciclinas mitéticas [32], lo cual
destaca el papel del oscilador de la red de FTs para la correcta progresion del CC [33]. Se pro-
pone que el oscilador de la red de regulacion transcripcional seria complementario al oscilador
de las CDKs [34].

En Arabidopsis, la proteina RBR (RETINOBLASTOMA-RELATED PROTEIN 1) es el ortélogo
de la proteina Retinoblastoma de mamiferos, que previo a la transicion G1/S bloquea el dominio

de transactivacion y, por lo tanto, también la actividad transcripcional de los E2Fs candnicos
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(E2Fa, E2Fb y E2Fc). Se sabe que los E2Fs (Adenovirus E2 promoter-binding protein) regulan la
expresion de genes necesarios para la sintesis de ADN y, en algunos casos, también la de algunos
genes necesarios para la fase M. Los FTs E2Fa, E2Fb and E2Fc necesitan formar heterodimeros
con proteinas DIMERISATION PARTNER (DP) para poder unirse al ADN [35]. E2Fa y E2Fb for-
man complejos con DPa y se consideran activadores transcripcionales, mientras que E2Fc se une
a DPb y parece ser un represor transcripcional homdlogo a E2F6 de humano, ya que no tienen
el dominio de transactivacion [36]. En la fase G1 temprana, RBR se encuentra unido a los E2F
y por lo tanto sus blancos estdn transcripcionalmente apagados. En la fase G1 tardia, se forma
el complejo CDK-CYCD que llevara a la célula a la fase S, fosforilando a RBR e induciendo su
separacién de los factores E2F. Una vez que estos FTs se liberan, comienza la transcripciéon de
los blancos de los E2Fs, entre ellos estan MCM, CDC6, PNCA, RNR, CDT1, ASHR3 y su propio
represor RBR [37-42]. Los FTs E2F regulan una amplia variedad de genes que se pueden clasi-
ficar en dos grupos principales, genes involucrados en la replicacién del ADN y genes necesarios
para la reparacion del ADN [37]. En mamiferos, los E2F también promueven la transcripcién de
CycE [43] v, en Arabidopsis, CYCD3;1 tiene sitios de unién de E2F [44], por lo que es posible
que exista una asa de retroalimentacion positiva entre los niveles de CYCD3;1 y la actividad de
E2F, similar a lo que se observa en mamiferos y levaduras [45]. Los dominios de unién a ADN
de los E2Fs en Arabidopsis parecen estar bien conservados con respecto a los dominios de E2Fs

en humano [44].

Mitosis y
citocinesis

Sintesis
del ADN

Fig. 1.1. CDK-Ciclina, elementos criticos para las transiciones G1/S y G2/M, y su efecto en
la regulacion transcripcional. Entre los blancos de los heterodimeros CDKA;1-CYCD se
encuentra el represor de los FTs E2F, RBR. En la transicién G2/M, el heterodimero CDK-CYCB
fosforila a los FTs MYB3R1/4 para favorecer su actividad y estimular la produccién de mas
CYCB y MYB3R1/4.
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El segundo pico de actividad transcripcional observado en la transicion G2/M se debe al mo-
tivo M-specific activator (MSA), el cual se reconoce por los FTs MYB, ampliamente conservados
en plantas y vertebrados. En plantas, los FTs MYB con tres dominios de unién a ADN (R1R2R3-
Myb) reconocen el motivo MSA [29]. Los vertebrados tienen tres miembros de esta familia,
c-Myb, A-Myb and B-Myb, y algunos de ellos tienen una funcion en la transicién G1/S [29]. El
elemento MSA identificado inicialmente en tabaco se encuentra en las regiones regulatorias de
genes especificos de la transicion G2/M [29], entre los que estan ciclinas del tipo B [46,47],
KNOLLE (proteina importante para la citocinesis) y algunas ciclinas de tipo A [29]. En humanos
c-Myb regula la expresion de la ciclina B1 [48]. c-Myb es un protooncogen que se expresa prin-
cipalmente en células hematopoyéticas y su pérdida de funcion es letal [48]. Arabidopsis tiene
cinco FTs R1R2R3-Myb, de éstos MYB3R1 y MYB3R4 son estructuralmente similares entre ellos,
y también son similares a NtmybAl y NtmybA2 de tabaco. Un punto de regulacién importante
de estos FTs son las modificaciones postraduccionales. En tabaco, los complejos CDK-CYCBI1,
CDK-CYCA1 y CDK-CYCA2 fosforilan a NtmybA2 aumentando su actividad [29]. Asimismo, Nt-
mybA1l y NtmybA2 contienen secuencias MSA en sus regiones promotoras y, por lo tanto, podrian
autoregular su propia expresién [29]. S. cerevisiae no tiene ningin FT MYB pero presenta otros
reguladores transcripcionales, tales como Fkh1/2, Ndd1 y Mcm1 [45,49,50], los cuales regulan
la transiciéon G2/M de forma similar a los MYBs de mamiferos.

Resulta notable que mientras la transicion G2/M se promueve a si misma a través de la
regulacién entre R1R2R3-Myb y ciclina tipo B, la regulacién transcripcional G1/S, se inhibe a
si misma [51]. La retroalimentacidon negativa que se forma con la induccion de RBR por los
E2Fs ayudaria a que el pico de transcripcién de la fase G1/S no dure mas de lo necesario (Ver
Fig. 1.1).

1.3 La regulacion de la replicacion del ADN esta conservada

Proteinas implicadas en la regulacion del CC de mamiferos y la levadura S. cerevisiae comparten
poca similitud en secuencia de aminodcidos, sélo algunos de sus dominios regulatorios son sim-
ilares [52]. Probablemente, la transiciéon G1/S y las proteinas involucradas en ella son las mejor
conservadas entre animales y plantas, y comparten funcién con las proteinas de levaduras pero
no origen. En levaduras, hay un punto entre la mitad y el final de la fase G1 en el que las células
se comprometen a entrar al CC y dejan de responder a feromonas. Se le conoce como “INICIO”
(START) y, en animales también ocurre algo similar con el punto R (Restriccién), que es cuando
las células ya no necesitan factores de crecimiento de suero [53]. Es posible que en Arabidopsis

exista una regulacién similar, hasta ahora desconocida. El control del paso a la fase S destaca
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la importancia de las sefiales ambientales en el control del CC, ya que antes de este punto, las
células tienen la opcion de diferenciarse en lugar de dividirse.

En la fase G1, la célula verifica las condiciones internas y externas para mantenerse en G1 o
para pasar a la fase S y replicar su material genético. En Arabidopsis, las principales proteinas
responsables de esta transicion son la CDKA;1 y las ciclinas de tipo D. La CDKA;1 es una cinasa
bien conservada en diferentes eucariontes (ver Tabla 1.1). Aunque esta cinasa estd presente
durante todo el CC de células en proliferacion, su actividad depende de diversos reguladores.
Algunas ciclinas de tipo D tienen vidas medias cortas [52, 54, 55], la estabilidad de CYCD3;1 de
Arabidopsis, Cln3 de levadura y CycD de mamiferos, por ejemplo, depende enormemente de las
condiciones ambientales [54]. Si las condiciones son favorables, la CDKA;1 se une a la ciclina de
tipo D y ésto desencadena la transicién G1/S. Para que continue la progresiéon del CC después
de esta transicion, la regulacién genética es clave [56], la cual estd estrechamente acoplada a
las redes de interaccién de proteinas. En este caso, el blanco principal de los heterodimeros
CDKA;1-CYCD es RBR que inhibe la actividad transcripcional de los FTs E2Fs. RBR es fosforilada
por el heterodimero activo CDKA;1-ciclina D en la transicién G1/S, y se mantiene asi hasta la
fase S media o tardia [36].

Se han encontrado homdélogos de RBR en mamiferos (pRB), Drosphila melanogaster y Caenorhab-
ditis elegans pero no en levaduras [57]. Sin embargo, en S. cerevisiae, la proteina Whi5 tiene
funciones equivalentes a RBR, por ejemplo, cuando Whi5 se inhibe, los FTs SBF (Swi4-Swi6)
y MBF (Mbp1-Swi6) quedan activos y comienzan la transcripcién de sus blancos, entre ellos se
encuentran las ciclinas Cln que inactivan completamente a Whi5 [52]. Los reguladores transcrip-
cionales Swi4, Swi6 y Mbp1 tampoco parecen ser homologos a E2F-DP [52]. De manera similar
a plantas y levaduras, los complejos Cdk4/6-CycD, y después Cdk2-CycE, fosforilan a pRb en
mamiferos [57, 58] liberando a los FTs E2F. Ademads de ocultar el dominio de transactivacion
de los FTs a los que se unen, pRB, Whi5 y RBR reclutan desacetilasas de histonas y factores
remodeladores de la cromatina para reprimir la transcripcion [52,59-62].

En animales, la iniciacion de la replicacion se promueve por CycE y CycA [52], y por ciclinas
de tipo B en levaduras [52]. En Arabidopsis, no esta claro si es la CYCD3;1 la que participa en
la activacion de la replicacion del ADN [53]. Componentes cruciales para la iniciacion de la
replicacién del ADN como Cdc6 y Cdtl se encuentran conservados entre levaduras, animales y
Arabidopsis [41,63].

Otro punto importante de regulacién es la fosforilacién del loop-T de CDKA;1 y Cdc283.
Esta accion se lleva a cabo por las cinasas activadoras de CDKs (CAK por sus siglas en inglés) que

reconocen el residuo conservado Thr-161 [25]. Adicionalmente, los inhibidores estequiométricos

3Cinasa de S. cerevisiae, homéloga a CDKA;1
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de CDKs como p16/V&4 p27K1P1 y 21 (también conocidos como KIP-RELATED PROTEIN, KRP,
como CDK inhibitory molecule, CKI, o como Inhibitor/Interactor of Cdc2 Kinase, ICK) se unen
a CDKs o a los dimeros CDK-ciclina y distorcionan el centro catalitico de unién a ATP de las
CDKs [64]. En plantas, las proteinas KRPs son homologas a p21/p27, y Sicl tiene una funcion
equivalente pero no parece tener un origen comun, es decir, no es homoélogo. La degradacion
especifica de Sicl, Kip, y KRPs depende de SCF, pero para que este complejo pueda reconocerlos,
necesitan ser fosforilados antes por CDKs [53]. El SCF participa principalmente en la transicion
G1/S [65].

1.4 Mecanismos de regulacidon de entrada y salida de la mitosis

A diferencia de la transicion G1/S, para el inicio de la mitosis se requiere que la actividad de la
CDK sea mas alta. En animales, las ciclinas de tipo B en complejo con CDK acttian como factor
promotor de mitosis (MPF) [66]. En plantas las ciclinas CYCA/B junto con la cinasa conservada
CDKA;1, y las cinasas CDKB especificas de plantas, forman los complejos CDK-ciclina promotores
de la mitosis [66-68]. En Arabidopsis las ciclinas de tipo A también podrian participan en la
progresion de la fase S [69]. Los complejos mitoticos CDK-ciclina fosforilan y regulan histonas
H1, proteinas de la lamina nuclear y reguladores transcripcionales como RBR y MYB3R1/4, entre
otros [28,70-72]. En ratén y en humano, la actividad de los factores B-Myb se promueve por
CycA/E [29], mientras que en plantas, la actividad de los factores MYB homologos se promueve
por ciclinas de tipo B (ver detalles en la seccién 1.2).

Antes del inicio de la mitosis, la célula necesita revisar la disponibilidad de nutrientes y la in-
tegridad del ADN. Las cinasas ATM (Ataxia-telangiectasia-mutated) y ATR (Ataxia-telangiectasia
and Rad3-related) son proteinas clave involucradas en el punto de control de la integridad del
dafio en el ADN. ATM participa en la reparacion del dafio producido en el ADN y, ATR en estrés
durante la replicacién del ADN [7]. Estas proteinas estdn conservadas entre plantas y otros
eucariontes, pero las cinasas Chkl y Chk2, efectoras de ATM y ATR en animales, no estdn pre-
sentes en plantas [53]. Cuando la replicacién del ADN no se ha completado o hay dafio en esta
molécula, la célula se detiene en G2 [54]. En mamiferos, este arresto del CC se debe a la cinasa
Wee que fosforila e inhibe a la CDK, evitando la entrada a la fase M. Cuando se ha reparado
el dafio, la fosfatasa Cdc25 elimina la fosforilacion inhibitora de CDK, y una vez activa, esta
cinasa inhibe a Wee y aumenta la actividad de Cdc25 desencadenando la entrada irreversible a
la mitosis [73].

En Arabidopsis, la falta de cualquier fenotipo obvio de las mutantes de pérdida de funcion

de CDC25-like o WEE1 predicen que esos genes no estan involucrados en la regulacién de un
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CC normal. CDC25-like tiene funciones de fosfatasa o de arsenato-reductasa dependiendo del
sustrato, no recupera la funciéon del Cdc25 enddégeno en S. pombe y tampoco tiene el dominio
regulatorio de estas fosfatasas [74]. La mutacién Weel™/~ en embriones de ratén provoca in-
estabilidad genomica y los embriones no logran implantarse [75]. En Arabidopsis la mutacion
de esta cinasa no afecta ni la proliferacion ni la endorreduplicacion, y tampoco parece ser una
proteina limitante para la progresidon del CC [76]. In vitro, esta cinasa fosforila a la CDKA;1 [77]
y funciona en respuesta al dafio a ADN [74, 78], pero su blanco principal parece ser distinto a
CDKA;1 [78]. En Nicotiana tabacum, WEE1 también inhibe la actividad de la CDK in vitro [79].
Por otro lado, WEE1 no parece tener un dominio de reconocimiento de CDKA;1 [80]. En con-
clusién, la retroalimentacion positiva entre CDKA;1 y CDC25-like, asi como el asa de retroal-
imentacion mutuamente inhibitoria entre CDKA;1 y WEE1, parecen no estar conservados en
Arabidopsis.

Boudolf y colaboradores han propuesto que las CDKs de tipo B, tinicas en plantas, podrian
tener una funcion equivalente a Cdc25 de humanos o levadura [81]. Se ha propuesto que
las CDKs de tipo B junto con los inhibidores KRPs podrian estar regulando la actividad de los
complejos mitdticos CDKA;1-CYCB1;1 [81], de forma similar a Wee y Cdc25 en mamiferos. Al
igual que en las plantas, estas proteinas tampoco parecen ser esenciales en levaduras. Weel y
Cdc25 monitorean el tamafio celular y son centrales en S. pombe, pero no en S. cerevisiae [53,82].

Otro punto de control relevante en la progresion del CC es la salida de la mitosis, no obstante
la informacidn al respecto es limitada en plantas. Para concluir la division celular, es preciso el
decremento en la actividad de la CDK, principalmente controlada por el Anaphase-Promoting
Complex/Cyclosome (APC/C), que junto con el SCF, es una ligasa de ubiquitina E3 que confiere
especificidad de sustrato al proteosoma 26S durante el CC. Tanto los componentes moleculares
del SCF como del APC/C estan conservados [83]. En S. pombe, el APC/C ubiquitina a la ciclina
By a la securina, promoviendo la degradacion de estas proteinas durante la anafase (penultima
etapa de la mitosis). La securina es una proteina que se une e inactiva a la separasa, otra proteina
que cataliza la separacién de las cromatidas hermanas después de que todos los cromosomas se
han unido al huso [84]. La separasa y la securina, son proteinas conservadas en levaduras,
Drosophila y vertebrados pero no se ha identificado una securina en Arabidopsis [85]. De la
transicién M/G1 a la G1/S, la actividad del APC/C se promueve por Cdh1 [52], del cual se han
identificado tres homologos en Arabidopsis: CCS52A1, CCS52A2 y CCS52B [86].

La citocinesis es el aspecto mas divergente del CC eucariota. En plantas, la citocinesis es un
proceso que implica la formacién de una nueva pared celular que va a separar las dos células
hijas, requiere de la regulacion de la biogénesis de la membrana y de los componentes del

citoesqueleto [1]. En levaduras y animales se contrae la membrana plasmdtica. En S. pombe,
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la via de regulacion SIN (Septation Initiation Network) localiza proteinas para regular la con-
traccidn del anillo y la fusién de la membrana, y en S. cerevisiae, la via MEN (Mitotic Exit Net-
work) coordina el inicio de la formacion del brote. Las vias de regulacion SIN y MEN detectan
los centros organizadores de los microtubulos, inactivan indirectamente complejos CDK-ciclinas
y promueven la citocinesis. Sélo algunos elementos de la via SIN estdn conservados entre plantas
y levaduras (spglp/TEM1p y cdc7p/CDC15p) [11].

1.5 Endorreduplicacion

Después de la divisién hay dos mecanismos de crecimiento celular que, con frecuencia, ocurren
simultaneamente. Uno de ellos es por endorreduplicacién, y el otro por expansion de la vac-
uola [87]. La endorreduplicacién es mds comun en plantas que en otros eucariontes, y ocurre
frecuentemente en células diferenciadas como pelos, células del xilema, y en células con alta
actividad metabdlica como el endospermo o el suspensor [38]. La endorreduplicacién, como
parte de la diferenciacion, permite a las células adquirir nutrientes y proteinas necesarias para
el desarrollo embrionario, aunque también se ha observado en células cancerosas [22]. Muchos
de los componentes del CC también participan en el endociclo [22], por ejemplo la actividad de
la CDKA;1 no s6lo es necesaria para el CC sino también para la endorreduplicacion, la diferencia
es que la actividad de CDKs es mucho mds alta para entrar a fase M que a fase S [88-90]. Otros
reguladores del CC también importantes para la endorreduplicacion en Arabidopsis son los KRPs,
ciclinas mitéticas, APC/CYC5524 y los FTs E2Fs [84]. Las proteinas KRP, que se unen a complejos
CDK-ciclina e inhiben su actividad, inducen el arresto del CC o el retraso de la progresién en re-
spuesta a sefiales intra- o extra-celulares [64]. KRP5, ademds de inhibir complejos CDK-ciclina,
también se une a factores del complejo remodelador de la cromatina SWI/SNF para coordinar
la endorreduplicacién con la elongacién celular en hoja [91]. La ligera sobre-expresion de KRP2
induce la transicién a endociclo, in vitro este KRP solo se une a CDKA;1 pero no a CDKB1;1. La
correlacién inversa entre los niveles de KRP2 y la actividad de CDKB1;1, sugiere que la estabili-
dad de KRP2 es regulada por la fosforilacion de CDKB1;1 [89].

Durante la endorreduplicacidn, uno de los pasos clave es la reactivacién de la maquinaria de
replicacion del ADN, la cual se previene normalmente por los complejos CDK-ciclina que se unen
al complejo de replicacion durante las fases G2 y M. En S. pombe, la activacién periddica del
APC/C permite endociclos sucesivos, ya que al promover la degradacion de la CycB, evita que
esta ciclina se asocie a los origenes de replicacién permitiendo otra ronda de replicacion [38].
Dependiendo de su concentracion, CYCA2;3 también regula la transiciéon a endociclo en Ara-

bidopsis [92]. Boudolf y colegas [93] reportaron que la sobre-expresion de CYCA2;3 y CDKB1;1
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provoca divisiones celulares ectépicas y disminucién de la proporcién de células en endorredu-
plicacién. El APC/CCC9524 regula la estabilidad de CYCA2;3 v, por lo tanto, afecta la actividad
del complejo CDKB1;1-CYCA2;3 [93]. Se ha propuesto que un papel de CDKB1;1-CYCA2;3 al in-
hibir el endociclo podria ser a través de la regulacion negativa de la reiniciacion de la replicacion
del ADN [93].

Finalmente, en Arabidopsis, E2Fa-DPa tiene papel dual, se requiere para la mitosis y para la
endorreduplicacion [68]. E2Fb-DPa promueve mitosis y E2Fc-DPb la inhibe e induce endorredu-
plicacion. E2Fb y E2Fc, ademas tienen sitios de unién a E2F en sus regiones promotoras [94]
y parecen ser blancos de E2Fa. La activacion de E2Fe/DEL1, un E2F atipico que reprime la ex-
presiéon de CCS52A2 [95], depende de la presencia de E2Fb o de la falta de E2Fc [96]. Es posible
que E2Fc sea parte de un proceso dinamico finamente regulado que permite el control preciso del
CC durante la fase S, eso es consistente con las observaciones de porqué E2Fc se expresa poco en
células diferenciadas, las cuales ya no tienen potencial de divisidn, y se expresa mas en regiones
meristeméticas, donde ocurre la proliferacién celular [97]. El mecanismos del APC/CC@h1/CCS52
en la transicion a endociclo esta conservada, asi como la participacion del E2Fe represor y el
E2Fc, o la regulacién negativa del E2F7 humano sobre el Cdh1 [22]. Estas interacciones con-
servadas nos dan una idea de la importancia de coordinar la salida del estado proliferativo y la
entrada a endociclo.

Aun desconocemos cdmo se mantiene el endociclo antes de pasar a la diferenciacion termi-
nal, pero cada vez hay mas evidencia de la estrecha relacién entre salida del CC y el inicio de la
diferenciacién. En tricomas* por ejemplo, cuando SIAMESE, una proteina que reprime la activi-
dad de los complejos CDK-ciclina, esta mutada, las células reentran a la mitosis y algunos de esos
tricomas pierden su identidad y revierten su fenotipo a células pavimentosas [3,92,98]. Otro
ejemplo en la raiz involucraria a MYB36, un FT que promueve la transiciéon de la elongacién a
la diferenciacion en la epidermis, activa genes requeridos en la diferenciacion y reprime genes
involucrados en la proliferaciéon celular [99]. Suprimir a la ciclina B también podria ser esencial
para el endociclo, ya que su sobre-expresién en tricomas es suficiente para cambiar un endociclo

a ciclo mitético [67,87].
1.6 La raiz de Arabidopsis como modelo para el estudio del desar-
rollo

En las plantas los patrones morfogenéticos parecen ser mds robustos que en animales, mientras

los animales presentan severos fenotipos cuando se alteran la produccién celular, las plantas tol-

*Células grandes epidermales que dejaron de dividirse.
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eran variaciones en su numero de células [100]. Ejemplo de ello es que al sobre-expresar genes
reguladores del CC, como la ciclina mitética, se observan aumentos anormales en la cantidad
de células de los meristemos pero no se producen deformaciones drasticas del meristemo de la
raiz [101]. Un caso en donde las plantas presentan tumoraciones, seria por ejemplo los causados
por infeccidn de bacterias como Agrobacterium tumefaciens [102].

Se ha propuesto que esta plasticidad del desarrollo vegetal se ha adquirido como respuesta
a distintas condiciones fisicas y bidticas en las cuales crecen y se desarrollan las plantas [103].
Su morfologia depende en gran medida de condiciones ambientales como la luz [96], estrés
osmotico [104], estrés hidrico [7], interacciones con otros organismos [105], disponibilidad de
nutrientes como sacarosa [65], e incluso de la etapa del desarrollo en que se encuentra la planta
cuando se presentan esas condiciones. Debido a su desarrollo post-embrionario, estos organ-
ismos pueden seguir generando estructuras nuevas a lo largo de su ciclo de vida a partir de
los meristemos, un grupo de células indiferenciadas que se encuentran en los extremos en crec-
imiento [7]. Las plantas tienen dos meristemos principales, uno de ellos se encuentra en la punta
del tallo (meristemo apical del vastago aéreo) y otro en la punta de la raiz (meristemo apical de
la raiz) [106]. La raiz es un sistema ideal para el estudio cuantitativo y en vivo del desarrollo
de d6rganos y tejidos. En particular la raiz de Arabidopsis, es un 6rgano transparente, con pocos
tipos celulares y de facil acceso. Ademas de que Arabidopsis se ha empleado como organismo
modelo por tener un ciclo de vida corto y un genoma relativamente pequefio y el primero en ser
secuenciado. En la punta de su raiz se puede identificar un patrén morfoldgico bien definido. En
el apice se encuentra el nicho de células troncales (NCT, sensu strictu), seguido por el dominio
de proliferacion y de transicion, y después las zonas de elongacion y de diferenciacion hacia el
extremo basal. El NCT esta formado por el organizador central (Centro Quiescente; CQ) y las
células iniciales. Al igual que las células troncales en animales, las células del NCT de Arabidop-
sis, estdn indiferenciadas, son capaces de renovarse y, al mismo tiempo, dar origen a células
con funciones especializadas. El meristemo apical de la raiz comprende al NCT, al dominio de
proliferacion celular y al de transicion.

El balance entre proliferacion y diferenciacion celular es resultado de la regulacion diferen-
cial de la division celular a lo largo de la raiz. Las células del CQ pasan mucho tiempo en fase G1
y casi no se dividen [107], las células iniciales que rodean al CQ se dividen a tasas intermedias, y
las células del dominio de proliferacién tienen una probabilidad alta de dividirse; en el dominio
de transiciéon esa probabilidad es muy baja y en ambos dominios el crecimiento celular es lento.
Después, en la zona de elongacidn, las células dejan de dividirse, sélo se alargan y endorredu-
plican; es decir, duplican su material genético sin pasar por la fase M por lo que su ploidia y

su tamafio aumentan [5,108]. En la raiz, la proliferaciéon junto con la elongacién (crecimiento
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celular en una direccion), son los principales procesos que contribuyen al crecimiento [109]. El
criterio mas valido de la transicién a la elongacién es el incremento abrupto en la tasa de crec-
imiento relativo, ya que células en diferentes filas de la raiz pueden salir del CC en diferentes
puntos del eje longitudinal [110]. Durante el CC se duplica la longitud de la célula, pero durante
la elongacion, la longitud de la célula incrementa de 15 a 20 veces, y en maiz el tiempo que toma
la elongacién es menor a la duracién de un CC [109]. Es durante la elongacién que la célula

comienza a desarrollar funciones especificas [109].
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Fig. 1.2. La raiz de Arabidopsis y el balance entre proliferacion y diferenciacion

celular [108,109]. En el eje dpico-basal de la raiz se distingue el meristemo apical de la raiz
conformado por el NCT, el dominio de proliferacion y el de transicién, y una zona de
elongacion donde las células comienzan a alargarse y a endorreduplicar. En el meristemo las
células se dividen y no estan diferenciadas, en la zona de elongacién las células han dejado de
dividirse y se comienzan a diferenciar. Las flechas representan la produccién celular
responsable de mantener el tamafio del meristemo de la raiz.

Es asi que la homeostasis del meristemo de la raiz, depende de i) la tasa de entrada de las
células desde el NCT al dominio de proliferacion, ii) la tasa de division celular en el dominio
de proliferacién/transicién y iii) la tasa de salida de las células del meristemo a la zona de
elongacién y diferenciaciéon (ver Fig. 1.2). En la zona de diferenciacion, las células adquieren
un destino celular bien definido, en la epidermis por ejemplo se pueden apreciar los primeros
pelos radicales. En general se considera que el ciclo de las células diferenciadas esta detenido. La

relacién que mantienen los FTs que definen el destino celular y las hormonas, con el CC, ayudaria
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a entender el comportamiento celular en el eje dpico-basal de la raiz, i.e. quiescencia, CC lento,
CC y proliferacién rapida, elongacion y diferenciacion. Un patrén morfogenético normal es
resultado de la coordinaciéon espacio-temporal adecuada de la detencion del CC, la reactivacion,
la diferenciacion celular, y la endorreduplicaciéon. Una red comun empleada en todos estos
procesos, podria conectar las diferentes redes regulatorias de diferenciacion celular o vias de
transduccién de sefiales y, asi producir la emergencia de comportamientos celulares contrastantes
en términos de divisién celular, entrada a endociclo o diferenciacidén, observados en la raiz de
Arabidopsis.

Desde la perspectiva celular, en plantas el crecimiento de un érgano en estado estacionario
estd determinado por la longitud final de las células en la zona de elongacién, y la tasa de
produccion celular en el meristemo [111]. Mientras la tasa de divisién celular indica qué tan
rapido es el CC, la produccién celular es la tasa a la que incrementa el nimero de células dentro
de una poblacién®, la cual es funcién del ntimero de células y de la duracién de su CC. La
duracién del CC no es una funcion de la longitud de la célula per se, sino de la razén de la longitud
de una célula después de la mitosis sobre la longitud de esa célula a la siguiente mitosis [110].

A diferencia de la tasa de produccion celular, la tasa de division suele ser constante en el
meristemo de la raiz [112], incluso cuando se sobre-expresa la ciclina B (s6lo aumenta la canti-
dad de células meristematicas) [101]. En este caso, la tasa de produccion celular y el fenotipo
se podrian deber a un nimero mayor de células en proliferaciéon que se dividen a la misma tasa
que las células silvestres [112]. Otro ejemplo es la sobre-expresion de una CDKB1;1 negativa
dominante, que también tiene una tasa de proliferacion celular igual que las células silvestres,
ésto debido a que las células con la CDKB1;1 dominante negativa tienen una transicién G2/M
retrasada pero compensada por una fase G1 acelerada [113]. Entre diferentes ecotipos® de Ara-
bidopsis se encontr6 que en aquéllos que tienen las mayores tasas de produccién celular, hay una
fuerte correlacién entre la produccion celular y la actividad de la CDKA;1 [111]. En conjunto,
estas observaciones sugieren que la relacion entre el crecimiento, la morfogénesis y la regulacion
del CC, no es simple, y que hay mecanismos de control, mas que reguladores individuales, que

aseguran que el CC sea un proceso robusto ante diferentes cambios en sus componentes.
1.7 Coordinacidon entre proliferacion y diferenciacion celular en la
raiz de Arabidopsis

La division celular sin el control de la morfogénesis solo produciria tejidos callosos desorganiza-

dos [114]. Como hemos ejemplificado en las secciones previas, la morfogénesis requiere de la

SEn el meristemo, la tasa de produccién celular corresponde a las células que salen de él.
®Poblaciones locales que presentan variaciones genéticas
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comunicacién reciproca entre la divisién y la diferenciacion celular, y del control espacial. Asi
mismo, los procesos de decisién del destino celular estan asociados con modificaciones de la
cromatina que ocurren en coordinacién con eventos especificos del CC, como la replicacién del
ADN o la condensacion de los cromosomas en la mitosis [115].

Los fenotipos de las mutantes de genes que regulan la progresién del CC en la raiz, son una
evidencia del papel que tiene la red de regulaciéon del CC no solo para la division celular, sino
para el mantenimiento del estado quiescente o de la diferenciacién celular. Pérdida de funcion
de genes involucrados en la produccion celular del NCT, o en la salida del meristemo a la zona de
elongacion, afectan la homeostasis del meristemo de la raiz, ain cuando se expresen muy poco o
no se expresen en el meristemo. Esto se debe a la interdependencia entre las distintas zonas de la
raiz. Un ejemplo serian las subunidades del complejo APC/C, CCS52A1 y CCS52A2, el primero
de ellos se expresa en la zona de elongacion, donde las células endorreduplican, y el segundo
en el NCT, y con un perfil irregular, también en el meristemo [95]. Los fenotipos resultantes
de la mutacion de estas proteinas son opuestos: las raices con pérdida de funcion de CCS52A1,
proteina que participa en la transicién de CC a endociclo, fueron un poco mas largas que la
silvestre, tienen meristemos mas largos, mas células en division y el indice de endorreduplicacion
(nimero medio de ciclos de replicacidn por nucleo) estd reducido; con la pérdida de funcién de
CCS52A2, que ayuda a mantener una proliferacion reducida en el NCT, el crecimiento de la raiz
esta deteriorado, el meristemo es mas pequefio, con menos células en divisién, pero con mitosis
activa en el NCT. El ortélogo de CCS52A en mamiferos y en Drosophila, ademads participa en
la degradacion de reguladores transcripcionales [95], si esta funcion estuviera conservada en
plantas, el APC/C estableceria un vinculo adicional entre la proliferacion y la division celular.

Alteraciones en los FT E2Fa y E2Fb, también ejemplifican cambios en el balance entre la pro-
liferacién y la diferenciacidon. Se ha propuesto que niveles altos de E2Fa escapan de la represion
de RBR y asi promueve mitosis y endorreduplicacién dependiendo de la disponibilidad de fac-
tores especificos de tejidos. Con la expresién elevada de E2Fa hay meristemos mas grandes [94]
y su funcion parece depender de la etapa del desarrollo [116]. Las raices de plantas que sobre-
expresan al promotor de la divisién celular E2Fb, son aproximadamente 3 veces mds cortas
que las plantas control, y el tamafio de las células es menor, sugiriendo que la acumulacién de
E2Fb retrasa la diferenciacién celular en la raiz [117]. Otros FTs que también regulan com-
ponentes del CC y que ademds participan en la regulacion genética del meristemo apical de la
raiz son SHORT ROOT (SHR), SCARECROW (SCR) y WOX5 (tema de la revision [118]). RBR
forma complejo con SHR y SCR para reprimir la divisiéon de las células troncales, y es fosfo-
rilado por CDKB1-CYCD6;1 [119]. WOXS5 reprime la expresién de CYCD3;3, la mutacién de
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este regulador transcripcional incrementa el nimero de divisiones celulares en el CQ de raices
embridnicas [120].

Es importante sefialar que no sélo el programa de diferenciacion afecta a la maquinaria
molecular del CC, sino que genes con funcién en la progresiéon del CC también regulan FTs
implicados en la diferenciacién celular. Esta otra relacion entre proliferacion y diferenciacion
se observa a nivel molecular con el FT GLABROUS1 (GL1 o MYBO), necesario para adquirir el
fenotipo de tricomas, que es regulado por E2Fs [121]. Por ultimo, la duracion de las fases del CC
también es relevante para el mantenimiento o la especificaciéon y determinacién del destino de
las células troncales. La fase G1 de las células pluripontentes por ejemplo, son mds cortas y las
células con CC mds rdpidos expresan menos marcadores de diferenciacion [122]. Recientemente
se ha demostrado que también la regulacion de la fase G2 es critica para la diferenciacién celular.
La regulacion epigenética como acetilacion de histonas y remodelacién de cromatina durante
la fase S y G2 [115], son cruciales para la transicién a la determinaciéon. Esta propuesta nos
lleva a pensar que mientras la especificacidon del destino celular ocurre durante la fase G1, el
compromiso del destino celular y la pérdida de la pluripotencia se lleva a cabo en la G2 [123]; la

ciclina responsable de la transicion G2/M por ejemplo, promueve al estado pluripotente [124].

1.8 Regulacion del ciclo celular por seiiales ambientales y hormonas
vegetales

Mediante el CC, la morfogénesis vegetal responde y se ajusta al medio ambiente variable. Con
frecuencia, la respuesta ante los cambios ambientales es mediada por hormonas vegetales. En
plantas, las hormonas son morfégenos con influencia en el crecimiento y el desarrollo de la raiz,
la mayoria tienen efectos en la proliferacién y la expansién celular [125-127]. La interaccion
directa entre hormonas, lleva al comportamiento diferencial del CC en el eje logitudinal de la
raiz [128]. Cuando hay estrés o se desencadena una respuesta inmune, el crecimiento de la
planta se ve severamente afectado, eso de debe principalmente a una reconfiguracién en el
metabolismo y las vias de sefializacion de las hormonas [129]. A continuacion se describen
algunos ejemplos del efecto de las hormonas y sefiales ambientales sobre la progresion del CC.
Probablemente las ciclinas y las KRPs sean los integradores mas importantes de las sefales.
Por ejemplo, la ciclina limitante para la transicion G1/S CYCD3;1 [55], tiene una vida media de
aproximadamente 7 minutos. Cuando se agota la sacarosa, los niveles de la CYCD3;1 disminuyen
rapidamente y la célula se detiene en la fase G1. La expresion de la CYCD3;1 es inducida por
hormonas como citocininas, brasinoesteroides, giberelinas y auxinas [9,130, 131], mientras que

el acido abscisico y el acido jasmoénico causan una reduccion en la cantidad del transcrito. La
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regulacién que ejercen estas hormonas sobre la progresiéon del CC es muy fina, por ejemplo
cuando se altera la percepcién de brasinoesteroides, decrementa la actividad mitdtica, pero si
las plantas son tratadas con brasinoesteroides, las células salen prematuramente del CC [132].
Ademas de CYCD3;1, los brasinoesteroides también inducen la expresion de CDKB1;1, aunque
se desconoce si es una regulacién directa [131]. La sinergia entre auxinas y citocininas por
ejemplo, induce la expresién de CDKB1;1, CDKA;1 y CYCB1;1 [127]. Como las hormonas son
un enlace entre las sefiales ambientales y las regulacidn del CC, las ciclinas de tipo D podrian
haber evolucionado formas de regulacién que permitan la integraciéon de sefiales ambientales
a la divisién celular y al desarrollo de la planta [133]. Por otro lado, la expresién de KRP2 y
SIM es reducida por giberelinas [129], mientras que el nivel de la proteina KRP2 es regulado
negativamente por auxinas [134].

Varios tipos de estrés, la temperatura y la luz son factores ambientales que modulan direc-
tamente la progresion del CC, esta ultima promueve la degradacidon de E2Fc y el incremento de
la proteina E2Fb [69, 135]. Las bajas temperaturas, el estrés salino y el acido abscisico inducen
la transcripcidon del KRP1 [136,137], influyendo negativamente en la progresién del CC. SMR5
y SMR7, otros inhibidores de la actividad de las CDKs, son activados por especies reactivas de
oxigeno, deteniendo al CC ante el estrés provocado por exceso de fierro [138]. De modo similar,
el estrés por sequia y el estrés osmético inducido por manitol, reducen la division celular, este
ultimo ademads incrementa la expresion de SKP2A (subunidad del SCF; [139, 140]); en situa-
ciones de estrés abidtico, el APC/C degrada al FT RSS1 (RICE SALT SENSITIVE 1), requerido
para mantener el CC activo [65]. Y finalmente, el Ca’t, necesario para la progresién del CC
en mamiferos, se ha propuesto como otro sefializador de la regulacién del CC en plantas [24]
(referencia sugerida sobre regulacion transcripcional y hormonal del desarrollo de la raiz [141]).

Cuando la sacarosa, principal fuente de carbono de las plantas, es deficiente, las proteinas
involucradas en la transicion G1/S como RBR y E2Fa se degradan via proteosoma, quedando el
CC detenido en la fase G1 [142,143]. La ciclina del tipo P CYCP2;1, conservada también en
Drosophila y S. cerevisiae, es el vinculo entre la disponibilidad de nutrientes y la progresion del
CC. Su transcripcion es activada por WOX9 (STIMPY; FT que activa el crecimiento del meristemo
durante la germinacién), por sacarosa, y posiblemente también por TOR1 [144, 145]. La cinasa
conservada TOR1 (TARGET-OF-RAPAMYCIN1), activada por auxinas [129], integra informacion
sobre la disponibilidad de nutrientes con la induccién de genes que participan en la glicdlisis, el
ciclo del acido tricarboxilico y la sintesis de proteinas. TOR1 fosforila y activa a E2Fa cuando
hay glucosa producto de la fotosintesis, esta reaccién induce la entrada a la fase S de células

meristematicas que previamente se encontraban en quiescencia [144, 146].
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1.9 Modelos de la regulacion del ciclo celular

El uso de enfoques sistémicos y dinamicos es esencial para entender el comportamiento colectivo

de los componentes dentro de la red regulatoria del CC de Arabidopsis.

Tabla 1.2. Modelos propuestos sobre la regulacion del CC en diferentes organismos.

Organismo Aprox.  Descripcidon Refs.

Rana Continua Regulacién del heterodimero CDK-ciclina durante la mitosis. Una asa [17]
de retroalimentaciéon negativa y un retraso de tiempo fueron sufi-
cientes para reproducir el comportamiento oscilatorio.

S. pombe Continua Destaca el papel de las asas de retroalimentacién en la actividad bi-  [14]
estable de los complejos CDK-ciclina durante la replicaciéon del ADN.

S. pombe Continua Ademads de CDK-ciclina, incluye a otros reguladores para modelar las  [147-150]
transiciones G1/S, G2/M y metafase/anafase. Analisis de fenotipos
mutantes, se incluye el tamafio celular.

S. cerevisiae  Continua Modelo que incluye regulacion genética, fosforilacion, degradaciéon de  [16]
proteinas e inhibicién de la actividad de las CDKs por interacciones
fisicas. Se llevaron a cabo andlisis de mutantes para describir la
dindmica de las transiciones entre los estados estacionarios estables
GlyS/G2/M.

Genérico Continuo Se proponen moddulos genéricos asi como la ldgica minima para la  [151-153]
regulacién del CC eucarionte.

S. cerevisiae Booleano Toma en cuenta autodegradacion para las proteinas que no tienen reg-  [15]

(um- uladores negativos. Incluye el tamafio de la célula como entrada del
brales)  modelo. Recupera la secuencia de los eventos del CC en un atractor de
punto fijo que corresponde a la fase G1, ademas de otros 6 atractores.
S. pombe Booleano Recupera 13 atractores en total, entre ellos uno de punto fijo que seria  [82,154]
(um- la fase G1. Después se validé simulando mutaciones y comparandolas
brales)  ¢on las correspondientes observaciones experimentales.
S. cerevisiae Booleano Para recuperar un atractor ciclico con todas las transiciones del CC,  [155]
({e_glas incluye retrasos de tiempo y nodos que definen eventos del CC (como
l6gicas)  la replicacién del DNA, la formacién del brote, la entrada a la fase M y
la divisién celular).

S. cerevisiae  Booleano Mejora en la robustez temporal especificando criterios en el orden de  [156]
activacién de los componentes. Usa 'model checking’ para el andlisis
de la robustez temporal.

Mamiferos  Booleano Comparan aproximaciones sincrénica y asincrona a partir de una prop-  [19]

(reglas  yesta en otro trabajo [18]. La ciclina CYCD es el nodo entrada del

16gicas)  modelo (se autoregula). Se obtienen dos atractores, uno de punto fijo
que representa la fase GO y otro que es un atractor ciclico que recupera
la dindmica del CC.

S. cerevisiae  Booleano Integra un modelo sobre la maquinaria central del control del CC, con [20]
(reglas  otro modelo de la formacién del brote y otro sobre la salida del CC.
légicas)  Ademads analiza el efecto que tienen algunas perturbaciones en el com-

portamiento global del CC.

Mamiferos  Hibrido Incluye variables continuas y discretas que incorporan eventos aleato-  [157]
rios. La abundancia de ciclinas reportada por el modelo es congruente
con la que se obtuvo por citrometria de flujo.

Arabidopsis  Continuo Modelo sobre la regulacion de la transiciéon G1/S que confirma la con-  [158]
servacion de este punto de control en eucariontes.

Solanum ly- Continuo Se modela la transicion a la endorreduplicacién con ecuaciones difer-  [159]

copersicum enciales ordinarias, involucra regulacién por auxinas. Se asume que

(jitomate) los mecanismos descritos en Arabidopsis se conservan en jitomate.

En la Tabla 1.2 se presenta una muestra de los modelos que se han propuesto para la reg-

ulacion del CC de diferentes organismos. Sin duda, esos trabajos han servido para analizar

propiedades sistémicas, como la robustez del ciclo, la histeresis, la irreversibilidad y la biestabil-
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idad [160-164], se recomienda la revisiéon [165] sobre algunos enfoques que se han empleado
en el modelado del CC. Estas propiedades estan estrechamente relacionadas, pues la base de
todas ellas se encuentra en la coordinacion de los circuitos regulatorios involucrados en la pro-
gresion del CC. La biestabilidad es la propiedad distintiva de la actividad de los heterodimeros
CDK-ciclina, pues sdlo tienen estados ‘activo’ o ‘inactivo’, pero no intermedios. La histeresis se
refiere a que una vez que se ha inducido la transicién a la siguiente fase, la célula tiende a man-
tenerse ahi, aun cuando la concentracion de la ciclina que indujo la transicion disminuya. Esas
propiedades estan involucradas en la progresién unidireccional y las transiciones irreversibles
del CC, pues la célula debe asegurar que una vez iniciada la mitosis no se vuelva a replicar el
ADN, y que los eventos que ocurren a lo largo del CC tengan un orden.

En contraste a otros eucariontes, en plantas se han hecho pocos intentos de integrar los
datos experimentales sobre el CC para construir modelos computacionales dindmicos. Uno de
estos trabajos modeld la transicion a la endorreduplicacion en jitomate [159], y otro implement6
un modelo de la transicién G1/S en Arabidopsis y otros organismos. Este ultimo contribuyé a
mostrar algunas caracteristicas conservadas de este punto de control entre eucariontes [158].
Un modelo de la regulaciéon del CC en Arabidopsis, seria necesario si queremos entender la
homeostasis del meristemo de su raiz. Aunque hay varias similitudes en la red de regulacion del
CC de todos los eucariontes, también hay diferencias que se deben considerar cuando buscamos
aproximarnos a las particularidades de las plantas.

Las principales diferencias entre la red de regulacion del CC de Arabidopsis y la de otros eu-
cariontes, tienen que ver con el niimero de paralogos’ de algunos reguladores clave. Arabidopsis,
tiene mas de 10 copias de algunos de los genes que codifican para reguladores del CC (por ejem-
plo, familias de ciclinas o CDKs), mientras que en levaduras, mamiferos o el alga unicelular
Ostreococcus tauri, hay muchos menos duplicados [8,23,40,58]. La tinica excepcion serian los
homologos de la proteina Retinoblastoma, de la cual hay tres miembros en humano y en ratén,
y solo una copia en Arabidopsis [166].

Estas diferencias y las descritas en secciones previas, nos motivaron a proponer un modelo
de la red de regulacién del CC de Arabidopsis en particular. Elegimos los formalismos booleanos
porque son simples y han demostrado ser utiles y de gran alcance para seguir los cambios cuali-
tativos en la actividad de reguladores en diferentes organismos y procesos bioldgicos [167,168].

Hemos planteado la siguiente hipotesis como la base de este proyecto:

’Genes homdlogos originados por duplicacién de secuencias

19



1. INTRODUCCION

1.10 Hipdtesis

Si incorporamos en un modelo dindmico los componentes minimos (suficientes y necesarios) de
la red de regulacion del ciclo celular, entonces se puede recuperar el patrdn ciclico de actividad

o transcripcién de las moléculas indicadoras de cada fase y transicién del ciclo celular.

1.11 Objetivo general

Proponer un modelo booleano y su extension continua de la red de regulacion del ciclo celular
que recupere en un atractor ciclico las fases y las transiciones de fase ordenadas del ciclo celular

de Arabidopsis.
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MODELO DINAMICO DE LA RED DE
REGULACION DEL CICLO CELULAR DE
Arabidopsis

Con frecuencia la regulaciéon genética no guarda relaciones lineales, hay genes regulados por
sus propios blancos o genes regulados por dos vias simultaneas. Al analizar fenotipos de dobles
mutantes, puede pasar que el fenotipo de uno de esos genes sea enmascarado por el otro. Los
modelos booleanos son instrumentos que facilitan la investigacion los patrones de interacciones
entre genes como las asas de retroalimentacion (feedback loops) o las asas de alimentacién hacia
adelante (feedforward loops) [167]. Los modelos de redes booleanas también han demostrado
ser de gran utilidad para inferir mecanismos de regulacién a partir de datos experimentales; por
ejemplo, de series de tiempo de expresion genética (mas ejemplos en [168]). En este capitulo
presentamos el modelo dindmico de la red de regulacién del CC de Arabidopsis, la metodologia
que seguimos para su planteamiento, y los resultados obtenidos. El articulo derivado de este
trabajo se encuentra en el ANEXO A [169].

2.1 Metodologia

El caracter booleano de la red indica que para cada nodo X; hay dos estados posibles (e.g.,
“prendido” o “apagado”, “presente” o “ausente”), X; € {0,1}. El estado de cada nodo puede
cambiar con el tiempo de acuerdo a un conjunto de interacciones regulatorias que se representan
por medio de funciones booleanas: X;(t+1) = F;(X;, (t), Xi,(t),...,X;,(t)), en donde X;(t+1)
es el estado del nodo X; un paso de tiempo después de ¢, y X;, (t), Xi,(t), ..., X, (t) representa
el estado de todos los reguladores de X; al tiempo ¢. Dado que cada nodo tiene una funcién

booleana asociada, es posible saber como cambia su estado a través del tiempo de acuerdo
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al estado de sus reguladores. El conjunto de estados de los nodos de la red en un tiempo
determinado es lo que define la configuracion de la red en ese tiempo. Partiendo de todas las
configuraciones posibles (2", donde n es el nimero total de nodos de la red), y aplicando las
reglas légicas a todos los nodos durante varias iteraciones, se puede seguir la dinamica de toda la
red hasta que alcanza un estado estacionario: una configuracion de red que ya no cambia, o un
conjunto de configuraciones que son visitadas en una forma ciclica. Tal estado se llama atractor.
Los atractores de punto fijo solo tienen una configuracién de red, mientras que los atractores
ciclicos con periodo s, tienen s configuraciones visitadas indefinidamente, siempre en el mismo

orden.

2.1.1 Modelos Booleanos

B

Reguladores (1) Reglas Légicas:
AT 6T t A= (AvC)A-B
[ | B= AA-C
0 =,

| C=B
0 Blanco
1

© | )
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‘ (- 000
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através del tiempo LE O 1]0
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= 1[0]0
N 101}
e 1[1[i0
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Fig. 2.1. Metodologia. Después de construir la red (1) con las interacciones entre los
componentes minimos, se plantean las suposiciones que serdn la base para el planteamiento de
las reglas 1égicas. Cada regla 1égica (2) indica los estados de los reguladores que llevaran a una
proteina a estar presente. Partiendo de todas las posibles configuraciones de la red y viendo
como cambian con el tiempo (3), llegaremos eventualmente a estados estacionarios o atractores
(4). Para validar si la construcciéon del modelo fue adecuada, se contrastan los resultados de
simular mutaciones con los correspondientes fenotipos que se observan experimentalmente.

En la Fig. 2.1 se muestra un diagrama que resume las etapas de la construccion del modelo

que hemos propuesto. El propdsito de este modelo es entender el mecanismo de proliferacion
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celular a través de los patrones de presencia de las proteinas o complejos relevantes para cada
fase, y responsables de la progresion del CC. Este punto es fundamental ya que la pregunta
que se busca responder, o el objetivo con el que se construye el modelo, guian su construccion.
Asi, tomando en cuenta el propdsito del modelo, para determinar los nodos que conformaran la
red de regulacion del CC, tomamos en cuenta nodos e interacciones que influyen directamente
en la actividad de los heterodimeros CDK-ciclina, puesto que esa actividad es limitante para la

progresién normal del CC.

2.1.2 Supuestos del Modelo

El procedimiento para la construccidon del modelo requiere la especificaciéon de suposiciones y
una aplicacién consistente de las mismas. Si los supuestos son apropiados ayudaran a obtener
conclusiones después de una validacién satisfactoria del modelo. Los supuestos del modelo

Booleano del CC de Arabidopsis fueron los siguientes:

e Los nodos representan genes, proteinas o complejos de proteinas involucradas en las tran-
siciones de fase del CC. El estado del nodo 1 representa presencia, y 0 ausencia; el dltimo
caso, también indica situaciones en las cuales un componente estd presente pero inhabili-
tado por una modificacion postraduccional, e.g. el estado del nodo RBR corresponde a 1 o

presente cuando esta proteina esta en su forma hipofosforilada.

e En las reglas légicas, cuando no se especifica una CDK particular, una ciclina formaria
complejo con CDKA;1, una cinasa que siempre esta presente porque se expresa en tejidos

en proliferaciéon [170] y durante el todo el CC.

e E2Fa, E2Fb y E2Fc necesitan proteinas Dimerization Partner (DPa o DPb) para su unién a
ADN. Dado que la expresion de DP no cambia drasticamente en el CC [171], asumimos

que el estado del esos dimeros estd dado solamente por la presencia de los factores E2F.

e La dindmica de la formacién de complejos (tales como CDK-ciclina y KRP1, o RBR y los
factores E2F) se especifica directamente en la funcion Booleana de sus genes blancos. Por
ejemplo, la regla légica de E2Fb es F2Fa & !RBR, indicando que el estado de E2Fb es 1

cuando E2Fa lo activa transcripcionalmente porque RBR no estd unido a E2Fa.

e El esquema de actualizacion para el estado de los nodos fue sincrénico.
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Tabla 2.1. Interacciones demostradas mediante experimentos para la red del CC de A.

thaliana y referencias.

Regulador Blanco Descripcion de la interaccidn y referencias
CDKA;1-CYCD3;1 4 RBR Diversos experimentos sugieren que esta interaccion esta conservada en Ara-
bidopsis, de manera similar a como ocurre en mamiferos [40, 172], es decir,
que la ciclina CYCD3;1 se une a CDKA;1 [27] y que los complejos CKDA;1-
ciclinas tipo D se unen, fosforilan e inactivan a RBR [173, 174], su principal
blanco [27].
CDKA;1-CYCD3;1 4 RBR-E2Fb El complejo E2Fb-RBR disminuye cuando CYCD3;1 estd sobre-
expresada [94].
CDKA;1-CYCD3;1 -+  E2Fc El reconocimiento de E2Fc por la ligasa de ubiquitinas SCF requiere la fosfo-
rilacién mediada por la cinasa CDKA;1 [69].
SCF -+ CYCD3;1 La ligasa de ubiquitinas SCF esta involucrada en la ubiquitinaciéon que dirige
la degradacién de la ciclina CYCD3;1 [54].
SCF < KRP1 La ubiquitinacién de KRP1 por el SCF promueve la degradacion de este in-
hibidor de CDKs [136,175].
SCF + E2Fc El FT E2Fc se acumula cuando la subunidad del SCF, SKP2A, esta mutada,
mientras que la sobre-expresion de esta subunidad reduce los niveles de
E2Fc [69,176].
RBR -+ E2Fa/b RBR hipofosforilado se une a E2Fa/b y es un regulador negativo de su activi-
dad transcripcional [44,94].
E2Fa — E2Fb La transcripciéon de E2Fb se induce en la linea sobre-expresora de E2Fa [39].
E2Fa — E2Fc E2Fc tiene sitios de unién de los E2Fs [39] y su expresion estd inducida en las
lineas sobre-expresoras de E2Fa-DPa [117].
E2Fa — RBR El control transcripcional de RBR estd bajo la actividad transcripcional de
E2Fa [116].
E2Fa — APC/C CCS52A2, una subunidad del complejo APC/C, se induce cuando se sobre-
expresa una forma de E2Fa que no se puede unir a RBR [94].
E2Fb — CYCBI1;1 La expresion de CYCB1;1 esta inducida cuando incrementa la concentracion
de una forma de E2Fb que no se puede unir a RBR; los blancos de E2Fb son
genes necesarios para la transicion G2/M [2,94,117].
E2Fb — CDKBI1;1 La induccidon de la expresion de E2Fb promueve la expresion de CDKB1;1 [2].
E2Fb — E2Fe E2Fb induce la transcripcion de E2Fe [96]
E2Fc - CDKBI1;1 El efecto positivo de E2Fb puede ser contrarrestado por E2Fc; con la desesta-
bilizacién de E2Fc, incrementan los niveles de CDKB1;1 [96, 135].
E2Fc -+ CYCBI1;1 La expresion de CYCB1;1 incrementa con la reduccién de la expresion de
E2Fc; la sobre-expresion de E2Fc reduce los niveles de CYCB1;1 [177].
E2Fc - E2Fa Los mensajeros de E2Fa incrementan con el silenciamiento de la expresion de
E2Fc por RNA de interferencia [177].
E2Fc 4 E2Fe E2Fc contrarresta el efecto positivo que tiene E2Fb en la expresion de
E2Fe [96].
E2Fe -1 APC/C La expresion de CCS52A, una subunidad del APC/C, es inhibida por
E2Fe [178].
MYB3R1/4 — CYCBI;1 MYB3R1/4 reconoce la secuencia AACGG requerida para la expresion de
CYCB1;1; otros reguladores parecen dirigir su expresion especifica de la tran-
sicion G2/M [47,179].
CDKB1;1 - CYCA2;3 CYCAZ2;3 interactia con CDKB1;1 para formar un complejo funcional [93,
180].

CDKB1;1-CYCA2;3 - KRP1 En complejo con CYCA2;3, CDKB1;1 podria promover la protedlisis de KRP1
como promueve la protedlisis de KRP2; ambos KRPs podrian tener pape-
les similares en la entrada de la mitosis, puesto que ambos interactiian con
CDKA;1 y se expresan en G2/M [89,93,181].

CDKB1;1, CDKA;1 - CYCBI;1 Las ciclinas de tipo B interactian con CDKs de tipo B y tipo A [71,180].

CDKA;1-CYCB1;1 MYB3R1/4 La sobre-expresién de MYB3R4 duplica la actividad de su promotor blanco
con respecto al silvestre, y la coexpresién de MYB3R4 y CYCB1;1 la cuadru-
plican [72]; CycB1 y otras ciclinas mitéticas incrementan la actividad de los
factores NtmybA2 en tabaco [29, 182].

KRP1 +H CYCD3;1 KRP1 interactia con CDKA;1 y CYCD3;1 en el sistema doble hibrido en
levadura [4,136,183,184].
KRP1 +H CYCBI;1 La unién de KRP1 a CDKA;1 inhibe la actividad de CDKA-CYCB1;1 [137,183].
APC/C 4 CYCB1;1 El complejo APC/C ubiquitina a CYCB1;1 para que sea degradada [86].
APC/C - CYCA2;3 CYCA2;3 se estabiliza con las mutaciones de pérdida de funcién en sub-

unidades del APC/C, o con mutaciones en su caja D [92,93].

Resumen de la evidencia experimental que sustenta las interacciones del modelo de la red de regulacién del CC d24
Arabidopsis. - representa la regulacién negativa, — es la regulacion positiva y — representa la formacion de

complejos funcionales.
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Tabla 2.2. Interacciones hipotéticas de la red del CC de Arabidopsis.

Regulador

Blanco(s)

Datos que apoyan la interaccion propuesta y referencias

E2Fb

E2Fb

MYB77

MYB3R1/4

CDKB1;1-CYCA2;3

APC/C

—

—

SCF

MYB77

E2Fe, KRP1,
MYB3R1/4,
CYCB1;1,
CYCA2;3,
CDKB1:1,
CCS52A2
SCF,
CDKB1;1,
CYCA2;3,
APC/C,
MYB3R1/4,
KRP1

RBR,

E2Fc,

E2Fa

SCF

Skp2 es un proteina F-box que forma parte del complejo SCF; esta
proteina es regulada transcripcionalmente por E2F1 en humano [185].
E2Fb es el ortélogo de E2F1 en Arabidopsis. Hasta ahora solo se ha
reportado que los factores E2F regulan a la proteina F-box FBL17 en
Arabidopsis [158]

La regulacidon directa entre los factores E2F y MYB se ha reportado
en mamiferos [30] y entre las proteinas funcionalmente equivalentes
de S. cerevisiae [186], pero no en Arabidopsis. Consideramos que en
plantas podria incluir al menos un intermediario, ya que la presencia
de otras caracteristicas como la regulacion periddica, nos hace pensar
que la regulacion trancripcional es similar. Después de analizar las dos
familias principales de FTs involucrados en la regulacién del CC, TCP
y MYB [56], nosotros proponemos a MYB77 como un mediador entre
la regulacion de E2F y MYB. En anélisis de expresion dependiente del
CC por microarreglos, se encontré que MYB77 presenta un pico de ex-
presion en la fase M [187-189]. Este FT de la familia MYB tiene sitios
de unidén para E2F, y como el sitio consenso que reconoce ya se identi-
ficd, planteamos la posibilidad de que MYB77 regula a MYB3R1/4 y a
otros genes de la red del CC de Arabidopsis.

La secuencia CNGTTR identificada como un sitio consenso reconocido
por MYB77 [190,191] se usé para encontrar sus posibles blancos entre
los reguladores de la red del CC. Varios de ellos se expresan justo antes
de la transicién G2/M.

Con la metodologia descrita en la Seccién 2.1.4, el sitio consenso que
reconoce MYB3R4, se encontré en SKP2A, RBR, CDKB1;1, CYCA2;3,
CCS52A2, KRP1, E2Fc, MYB3R1/4 y CYCB1;1. En tabaco, los genes
NtmybAl y NtmybA2, ortélogos de MYB3R1/4, también tienen la se-
cuencia MSA y pueden autorregularse [29]. MYB3R1/4 podria pro-
mover la expresion de KRP1, puesto que este inhibidor de CDKs
tiene un pico de expresién en G2/M y tiene 8 elementos MSA pu-
tativos [181]. Adicionalmente, la regulacion CYCB1;1 por los FTs
MYB3R1/4 también tiene una referencia experimental (ver Tabla 2.1).
Se ha propuesto que los niveles bajos de E2Fa se podrian deber a su alta
tasa de recambio como resultado de la fosforilacion por la CDKB1;1.
Este FT tiene sitios putativos de fosforilacion por la CDK en su ex-
tremo N-terminal, y la actividad alta de cinasas CDK correlaciona in-
versamente con su habilidad de unién a ADN in vitro [2,117]. Esta
interaccidn estd demostrada en células de mamiferos [93,192].

Se ha propuesto que las funciones del complejo APC/C y el SCF son
excluyentes durante la progresién del CC [193]. En células en pro-
liferaciéon de mamiferos, el nivel de Skp2, una de las subunidades
que conforman el SCF, oscila siguiendo el patrén de los sustratos
del APC/C, y la subunidad del APC/C Cdhl esta involucrada en la
degradacion de Skp2 [194]. Los complejos SCF y APC/C de Arabidop-
sis, parecen tener las mismas funciones que sus contrapartes en ani-
males y su regulacion también parece estar conservada [175,195]

Resumen de la informacién que nos llevé a considerar interacciones adicionales a las demostradas
experimentalmente para la regulacion del CC en Arabidopsis. - representa regulacién negativa y — es regulacion
positiva.

2.1.3 Reglas logicas del modelo

Este modelo Booleano integra datos experimentales de 29 interacciones involucradas en la pro-

gresion del CC de Arabidopsis. También incorpora tres interacciones descubiertas en animales
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(E2Fb—SCF, CDKB1;1-CYCA2;3-E2Fa, APC/C-SCF), y 16 interacciones basadas en analisis bioin-
formaticos.
En las Tablas 2.1 y 2.2 [169] se describen con detalle las interacciones del modelo y la inte-

gracion de esos datos quedo formalizada en las siguientes reglas logicas:

A es el operador Booleano “AND”, V es el operador “OR”, y — es la negacién. Dado que las
reglas légicas indican como cambia el estado de un nodo a través del tiempo, una regla recibe
el estado de los reguladores del nodo al tiempo ¢ para producir el estado de ese nodo al tiempo

t 4+ 1, es decir, un paso de tiempo después.

1. CYCD3;1 = -SCF
La ciclina CYCD3;1 estd presente cuando la ligasa de ubiquitinas SCF no estd para pro-

mover su degradacién.

2. SCF = -APC/C A ((E2Fb A (-RBR V (-KRP1 A CYCD3;1))) vV MYB3R1/4)
La presencia del SCF requiere la ausencia del APC/C y la activacién transcripcional por
parte del E2Fb o el MYB3R1/4 (a través de su subunidad SKP2A). Para que E2Fb sea
funcional, no debe estar presente RBR o debe estar hiperfosforilado por el complejo activo
CDKA;1-CYCD3;1.

3. RBR = (KRP1V —=CYCD3;1) A ((E2Fa A =RBR) V MYB3R1/4)
La presencia de la forma hipofosforilada de RBR requiere la ausencia o la inactividad de
CDKA;1-CYCD3;1 y la activacién transcripcional por E2Fa (libre de RBR) o por MYB3R1/4.

4. E2Fa = (E2Fa vV —E2Fc) A =(CDKB1;1 A CYCA2;3)
La presencia de E2Fc no afecta la expresion de E2Fa, pero su ausencia incrementa la ex-
presion de E2Fa, y la actividad de CDKB1;1-CYCA2;3 correlacionan con niveles bajos del
FT E2Fa.

5. E2Fb = (E2Fa A -RBR)

Cuando RBR no esta unido a E2Fa, este FT activa la expresion de E2Fb.

6. E2Fc = —(SCF A ~KRP1 A CYCD3; 1) A ((E2Fa A =RBR) V MYB3R1/4)
E2Fc estd presente cuando E2Fa (libre de RBR) o MYB3R1/4 lo activan transcripcional-
mente, y cuando el SCF no ubiquitina a la proteina para que sea degradada. Fl re-
conocimiento de E2Fc por parte del SCF depende de la actividad de CDKA;1-CYCD3;1.

7. E2Fe = (—=E2Fc v (E2Fb A (-RBR V (-KRP1 A CYCD3; 1)))) v MYB77
La presencia de E2Fe depende de su expresién genética dirigida por MYB77 o E2Fb. La
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10.

11.

12.

13.

14.

activaciéon por E2Fb requiere que RBR no esté presente o que esté hiperfosforilado por
CDKA;1-CYCD3;1. E2Fc se une al mismo sitio que E2Fb, y reduce la inducciéon por E2Fb;

E2Fe se expresa un poco cuando se elimina el sitio que reconocen estos E2Fs.

. MYB77 = E2Fb A (-RBR V (-KRP1 A CYCD3; 1))

La expresién de MYB77 es inducida por E2Fb cuando RBR no estd o se encuentra hiperfos-

forilado.

. MYB3R1/4 = MYB77Vv (MYB3R1/4 A CYCB1;1 A -KRP1)

MYB3R1/4 transcribe a su propio gen cuando la proteina es fosforilada por CDKA;1-

CYCB1;1. Alternativamente, la expresién de este gen es promovida por MYB77.

CYCB1;1 = -APC/CA(MYB3R1/4VMYB77V ((-RBRV (-KRP1ACYCD3; 1)) AE2Fb A
-E2Fc¢))

Esta ciclina esta presente cuando es transcrita por MYB3R1/4, MYB77 o E2Fb, y el APC/C
no esta (ligasa de ubiquitinas E3 que induce su degradacion). Si su transcripcion esta a
cargo de E2FDb, es necesario que RBR no inhiba su funcién y que E2Fc no esté, ya que este
FT reduce el efecto de E2Fb.

CDKBI1;1 = ((-RBR V (-KRP1 A CYCD3;1)) A E2Fb A mE2Fc) V MYB3R1/4 Vv MYB77
La presencia de esta cinasa depende de su transcripciéon promovida por E2Fb o MYB3R1/4
o MYB77. El efecto de E2Fb depende de la ausencia de E2Fc y de RBR hipofosforilado.

CYCA2;3 = -APC/C A (MYB3R1/4 Vv MYBT77)
La presencia de esta ciclina requiere la activacion transcripcional por alguno de los FT MYB

y la ausencia de APC/C que media su degradacién.

KRP1 = (MYB77 Vv MYB3R1/4) A -(CDKB1;1 A CYCA2;3 A SCF)
KRP1 esta presente cuando su expresion es regulada por MYB77 o MYB3R1/4, y cuando
no es modificada postraduccionalmente por SCF y CDKB1;1-CYCA2;3.

APC/C = —E2Fe A ((E2Fa A =RBR) V MYB3R1/4 vV MYB77)
Este complejo es funcional cuando la expresion de su subunidad CCS52A es promovida por

E2Fa (libre de RBR) o alguno de los FT MYB, y cuando E2Fe no reprime esa expresion.

2.1.4 Expresion periddica y andlisis de secuencias promotoras

Para la validacion del modelo continuo, se obtuvieron perfiles de expresion periddica de los

trabajos de Menges y colaboradores [187-189]. Para los andlisis de las secuencias promo-

toras se uso el sitio consenso CNGTTR para MYB77 [190, 196], mientras que para MYB3R4 fue
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Fig. 2.2. Red de regulacion del ciclo celular de Arabidopsis. Las lineas punteadas indican
interacciones hipotéticas (Tabla 2.2), las lineas continuas son interacciones demostradas

(Tabla 2.1). Las interacciones negras son regulacion transcripcional, las lineas verdes son
interacciones fisicas, las rojas son fosforilaciéon y las azules ubiquitinacién. Los complejos
CDK-ciclina se representan por rombos, cuando una interaccion llega al rombo es porque afecta
tanto a la cinasa como a la ciclina. Los nodos rojos son FTs, los verdes son ligasas de ubiquitina
E3, los azules son ciclinas, los lilas son cinasas y las proteinas que interactuan fisicamente con
otras son la amarilla y la rosa. Imagen tomada del articulo [169].

AACGG [179]. Esos motivos se buscaron en las secuencias regulatorias de todos los nodos de
la red usando la herramienta Pathmatch! de TAIR. Usamos los dataset TAIR10 Loci Upstream
Sequences-1000bp y TAIR10 5’'UTRs como secuencias regulatorias.

2.1.5 Software para el analisis de robustez y simulacion de mutantes

Para simular la dindmica de la red de regulacién del CC y realizar los andlisis de mutantes y
de robustez usamos BoolNet? [198] y Atalia®>. Para los andlisis de robustez, las alteraciones
sistematicas en las funciones Booleanas se hicieron con Atalia, mientras que las perturbaciones

estocasticas en redes aleatorias para evaluar la robustez del atractor se hicieron con BoolNet.

'http://arabidopsis.org/cgi-bin/patmatch/nph-patmatch.pl
Libreria del lenguaje R [197]
3A. Chaos; http://web.ecologia.unam.mx/achaos/Atalia/atalia.htm
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Aplicamos el método “bitflip” en las perturbaciones aleatorias hechas en las transiciones entre
configuraciones de red o en las funciones Booleanas. Validamos el modelo simulando las muta-
ciones de pérdida y de ganancia de funcién con BoolNet, excluyendo su regla ldgica y asignando

el valor de “0” y “1”, respectivamente.

2.1.6 Modelo Continuo

Para descartar posibles artefactos del modelo Booleano, debido a la naturaleza discreta y de su
esquema de actualizacion sincronico, comparamos los resultados del modelo Booleano con los
resultados de su aproximacion continua. La version continua del modelo la obtuvimos aplicando
la metodologia [199,200] a la versién Booleana. En la version continua del modelo, el valor que

toma cada nodo es su tasa de cambio representada por la siguiente ecuacion diferencial:

dx; _ —e0:5h; L g—hyx(wy) -
dt — (1_e05hi)x(11e Pi*(@i09)) YiXi

hi € {1,2,5,10,15,25,35,50,75,100} 'y ~ €{1,1.1,1.2,1.3,1.4,1.5,1.6,1.7,1.8,2}

El primer término corresponde a la tasa de produccién y el segundo a la de decaimiento. w;
es la forma continua de la tabla de verdad que se obtiene con légica difusa:
zi(t) Nxj(t) +—  min(x;(t), z;(t))
zi(t) Va;(t) — max(xi(t),z;(t))
—zi(t) = 1 —axi(t)

h es el parametro que indica qué tan parecida sera la activaciéon de un nodo a una funcién
escalon; para h = 1 la activacion sera una linea recta con pendiente =1, y para h cercana a
100 o mayor, la curva se asemeja a una funcién escalon. ~; es la tasa de decaimiento de cada
nodo [199,201]. El modelo continuo se evalu6 inicialmente con valores por defecto para h; = 15
y para v; = 1, y después probamos 10 valores diferentes para el pardmetro h; y 10 mds para ~;,
para descartar que el comportamiento oscilatorio fuera dependiente de los parametros. Mientras
se evaluaba una h;, se asignaban los valores por defecto al resto de los parametros & y a las ;.
A la inversa, cuando se evaluaba una +;, el resto de pardmetros v y las h; tomaban los valores
por defecto. De esta forma, probamos 28 parametros, 2 por nodo, con 10 valores posibles.
Siempre usamos la configuracion de la fase G1 temprana como condicién inicial (CYCD3;1=0,
SCF=0, RBR=1, E2Fa=0, E2Fb=0, E2Fc=1, E2Fe=0, MYB77=0, MYB3R1/4=1, CYCB1;1=0,
CDKB1;1=1, CYCA2;3=0, KRP1=0, APC/C=1).

29



2. MODELO DINAMICO DE LA RED DE REGULACION DEL CICLO CELULAR DE ARABIDOPSIS

2.2 Resultados

En el modelo propuesto integramos y sintetizamos datos publicados de las interacciones del CC
de Arabidopsis, y algunos datos de otros organismos (mamiferos y levaduras) que proponemos
como predicciones de la regulacidon en Arabidopsis. El conjunto completo de interacciones y
nodos incluidos en el modelo se muestran en la Fig. 2.2. Se distinguen cuatro tipos de interac-
ciones: (i) regulaciéon transcriptional, (ii) ubiquitinacién, (iii) fosforilacién y (iv) interacciones
fisicas proteina-proteina. Adicionalmente, se llevd a cabo un analisis in silico de los FTs y promo-
tores para sustentar 15 interacciones de la red (estas fueron: MYB77— E2Fe, MYB3R1/4, KRP1,
CYCB1;1, CYCA2;3, CDKB1;1 y CCS52A2; MYB3R1/4 — SCF, RBR, CDKB1;1, CYCA2;3, APC/C,
KRP1, E2Fc y MYB3R1/4).

2.2.1 El modelo propuesto recupera la dinamica de la regulacién del ciclo celular
de Arabidopsis

Fig. 2.3. Todas las configuraciones de red posibles convergen a un unico atractor ciclico
(acercamiento). Cada punto representa una de las 2'* posibles configuraciones de red, y la
linea indica la configuracién a la que llega. En el centro se encuentra el atractor ciclico de 11
configuraciones (periodo 11).

Nuestros resultados muestran que los nodos considerados son necesarios y suficientes para
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recuperar un unico estado estacionario ciclico (Fig. 2.3), y asi, el comportamiento ciclico robusto
de los componentes considerados. Tal comportamiento es muy parecido a los patrones periddicos
de las configuraciones de red observados durante la progresion real del CC (Fig. 2.4). Es impor-
tante aclarar que el atractor ciclico s6lo indica la secuencia de cambios que ocurren durante el
CC, pero no hay forma de conocer la duracién real o relativa de un evento; por ejemplo no pode-
mos saber el tiempo que pasa una célula en una fase a partir del nimero de configuraciones que
la caracterizan.

Las primeras dos columnas del atractor o configuraciones de red de la Fig. 2.4, correspon-
den al estado G1, dado que durante la fase G1 temprana, el complejo CDKA;1-CYCD3;1 esta
ausente o inactivo por la presencia del KRP1 [54, 136, 174]. Como sefialamos en los supuestos
del modelo (Seccion 2.1.2), el estado de CDKA;1-CYCD3;1 esta dado solo por la presencia de
CYCD3;1. Para facilitar la comprensién, se muestra el complejo CDKA;1-CYCD3;1 en lugar de
solo CYCD3;1. La ausencia de ciclinas mitéticas (CYCA2;3 y CYCB1;1) en esta fase [47, 66],
asi como la presencia del APC/C hasta la fase G1 temprana, también coinciden con las obser-
vaciones experimentales [95,178]. La presencia de la proteina RBR en la fase G1 implica que
los E2F estan transcripcionalmente inactivos, como se esperaria [60-62]. La tercer columna se
asemeja a la transicién G1/S, ya que la presencia del complejo CDKA;1-CYCD3;1 induciria la fos-
forilacion de RBR y su inactivacion [36]. En la cuarta configuracion, la fase S esta representada
por la inactivacién de RBR y la activacidn transcripcional de E2Fa/b [202]. En la quinta y la sexta
configuracién, E2Fc regresa al estado “presente” pero el estado de RBR se mantiene “ausente”,
lo cual indica que la transcripcién dirigida por E2Fa/b auin puede estar ocurriendo. De hecho, el
factor E2Fb aparece desde la quinta configuraciéon y esto es consistente con su funcién de regu-
lador de la expresion de los genes responsables de la transicién G2/M. En la sexta configuracion
MYB77 estd presente, aunque en experimentos de sincronizacion de células se ha observado
que se transcribe desde el inicio de la mitosis [188]. Durante la fase G2 se expresan los FTs
MYB y KRP1 [64, 136, 188], estos tltimos mantendrian inactivos a los dimeros formados por
CDKA;1 y las ciclinas mitdticas; en conjunto, estos datos son consistentes con lo que se observa
en la séptima configuracion del atractor del CC. En la octava columna, se pierde KRP1 porque
CDKB1;1-CYCA2;3 lo fosforila, este heterodimero esta activo en la transicion G2/M y el inicio de
la mitosis [93] La fosforilacién de KRP1 lo lleva a su degradacién y posterior activacién de los
complejos mitéticos tales como CDKA;1-CYCB1;1 que inician la mitosis [89,181] (configuracion
9y 10 en la Fig. 2.4). La falta del APC/C al inicio de la mitosis es determinante para la acumu-
lacién de las ciclinas mitéticas, pero la presencia de este complejo es necesaria para la salida de
la mitosis [203], la cual ocurre en la undécima configuracién del atractor (Fig. 2.4). Asi, nuestro

modelo de regulacion del CC recupera un dnico atractor ciclico de once configuraciones de red,
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lo cual demuestra que el comportamiento ciclico de sus componentes es congruente con lo que
se observa experimentalmente. Este resultado valida que el conjunto de restricciones propuestas

convergen a un comportamiento ciclico que es independiente de las condiciones iniciales.

CDKA;1- CYCD3;1+
SCF -

RBR -
E2Fa
E2Fb
E2Fc
E2Fe—
MYBT77
MYB3R1/4
CYCBL;1+
CDKB1;1
CYCA2;3-
KRP1-
APCIC-

Fases del CC
Configuraciones dered | 1 2 3 4 5 6 7; 8 9 10 11

Fig. 2.4. Atractor del modelo de la regulacion del ciclo celular de Arabidopsis. Las filas
indican el cambio en el estado (presente/ausente) de los reguladores del CC. La presencia de
los nodos estd indicada en verde y la ausencia en rojo. Las columnas corresponden a la
configuracién de la red en cada fase o transicién del CC, indicado con la barra horizontal
inferior. Figura tomada del articulo [169].

2.2.2 Las mutantes de pérdida y de ganancia de funcion recuperan los patrones
observados de un ciclo celular normal y del endociclo

Una validacién adicional del modelo del CC de Arabidopsis implica simular mutaciones de pérdida
y ganancia de funcion, y comparar los atractores recuperados con los perfiles de expresién doc-
umentados experimentalmente para cada mutante probada. Simulamos los mutantes fijando el
nodo correspondiente en 0 para la pérdida de funcion, o en 1 para la ganancia. Los atractores
de los mutantes simulados son coherentes con los datos experimentales en la mayoria de los
casos. En la Tabla 2.3 se muestra una sintesis de los resultados de estas simulaciones, y en la
Fig. 2.5 mostramos ejemplos de los atractores que recuperan los fenotipos esperados (indicados
con A en la Tabla 2.3). Varios de estos atractores como la pérdida de funcién de la CDK de tipo
B (Fig. 2.5 J), la ganancia de funcion de APC/C (Fig. 2.5 N) o el atractor con 8 configuraciones
de la ganancia de funcion de E2Fa (Fig. 2.5 C), convergen a un atractor ciclico que corresponde

a la configuracion observada durante un ciclo de endorreduplicacién.
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Tabla 2.3. Resumen de los resultados de los analisis de mutaciones en los componentes
de la red de regulacion del CC

Nodo +  Resultado de la ganancia de funcién - Resultado de la pérdida de funcién

CYCD3;1 PA  En las plantas con la pérdida de funcién de esta A Cuando esta ciclina se elimina por la falta de sac-
ciclina se inhibe la salida del CC, incrementa el arosa, las células se detienen en la fase G1; en
tamafo de las zonas de divisién y las divisiones hojas adultas, la triple mutante cycd3;1-3 provoca
ectopicas. La duracién de la fase G1 es menor y la la disminucién del nimero de células [54, 204].
de la G2 es mayor. Retraso en la expresion de los El atractor obtenido oscila entre la fase G1 y la
genes de la transiciéon G2/M [55,174]. El atractor transiciéon G1/S.
que se obtuvo con la simulacién de esta mutante
fue la fase G2 en punto fijo.

SCF NR La ganancia de funcién de SKP2A estimula la pro- A  Las plantas con un nivel reducido de SKP2 no
liferacion celular, incrementa el nimero de células muestra un desarrollo afectado pero se acumula
en G2/M y disminuye la ploidia [140, 205]. El KRP1 [136].
modelo no recupera este fenotipo ya que éste os-
cila entre la fase G1 y S.

RBR A En las células en donde RBR no es funcional el A  La proliferacién se favorece y la diferenciaciéon
CC se detiene; en las células del meristemo de la celular se afecta [166]; con la disminucién de esta
raiz se pierde la expresion de CYCB1;1. En arroz proteina en arroz se favorece el incremento de
decrementa el nimero de células que estan sinte- células que se encuentran en fase S [24].
tizando ADN [24,172]. El atractor obtenido car-
acteriza la fase G1.

E2Fa A La mitosis y la endorreduplicacion se ven favore- PA  La expresion de E2Fb, RBR y otros reguladores del
cidas [61,202]. Se obtuvieron dos atractores, uno CC disminuye; hay mas células en G1 y G2 con
de ellos, con el 40.48% de las condiciones ini- respecto a las plantas silvestres [94]. Se obtuvo un
ciales, es el CC normal; el otro, con 59.52% de atractor de punto fijo que tiene E2Fe y CYCD3;1,
las condiciones iniciales, es similar a un endociclo sugiriendo que el CC se detiene en alguna fase G.
pero la actividad del APC/C es menor.

E2Fb A La alteracién de este FT induce divisién celulary - No hay informacién sobre el efecto de esta al-
reduce endorreduplicacién; la duracién del CC y teracién en el CC. El atractor obtenido fue de
el tamafio de las células es menor; incrementa la punto fijo representando la transicién G1/8.
cantidad de transcritos de fase S [2,117].

E2Fc PA  La sobre-expresién de una forma no degradable PA Incrementa la expresién de proteinas mitéticas
de E2Fc produce células mas grandes o la falta de como CYCB1;1, la ploidia estd reducida [176,
divisién. El atractor obtenido fue de punto fijo, 177]. El atractor obtenido caracteriza una de-
congruente con un paro del CC donde solo E2Fc y tencién en fase M.

CYCD3;1 estan presentes [69].

E2Fe PA  Esta alteracion reduce los niveles de ploidia [178]. A Aumenta la endorreduplicacién [178].
El CC se detiene en la fase M.

MYB77 - Las plantas son mds cortas pero no se revisa el - No se caracteriz6 el comportamiento del CC de la
comportamiento del CC [196]. El atractor fue de mutante de MYB77 [196]. El atractor corresponde
punto fijo y corresponde a un CC detenido en un a un CC de 7 configuraciones.
estado mitdtico

MYB3R1/4 - No hay datos disponibles acerca de las al- A  En el fondo mutante de MYB3R1/4 disminuyen
teraciones en la division celular. Se obtuvieron los transcritos de los genes involucrados en la
dos atractores de punto fijo de paros del CC en transicién G2/M, la divisién celular no se com-
la fase G1 temprana, la diferencia entre ellos fue pleta [179]. Se obtuvo un atractor que parece
el estado de E2Fa. tener comportamiento similar a un endociclo,

y otro atractor con las configuraciones y tran-
siciones del CC, solo que APC/C siempre esta
ausente.

CYCB1;1 A Se acelera el crecimiento de la raiz y las células - La ausencia de esta ciclina estd asociada a la difer-
son ligeramente mas pequefias [101]. Se recuperd enciacion [206]. El atractor parece corresponder
atractor representando al CC normal. gelrllltleeﬂdOCIdO aunque el APC/C nunca estd pre-

CDKB1;1 A No parece afectar el comportamiento del A  La sobre-expresion de un alelo negativo domi-
CC [207], el atractor que se obtuvo es un nante favorece la endorreduplicacion [68].

CC normal.

CYCA2;3 A Esta alteraciéon no es suficiente para producir PA En mutantes nula de esta ciclina, la endorredu-
tricomas multicelulares pero la proporciéon de plicacion se ve favorecida, los endociclos comien-
células poliploides es menor [92]. zan antes y son mas rapidos que en las plantas

silvestres [92].

KRP1 PA  Detencién del CC e inhibicién de la proliferacion, A  No hay efectos fenotipicos evidentes pero incre-
la fase G2 es mds larga; la sobre-expresion débil menta la actividad de la cinasa con respecto al sil-
de KRP2 produce incremento en la ploidia [3, 89, vestre [208].

137]. El atractor oscila entre la fase G1 y la tran-
sicién G1/S.
APC/C A Laganancia de funcién de la subunidad del APC/C PA  La pérdida de funcién de la subunidad CCS52A2

CCS52A2 favorece la entrada a la endorredupli-
cacién; aumenta el nimero de células con mayor
ploidia [178].

de este complejo hay menos células meris-
tematicas en la raiz pero no se afecta el indice de
endorreduplicacion; las células de CQ se vuelven
mitéticamente activas [95]. El atractor recuper-
ado es de punto fijo, el CC se detiene previo é\éa
salida de la mitosis.

Resumen de los fenotipos mutantes recuperados. A indica que el resultado es acorde con los datos disponibles, PA significa
parcialmente de acuerdo con los datos experimentales, el resultado no fue completamente coherente con los datos experimentales.
NR quiere decir que el fenotipo mutante no se recuper6 en la simulacion.
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En tales atractores, los inductores de endorreduplicacion, como APC/C, KRP1 y E2Fc [177,
181, 209] estdn presentes, al menos en algunas configuraciones de la red. Otra caracteristica
notable de estos atractores mutantes es que, aunque los complejos CDK-ciclina mitéticos podrian
estar presentes, estan inhibidos por KRP1, por lo tanto no hay ningtin complejo CDK-ciclina ac-
tivo que desencadene el inicio de la mitosis. Estos datos coinciden con la regulacién reportada
durante el inicio de la endorreduplicacién [89]. En el atractor donde E2Fa coincide con esta-
dos alternantes de RBR, sugiere que la endorreduplicacion podria ocurrir, debido a que el ciclo
oscilaria en la fase S (atractor de 3 estados de la Fig. 2.5 D y H). Probablemente debido a la
redundancia en las plantas, algunas mutaciones no tienen un fenotipo afectado obvio. Ese es el
caso de la pérdida de funcién de KRP1, en el cual se recupera un atractor idéntico al original con
la simulacién (Fig. 2.5 M), como se esperaria, ya que tales mutantes no muestran un CC alterado
evidente [136].

Es interesante que la simulacion de un APC/C constitutivamente activo también converge a
un unico atractor ciclico, el cual corresponde a un ciclo de endorreduplicaciéon, puesto que tiene
fases G y S pero le falta una configuracion de la fase M (Fig. 2.5 N). Esto coincide con la obser-
vacién experimental de que la sobre-expresion de una de sus subunidades (CCS52A) promueve
la entrada al endociclo [178]. Otro ejemplo notable es la mutacién de la ganancia de funcién
de E2Fa que produce dos atractores ciclicos, uno corresponde al CC normal y el otro al endoci-
clo (Fig. 2.5 C). Ya se ha demostrado que este gen es necesario para ambos procesos [61] que
aparentemente son excluyentes, puesto que en ambos procesos ocurre la replicacién del ADN y
entre los blancos del E2Fa hay genes necesarios para la fase S. Asi, nuestro modelo sugiere que
la regulacién de E2Fa al final de la fase G2 es decisiva para la salida del CC y la transicion a
la endorreduplicacion. En esta simulaciéon de ganancia de funcion de E2Fa, encontramos una
inconsistencia con APC/C porque se requiere esta ligasa de ubiquitina E3 para la endorredupli-
cacion, mientras que en el atractor con 8 configuraciones de red sélo esta presente en una de
ellas. Tal comportamiento en este atractor de endorreduplicacién lleva a una actividad inestable
en el complejo CDK-ciclina, sugiriendo asi que el incremento en el APC/C es necesario tanto al
inicio de la endorreduplicacién como en la progresion. En el atractor de la simulacion de la
ganancia de funcion del APC/C, el estado de los nodos CYCD3;1, SCF, y E2Fa es consistente du-
rante todo el ciclo, a diferencia de los atractores de endorreduplicacion de la pérdida de funcion
de CDKB1;1 o ganancia de funcion de E2Fa (8 configuraciones), donde la presencia de CYCD3;1,
SCF, E2Fb, E2Fc y los factores MYB alterna entre “presente” y “ausente”. Es interesante que E2Fa
en los 3 atractores de endorreduplicacidn estd constitutivamente presente.

Consideramos que la simulacion de la ganacia de funciéon del APC/C proporciona un posible

mecanismo de la accién de las hormonas vegetales sobre la maquinaria molecular del CC y cémo
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A) CYCD3;1[-]  B) SCF [-] C) E2Fa [+] D) RBR [-]

F) E2FDb [+] G) E2Fe [-] H) MYB3R1/4 [-] I) CYCBL;1[-]  J) CDKB1;1[-]

L) CYCA2;3 [+] M) KRP1 [-] N) APC/C [+]

Fig. 2.5. Atractores obtenidos por el analisis de mutantes. Se muestran los atractores que

E) RBR[+]
CYCD3;1
SCF
RBR
E2Fa
E2Fb
E2Fc
E2Fe
MYBT77
MYB3R1/4
CYCBI1;1
CDKB1;1
CYCA2:3
KRP1
APC/C

K) CDKB1;1[+]

recuperaron el comportamiento equivalente al fenotipo esperado. [-] significa pérdida de
funcién y [+] es la ganancia. Los cuadros verdes indican que el componente molecular estd
presente, el rojo es de los que estan ausentes. Para mas detalles ver la Tabla 2.3.

tales morfégenos clave regulan patrones de proliferacion celular. Recientemente, Takahashi y
colaboradores reportaron una conexién directa entre citocininas y la maquinaria del CC en la
raiz de Arabidopsis [210]. Los autores mostraron que en la transicién a la zona de elongacion,
ARR2, un FT de la via de sefializacion de las citocininas induce la expresion de la proteina
CCS52A1, un activador del complejo APC/C. Nuestra simulaciéon de ganancia de funcién del
APC/C es congruente con esa observacidn, puesto que reproduce la configuraciéon alcanzada

por una célula que estd entrando al endociclo cuando se promueve la actividad del APC/C,

35



2. MODELO DINAMICO DE LA RED DE REGULACION DEL CICLO CELULAR DE ARABIDOPSIS

de la misma forma como ocurre en la zona de elongacién de la raiz de Arabidopsis. Por lo
tanto, nuestro modelo es capaz de recuperar el atractor de los fenotipos mutantes de pérdida
y de ganancia de funcién reportados experimentalmente, y de esta manera proporciona una
explicacion mecanicista de los patrones de expresion observados tanto en el CC normal como

durante los ciclos de endorreduplicacién o los endociclos.

2.2.3 El modelo Booleano del ciclo celular es robusto a perturbaciones aleatorias

Con la finalidad de proveer una validaciéon mas para la red regulatoria del CC propuesta, lle-
vamos a cabo andlisis de robustez del atractor ante tres tipos de alteraciones, en las funciones
logicas del modelo, en la transiciéon entre configuraciones de red, o en redes aleatorias; estos
analisis se encuentran resumidos en la Tabla 2.4. En plantas, el CC es bastante robusto a diver-
sos tipos de perturbacion; una manera de probar la red propuesta, es analizando qué tan robusto
es el atractor ciclico recuperado. Primero, cambiamos cada uno de los bits de la salida de cada
regla logica (paso 2 de la Fig. 2.1), y obtuvimos los atractores a partir de esa nueva version
del modelo con la alteracién. Encontramos que 87.47% de las redes perturbadas recuperaron
el atractor original, mientras que 1.77% de las redes alteradas mantuvieron el atractor original
y produjeron otros nuevos (descrito en el material Suplementario S3 del articulo [169]). En
contraste, el 10.76% restante de las alteraciones redujo el nimero de configuraciones de la red
del atractor original. En el segundo analisis de robustez, después de calcular la configuracion
de red a la que llega cada una de las posibles configuraciones iniciales (paso 3 de la Fig. 2.1),
se elige aleatoriamente un bit (i.e. el estado de un nodo) de una configuracién siguiente y se
cambia su valor. Entonces, la red se reconstruye y de nuevo se obtienen sus atractores. Hicimos
100 perturbaciones y repetimos este procedimiento 100 veces, asi encontramos que en 88.2+3.2
de las 100 perturbaciones (promedio + desviacién estdndar) se vuelve a recuperar el atractor
original. Estos resultados sugieren que la red de regulaciéon propuesta para el CC de Arabidop-
sis es robusta ante alteraciones como se espera, y en concordancia como modelos previos de
regulacién propuestos para otros procesos del desarrollo [211,212].

Para confirmar que la robustez recuperada en estos dos tipos de andlisis es una propiedad
especifica de la red bajo estudio, llevamos a cabo andlisis de robustez de redes generadas aleato-
riamente y con estructura similar a la propuesta aqui para la regulacion del CC de Arabidopsis,
y comparamos los resultados del andlisis de robustez de la red de Arabidopsis y los de esas re-
des aleatorias. Entonces, generamos 100 redes aleatorias, y 100 copias alteradas de cada red
aleatoria y de la red original. En cada copia, se cambié aleatoriamente el valor de un bit en
una regla logica (para confirmar el primer analisis de robustez), o en una configuracion de red

siguiente (para el segundo andlisis de robustez). Cuando se hicieron las perturbaciones en las
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Tabla 2.4. Resumen de los andlisis de robustez implementados para el modelo de la
regulacion del CC de Arabidopsis.

Analisis Descripcion Resultado

1. Alteraciones Obtuvimos el atractor a partir de las Se recupera el atractor de la red del CC en 87% de

en la salida tablas de verdad (construidas a partir de  las redes con un cambio en sus tablas de verdad.

d/e _las reglas 5 reglas logicas) con su salida alterada

16gicas en un bit.

2. Cambios en Obtuvimos el atractor a partir de una En promedio, en 88.2% de las redes perturbadas

la configuraciéon  tabla de transiciones que tiene un cambio  se recupera el atractor de la red del CC.

de red a la que  en el estado de un nodo de una siguiente

llega una config- configuracion de red (¢t + 1).

uracion inicial

3. Comparacion Se repite el analisis 1 y 2 para la red del Cuando se repite: el analisis 1, el atractor original

de la red del CC y para 100 redes aleatorias con es- de la red del CC se recuperd en 68% de los casos,

CC con redes tructura similar a la del CC. la mitad de las redes aleatorias recupera su atrac-

aleatorias tor(es) original en 18.55% o menos de las modifi-
caciones; el analisis 2, se recupera el atractor orig-
inal en 88% de las perturbaciones de la red del CC,
50 de las redes aleatorias (la mitad) recuperan su
atractor(es) original en 24.2% o menos de las al-
teraciones.

funciones logicas, la red de regulacion del CC de Arabidopsis recupera su atractor en 68% de
las perturbaciones, mientras que la mediana de las copias alteradas que recupera el(los) atrac-
tor(es) original(es) de las redes aleatorias fue del 18.55% (promedio 19.12% + 13.86 desviacion
estdndar). La diferencia entre el 68% de este ultimo andlisis y el 87.47% del primer andlisis de
robustez se puede deber a un error de muestreo. Si se perturban las transiciones entre las config-
uraciones de red, la mediana de los atractores originales recuperados por las redes aleatorias fue
de 24.2% (promedio 24.6%+18.2 desviacion estandar) de las perturbaciones. En contraste, el
atractor original de la red de regulacién del CC de Arabidopsis, se encontré en 88% de las copias
perturbadas que se obtuvieron a partir de la red sustentada en datos experimentales. Estos re-
sultados confirman que la red de regulacién propuesta aqui es mucho mas robusta que redes
con topologia similar generadas aleatoriamente, y asi sugiere que, ademas de la estructura, la

dinamica también influye en la robustez.

2.2.4 Las oscilaciones se mantienen en la aproximacion continua del modelo para
diferentes valores de parametros

Los modelos Booleanos pueden producir dinamicas ciclicas como un artefacto debido a su nat-
uraleza discreta y tiempos de retardo implicados en su dindmica. Para abordar esta cuestion,
aproximamos el modelo Booleano a un sistema continuo de ecuaciones diferenciales siguiendo [199,
200] y [213,214]. Para recuperar los estados estacionarios de tal sistema continuo, la version
continua de la red de regulacién se evalué para 1000 condiciones iniciales diferentes elegidas

aleatoriamente. En todos los casos e independientemente de la metodologia (i.e. [199, 200]
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o [213,214]), recuperamos el atractor de ciclo limite. El atractor obtenido con la metodologia
implementada en Odefy se muestra en la Fig. 2.6. Una diferencia entre la metodologia [199,200]
y [213,214], es que la primera produce una funcidén que en ocasiones no es diferenciable y por
lo tanto, en un futuro, no se podria analizar con métodos de ecuaciones diferenciales ordinar-
ias [213]. En el modelo continuo, las ciclinas clave para las principales transiciones de fase,
CYCD3;1 y CYCB1;1, tienen un comportamiento oscilatorio que no se atenda con el tiempo. Var-
iando v;, 13 de 140 modelos pierden las oscilaciones (yapc = 2, ycyepsi = 2, YE2ra > 1.4,
Yeory = 2, YEore > 1.4, ymyrr > 1.7). Para los modelos donde variamos las h;, solo 7 de 140
modelos perdieron las oscilaciones (hgpare = 1,2, hxrp1 = 1,2, hyrypspija = 1, hser = 1,2).
Hay una tendencia a perder las oscilaciones cuando las tasas de decaimiento son muy altas
(vi = 2 o cercano a 2) y cuando el parametro h es muy pequefio (h = 1,2). Es importante
notar que el ciclo limite se recuperé en 92.86% de los casos, lo que sugiere que el compor-

tamiento ciclico es robusto a cambios en los valores de los parametros, en ese caso, de la tasas

de decaimiento o del parametro h (ver ejemplos en la Fig. 2.7).

1
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Fig. 2.6. Atractor ciclico obtenido con Odefy. Las oscilaciones del modelo continuo obtenido
con la metodologia [213] también se mantienen con el tiempo.

Los resultados del modelo continuo corroboran que el atractor del ciclo limite recuperado
por la versién Booleana, no se debe a un artefacto asociado a la naturaleza discreta y sincrénica
del modelo Booleano. Adicionalmente, recuperar el comportamiento ciclico del modelo continuo
constituye una prueba de robustez adicional para el modelo Booleano. Con la finalidad de pulir
los modelos del CC propuestos, trabajos previos han empleado esquemas de modelado con car-

acteristicas diferentes al que hemos presentado, algunos por ejemplo, han utilizado actualizacion
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Fig. 2.7. Ejemplos de la pérdida de las oscilaciones del modelo continuo. A) Estado
estacionario obtenido con valores para ygor, > 1.4. B) Las oscilaciones del atractor obtenido
con hyryp3gi/a = 1, se atentian y desaparecen con el tiempo.

asincrona con clases de prioridad que distinguen procesos rdpidos y lentos [19]. Ese esquema
de actualizacion en particular, se podria probar en nuestro modelo para refinar el atractor con
un esquema plausible. En otros modelos también se han empleado tiempos de retardo en la
actualizacién de los nodos, los cuales podrian estar involucrados en la progresion del CC pero no
son suficientes para conferir propiedades como la irreversibilidad. La irreversibilidad o la pro-
gresion unidireccional del CC se ha propuesto como una consecuencia de la regulacion a nivel de
sistema [73,163,215], asi que no dependerian de la herramienta empleada para su modelado;
en este sentido hemos planteado la hipétesis de que las transiciones del CC de Arabidopsis son
una propiedad emergente de la arquitectura de la red y de su dinamica.

Con esta version continua del modelo evaluamos si la red de regulacion del CC recupera los
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patrones de expresidon periddica observados en experimentos de sincronizaciéon de los compo-
nentes moleculares del CC de Arabidopsis. A diferencia de otros nodos, el represor E2Fc y el
KRP1 son reguladores que tienen dos lapsos cortos de expresion en el atractor recuperado en el
modelo continuo, y experimentalmente ellos también mostraron dos picos de expresion cuando
se sincronizaron con afidicolina* [189]. En tales experimentos de sincronizacién, la expresién
de E2Fc incrementa desde finales de la fase S hasta como la mitad de la fase G2, pero después
decrementa drasticamente al final de la fase G2. En el modelo, E2Fc aparece desde la fase S
hasta la fase G2, y en seguida se observa un segundo incremento de la expresiéon de E2Fc en
G2/M. La tltima correspondencia es otra validacion del modelo de red de regulaciéon que hemos
propuesto. Adicionalmente, los experimentos de sincronizaciéon usando sacarosa han mostrado
que KRP1 se expresa previo a la transicion G1/S y antes de la mitosis [216], de forma similar
a lo que ocurre en el modelo. Recientemente se ha propuesto que KRP1 tiene un papel durante
las transiciones G1/S y G2/M [136]; lo ultimo seria importante para el control de la endorredu-
plicacion [181]. Una vez mas, estos papeles y estos perfiles de expresidén son consistentes con el
estado de actividad de KRP1 recuperado en nuestro modelo.

En contraste con el comportamiento consistente de E2Fc y KRP1 recuperados en el modelo,
los resultados de E2Fe no coinciden con las observaciones previas. En nuestro modelo este
factor E2F presenta s6lo un pico desde la fase S a la fase M temprana, pero de acuerdo con
los experimentos de sincronizacién [171], E2Fe también tiene dos picos de expresiéon. Uno
de sus picos se debe a la regulacidon por otros factores de la familia E2F durante la fase S,
mientras que el pico G2/M podria deberse a elementos MSA. De hecho, cuando los motivos
regulatorios reconocidos por los E2F se eliminan de E2Fe, todavia se puede expresar aunque a
niveles bajos [96], sugiriendo que hay FTs adicionales regulando su expresion. Tales factores
podrian pertenecer a la familia MYB, asi como sugiere la red de regulacién del CC propuesta

aqui.

2.3 Discusion

El comportamiento ciclico candnico de las células eucariotas, desde la replicacion del ADN hasta
la citocinesis, sugiere la existencia de un mecanismo conservado que comparte componentes
moleculares y/o una légica de regulacion entre todos los organismos eucariotas. Mientras que
el CC de levaduras y animales ha sido ampliamente estudiado y modelado, el CC de plantas
aun no tiene un modelo integrativo que compile la informacién relevante. En este estudio pro-

ponemos un modelo Booleano de la red de regulacién del CC de Arabidopsis, y demostramos que

“*Inhibidor reversible de la ADN polimerasa. Sin esta polimerasa no podria llevarse a cabo la replicacién del ADN,
y el CC quedaria detenido en fase S.
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este modelo recupera un tnico atractor ciclico o estado estacionario con 11 configuraciones para
los estados de activacién de los componentes de la red. Tales configuraciones corresponden a
aquéllas observadas experimentalmente para los componentes del CC incluidas aqui para cada
fase del CC. Ademas, el orden temporal de las transiciones secuenciales que se recupera por el
modelo propuesto también imita el patrén temporal observado de transiciones entre configura-
ciones a lo largo del CC de los eucariontes. El hecho de que las 16,384 condiciones iniciales
del sistema propuesto converjan a este Unico atractor ciclico ya sugiere que la red conforma un
modulo robusto a perturbaciones transitorias o condiciones iniciales. Esto sugiere que la red
propuesta integra el conjunto de componentes moleculares necesarios y suficientes, asi como sus
interacciones, para recuperar las oscilaciones de las configuraciones de estados de activacion de
los componentes fundamentales durante el CC observadas experimentalmente. El modelo de red
de regulacion también es robusto a alteraciones genéticas, al igual que otros modelos publicados
previamente para otros modulos de diferenciacién celular o del desarrollo [211,212,217]. Mds
aun, los resultados del modelo se validaron recuperando configuraciones alteradas (de ganancia
y de pérdida de funcién) del CC equivalentes al fenotipo de las mutaciones en la planta.

Con el modelo planteamos algunas hipétesis sustentadas en observaciones de otros organ-
ismos, y que hasta ahora no se han probado en plantas. También integramos las interacciones
regulatorias entre KRP1, la CDK de tipo B especifica de plantas y los FTs MYB para inferir la
regulacién alternativa de la transicion G2/M en Arabidopsis. Ademas de recuperar el compor-
tamiento observado para los componentes incluidos, para el caso de este sistema vegetal, se
propone una légica de regulacion transcripcional a partir de la cual, emerge el comportamiento
ciclico durante las transiciones celulares. Esto no se habia propuesto en modelos previos del CC
que fundamentalmente se enfocan en describir dicho comportamiento ciclico, mas que entender
los mecanismos sistémicos subyacentes a su emergencia.

En el modelo presentado aqui incluimos solamente componentes moleculares y evitamos usar
asas de autodegradacidn artificial, las cuales se han usado por otros modelos para recuperar los
atractores de ciclo limite. En el modelo que hemos propuesto, evitamos también la redundancia,
aunque esta puede ser importante para la robustez del sistema. Por ejemplo, el nodo KRP1
representa a los miembros de la familia KRP que comparten varias de sus funciones. También
la transicién metafase-anafase se podria incluir en el modelo cuando haya mds informacion
acerca de la regulacién del APC/C en plantas (e.g. de la asa de retroalimentacion negativa que
comprende a los complejos CDK-ciclina, o de la regulacion de los homdlogos de Cdc20). En
nuestro modelo evitamos usar nodos que indiquen eventos del CC como la replicacién del DNA,

el inicio de la mitosis y el término de la divisién celular. En otros modelos se han ocupado esos
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nodos para dirigir el orden en que ocurren las transiciones de fase en lugar de las interacciones
moleculares entre las proteinas involucradas [155].

Algunas ciclinas tales como CYCD3;1 y CYCB1;1, componentes importantes para las transi-
ciones G1/S y G2/M, muestran regulacion mutuamente exclusiva, tal como ocurre en un sis-
tema dindmico de depredador-presa Lotka-Volterra [218], incluso aunque ellas no interactiian
directamente. Su exclusiéon mutua se logra gracias a la expresion genética coordinada con la
degradacion proteolitica especifica: la regulacion genética controlada por los FTs E2F-RBR en la
fase S y los MYB en la entrada de la mitosis, y ademas la degradacion especifica de proteinas a
cargo de las ligasas de ubiquitina E3 SCF y APC/C, actuando en la transicion G1/S, y durante la
salida de la mitosis, respectivamente.

Dos posibilidades alternativas podrian dirigir la progresién del CC en organismos actuales.
La primera implicaria que las transiciones de un estado del CC al siguiente requeriria de sefiales
externas, como el tamafo de la célula, por ejemplo. La posibilidad alternativa es que la pro-
gresion del CC y el patrén temporal de transiciones entre fases sea una consecuencia emergente
de una red de regulacion, y que no requiere seiales externas, o que éstas solo refuerzan tal
progresiéon temporal emergente de las interacciones regulatorias. Nuestro modelo de la red de
regulacién soporta la tltima posibilidad aunque las dos posibilidades no son excluyentes, sino
que probablemente se complementan o promueven mutuamente. En la seccidon 1.8 se describe
brevemente las sefiales fisiologicas y ambientales que intervienen en la progresién del CC y que
podrian ser incluidas en el modelo como moduladores. Ademds de estas sefiales, fluctuaciones
en algunos procesos moleculares asociados con concentraciones de componentes intracelulares
(e.g. expresion genética o sintesis de proteinas), también pueden jugar un papel importante en
la emergencia del patrdn ciclico observado.

Otra diferencia con respecto a otros modelos del CC, es que el modelo del CC de Arabidopsis
no incluye el tamano de la célula, esto debido a que atin no hay un consenso sobre la relevancia
del tamafio celular vegetal para la progresidon del CC. En el meristemo de la raiz, por ejemplo,
podria no haber un requerimiento absoluto para el tamafio, dado que las células en diferentes
tejidos se dividen a muy diferentes tamafios promedio. Pero también es posible que el tamafio de
las células tenga un papel regulando el CC. Por ejemplo, como las células raramente se dividen
exactamente a la mitad, la mitosis de la célula mdas pequeiia se retrasaria hasta llegar al tamano
promedio [110]. El crecimiento simplastico de la punta de la raiz, implicaria que la expansion
de una célula mitética debe continuar ininterrumpidamente, dirigida por el crecimiento de sus
vecinas, mientras que en células en cultivo o células tnicas, podrian crecer solo durante la in-
terfase, y dejarian de expandirse cuando entran a la mitosis [110]. Es posible que en la raiz, el

tamafio celular juegue un papel distinto al de las células en cultivo.
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2.3.1 Predicciones novedosas para la regulacion del ciclo celular de Arabidopsis

El modelo de red de regulacion propuesto sugiere algunas predicciones con respecto a la reg-
ulacién de ciertos componentes del CC de Arabidopsis. Tales predicciones se pueden clasificar
en dos tipos. El primero pertenece a aquellas recuperadas por el andlisis in silico de regiones
promotoras. El segundo tipo se infirié de datos de otros eucariontes porque no se han observado
en Arabidopsis, pero hay evidencias que sugieren que esas interacciones también son parte de
la red de regulacion de CC de esta planta. En el modelo hay tres interacciones que pertenecen
al segundo tipo, E2Fb—SCF, CDKB1;1-CYCA2;3-E2Fa y APC/CHSCF. Aunque algunas observa-
ciones previas soportan la idea de que esas interacciones podrian existir en Arabidopsis, faltaria
examinarlas experimentalmente.

Adicionalmente, nuestro modelo provee una explicaciéon dindmica del comportamiento ciclico
de ciertos FTs y predice una interaccion novedosa para los reguladores E2F y MYB en Arabidop-
sis; estos FTs conectan perfiles de expresion periddica que parecen ser clave para la emergencia
del atractor de ciclo limite robusto que caracteriza el comportamiento del CC. Por la conexion
directa que hay entre los FTs que regulan las transiciones en mamiferos y levaduras [30, 45],
consideramos la posibilidad de que los MYB3R estuvieran directamente regulados por los E2Fs
en Arabidopsis, pero ese no fue el caso y fue necesario incluir a MYB77. La interaccién regulato-
ria entre los factores E2F y MYB (o entre sus reguladores equivalentes) podria estar conservada
entre otros eucariotas (e.g. mamiferos y levaduras), pero no hay evidencia experimental que
de soporte a eso en Arabidopsis. Después de buscar la misma evidencia directa en Arabidopsis
y no encontrarla, consideramos un mecanismo regulatorio alternativo que consiste en FTs ac-
tuando entre E2F y MYB. Por lo tanto, decidimos analizar familias de FTs importantes para la
regulacién del CC, y conocidos hasta ahora, para averiguar si uno de sus miembros podrian es-
tar mediando la regulacién entre E2F y MYB. Se eligieron las familias TCP (Teosinte branched
1, Cycloidea, PCF) y MYB porque se ha reportado que estan involucradas en la regulacion del
CC [56]. Con base en sus patrones de expresion genética y el anélisis de secuencias promotoras,
MYB77 fue nuestro mejor candidato: se expresa al inicio de la fase M, y podria ser regulado por
E2F y también ser regulador de MYB (ver Tabla 2.2). Una segunda posibilidad podria ser que
varios FTs especificos de tejidos estén involucrados en la regulacién genética entre E2F y MYB
(e.g. GL3, MYB88, SHR/SCR [65], MYB59 [219], incluso podrian estar involucrados miembros
de la familia de genes MADS box). De hecho, recientemente documentaron en el laboratorio
de Genética Molecular, Epigenética, Desarrollo y Evolucién de Plantas (Instituto de Ecologia,
UNAM) que XAL1, un gen MADS-box, codifica para un FT que regula varios componentes del CC

(Garcia-Cruz et al., en preparacién).

43



2. MODELO DINAMICO DE LA RED DE REGULACION DEL CICLO CELULAR DE ARABIDOPSIS

La red de regulacién del CC de Arabidopsis no recuperd un atractor alternativo que cor-
responda al endociclo. Tenemos la hipétesis de que la misma red de regulacién multiestable
subyace ambos estados, y que componentes adicionales que se conecten a la red de regulacion
del CC tendrian que ser postulados para recuperar un segundo atractor ciclico mds corto corre-
spondiente al endociclo. En su forma actual, nuestro modelo sugiere que la funcién de CYCD3;1,
la cual se ha asociado con el estado proliferativo [174] y con un retardo en el inicio del endoci-
clo [204], es critico para entrar al endociclo. Durante el CC, CYCD3;1 participa en la transicion
G1/S [55] y regula a la proteina RBR en la replicacion del ADN [27], por lo que tendria sen-
tido que el atractor de endorreduplicacidon obtenido en algunas de las simulaciones de mutantes
apoye el papel de CYCD3;1 en la entrada al endociclo.

Previo a la division celular, la célula monitorea sus condiciones intracelulares y ambientales
para arrestar o promover el progreso del CC. Tales sefiales afectan directamente a la maquinaria
del CC, la cual no depende de un regulador maestro o central. El control del CC es el resultado de
una red formada por asas de retroalimentacion y de alimentacion hacia adelante entre complejos
de CDK-ciclinas y sus reguladores directos. No es intuitivo cémo procesos dindmicos complejos,
como la progresién del CC, emergen de simples interacciones entre componentes actuando si-
multdneamente. La red de regulacién del CC propuesta serd util para el estudio de como las
decisiones de proliferacion/diferenciacion y su balance mantienen un control adecuado espacio-
temporal del CC, durante el crecimiento y desarrollo vegetal, y posiblemente también contribuya
a identificar interacciones fisiolégicas o del desarrollo involucradas en la estrecha relacién entre

proliferacion y diferenciacion [1,3,95,172,174].
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CONTRIBUCION DEL MODELO DEL
CICLO CELULAR EN Arabidopsis

Un aspecto distintivo de los seres vivos es la complejidad bioldgica que se manifiesta en cada
uno de sus niveles de organizacién. Con frecuencia distinguimos y separamos variables para
estudiar un sistema bioldgico, es decir, seguimos un enfoque analitico. En la medida de lo
posible, se mantiene el entorno constante con el fin de garantizar la reproducibilidad de los
resultados. En respuesta a este enfoque, surge el marco de pensamiento sistémico sefialando
que el organismo como un todo es mas que la suma de sus partes (investigadas aisladamente),
que no puede ser explicado por un enfoque puramente analitico, y que los elementos que lo
constituyen interactian dindmicamente. Ademads sostienen la existencia de una jerarquia de
diversos niveles de complejidad y organizacidén, los cuales cuentan con propiedades emergentes
que no existen en un nivel inferior [220].

El pensamiento sistémico propone una forma diferente de estudiar sistemas bioldgicos, la
cual, ademas, resulta complementaria a la metodologia analitica. En este sentido, toda con-
clusion debe retomar las relaciones entre los componentes analizados, y tomar en cuenta las
condiciones constantes bajo las cuales se realizaron los experimentos, puesto que la realidad es
que los sistemas bidgicos no se encuentran aislados ni en ambientes constantes. A diferencia
de un modelo fenomenoldgico, los modelos dindmicos y sistémicos complementan los estudios
experimentales y son un medio para identificar los mecanismos que llevan a la emergencia de
nuevas propiedades y que no se descubririan facilmente solo con experimentos.

Los modelos del CC propuestos en otros organismos sugieren que la progresién unidirec-
cional del CC, se logra a partir de mdédulos biestables que inducen irreversibilidad a nivel de
sistema [163,215]. Anteriormente se consideraba que la degradacion de proteinas, eran el prin-
cipal mecanismo que conferia irreversibilidad a las transiciones de fase del CC. Sin embargo, la

protedlisis podria ser contrarrestada por la transcripcidon periddica y sintesis de proteinas, por
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eso Novak y Tyson han argumentado que la irreversibilidad es una propiedad emergente de las
asas de retroalimentacion que regulan la actividad de las CDKs [73]. En S. cerevisiae, por ejem-
plo, se ha demostrado experimentalmente que, el APC/C es suficiente para que el ciclo avance
y la célula salga de la mitosis, pero no para asegurar la irreversibilidad, puesto que si el APC/C
desaparece inmediatamente después de que se termind de degradar la ciclina, ésta recupera
sus niveles y entonces se reactiva el complejo CDK-ciclina mitético, induciendo el regreso de la
célula al estado mitotico. SAlo hasta que un inhibidor del complejo CDK-ciclina (Sicl) aparece,
se asegura la irreversibilidad de la salida de la mitosis. Incluso, la inactivacion del complejo
CDK-ciclina sin la degradacién de la ciclina, y por un periodo de tiempo suficientemente largo
como para permitir la acumulacion de Sicl, sugiere una salida irreversible de la mitosis. Esos
experimentos demuestran que la irreversibilidad de las transiciones no se logra inicamente por
la protedlisis, sino por la regulacién a nivel de sistema que involucra una segunda via de inac-
tivacién del complejo CDK-ciclina [73]. El trabajo de Tyson y Novak ha sido fundamental para
entender el papel de los reguladores del complejo CDK-ciclina en la actividad biestable de este
heterodimero durante las transiciones de fase del CC. Como mencionaba en la Seccién 1.9, de-
bido a la biestabilidad, los complejos CDK-ciclina presentan solo los estados, activo e inactivo,
incluso aunque las ciclinas tengan concentraciones intermedias [164] (Fig. 3.1). Esta propiedad
se ha probado experimentalmente en embriones de X. leavis [221], y durante la transicion G1/S
en S. cerevisiae [215] y en mamiferos [222].

Otra observacién que destaca la importancia la red de regulacion, son los resultados del
analisis de los ecotipos de Arabidopsis, en los cuales se encontré que la concentracién de la
CDKA;1 solo explica el 32% de la variacién observada en su actividad, posiblemente por el papel
que tienen otros componentes moleculares en la actividad de esta cinasa [111]. Esto coincide
con lo que otros autores han sugerido, que el CC se compone de diferentes osciladores que se
conectan y regulan entre si [165,223,224].

A continuacion se presentan resultados de otras actividades relacionadas con el proyecto
de la red de regulacién del CC y que también realicé durante el posgrado. La primera fue
una comparacion de los perfiles de expresion ciclica de los reguladores del CC de Arabidopsis
y de levadura. Después un modelo Booleano que integra a las auxinas en la regulacion de la
progresién del CC. Finalmente, se menciona brevemente dos proyectos donde pude colaborar;
en el primero, se integra la dindmica de proliferacion y el transporte de auxinas en un campo de
fuerzas fisicas; la segunda colaboracién fue en un proyecto en donde se estudié la interaccion

entre los médulos funcionales de la proliferacién y la diferenciacién celular en C. elegans.
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Fig. 3.1. Interacciones regulatorias de los heterodimeros CDK-ciclina responsables de su
actividad biestable. La actividad de los heterodimeros CDK-ciclina estd determinada por la
integracion de diferentes tipos de regulacion, los cuales producen el comportamiento biestable
(sin intermedios): activo o inactivo.

3.1 Perfiles de expresion ciclica en levadura y Arabidopsis

La divisién celular es crucial para el desarrollo de organismos multicelulares y para la contin-
uacién de la vida en general, en consecuencia no es de extrafiar que se conserven elementos
moleculares entre organismos tan diversos evolutivamente. Como sefialabamos desde la Seccion
1.2, la transcripcién periddica dependiente del CC es una caracteristica conservada en el CC de
levaduras, vertebrados, C. elegans y plantas. Asumiendo que proteinas ortdlogas (de genes con
funcion generalmente conservada, que se originaron por un evento de especiacion) o proteinas
funcionalmente equivalentes entre el CC de Arabidopsis y el de S. cerevisiae estan participando
en las mismas fases del CC, examinamos si la red de regulacion del CC recupera los patrones
periodicos observados para componentes equivalentes en levadura. Para este analisis empleamos
la version continua del modelo del CC de Arabidopsis. De acuerdo a la Fig. 3.2, la expresion del
homodlogo de CYCB1;1 en levadura, CLB2, incrementa en la transicién G2/M [225], compor-
tamiento que también se observa en la version continua del modelo del CC de Arabidopsis. En
levaduras, CLN1 es homdlogo de CYCD3;1 y esta presente desde la transiciéon G1/S, después su
mensajero decrementa durante la fase S [226]. En el modelo continuo del CC de Arabidopsis,
CYCD3;1 decrementan en la transicion S/G2 (Fig. 3.2). Esta comparacion indica que en Ara-
bidopsis y levadura, el perfil de expresién de las ciclinas responsables de las transiciones G1/S
y G2/M se encuentran cualitativamente conservados. Otros componentes, tales como los FTs
E2F o sus reguladores equivalentes funcionales de la fase S en levaduras (Mbp1) [227], también
muestran un comportamiento oscilatorio similar, desde la fase S a la G2, aunque con un patron

mas irregular que el de las ciclinas.
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Fig. 3.2. Comparacion entre el perfil de expresion de reguladores del CC de S. cerevisiae y
la presencia de reguladores del CC de Arabidopsis. Los datos de expresion de los tres
reguladores del CC de S. cerevisiae se obtuvieron de cyclebase.org [228] y los datos de
microarreglo por sincronizacién Pramilla-alpha30 [229]. El nivel de expresion (eje vertical del
perfil de S. cerevisiae) corresponde al log,(S;/R;), donde S; es la expresioén en células
sincronizadas y R; es la expresion en una poblacién de células no sincronizadas utilizadas como
referencia. Las proteinas ortélogas o funcionalmente equivalentes se muestran en el mismo
color.

Algunos autores han sefialado que los numerosos patrones de expresion ciclica propuestos
ocurren de manera continua, y entonces deberia haber numerosos controles regulando esa ex-
presion genética a través del CC [230,231]. A diferencia de esta propuesta alternativa, las
observaciones sobre la expresidn periddica en diferentes organismos, es que ésta no es continua,
sino que la mayoria de los genes con expresion dependiente del CC se estarian expresando poco
después de la transicién G1/S, G2/M y dependiendo de la especie, también al final de la mitosis.
Incluso, en Arabidopsis se propone que no hay un tnico mecanismo de control transcripcional
universal, puesto que no se encontré un motivo regulatorio particular en las secuencias rio arriba

de genes que participan en el CC [232]. Los reguladores que se han propuesto para estos grupos
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de genes serian los E2F-RBR y los FTs MYB. Como se ha demostrado para el CC de levaduras y
mamiferos, y como proponemos para el de Arabidopsis, estos reguladores no son independientes,
sino que estan interconectados y ellos mismos influyen en sus propios inhibidores y activadores
(e.g. RBR activado por E2Fs, o la ciclina mitética que aumenta la actividad de los MYB3R1/4
ademads de ser su blanco), por lo tanto la regulacion transcripcional periédica no necesita nu-
merosos controles.

Cooper y colaboradores [230] analizaron la expresién dependiente del CC en células de
ratdn y encontraron que la expresién de 7 ciclinas es invariante durante el CC. Asimismo, otros
trabajos han analizado la conservacién de la expresion peridédica dependiente del CC y concluyen
que la tendencia de ortélogos a compartir sus perfiles de expresion es baja [233], estos mismos
trabajos destacan la importancia de la regulacién postraduccional. En el atractor, el estado de
estos componentes regulados postraduccionalmente puede diferir de los perfiles de expresion
documentados. Un ejemplo es la proteina RBR, ya que en el modelo, su nodo correspondiente
muestra a la proteina RBR en un estado hipofosforilado, y cuando la proteina no se transcribe
o esta hiperfosforilada, aparece como ausente. Finalmente, otra observacién que sustenta el
fendmeno de la expresidn periddica, seria el patrén de expresién irregular de genes reguladores
del CC durante el desarrollo de Arabidopsis. Cuando se analiza in situ la expresiéon de reguladores
del CC se ve que, en varios casos, es irregular en tejidos en proliferacion [232], lo cual es
congruente con la dindmica general de este modelo que sefiala que el estado de los reguladores
depende de la fase en que se encuentra la célula.

En conclusion, aunque los componentes moleculares no estén conservados, la expresion
periddica dependiente del CC si ocurre en varios organismos. Es posible que por el vinculo entre
la regulacién del CC y las sefiales ambientales e intracelulares, dicha regulacién sea muy vari-
able, pero al final esas condiciones convergen a un grupo pequefio de reguladores cuya expresion

depende del CC y mantiene una logica de regulacion similar en el CC de diferentes eucariontes.

3.2 Modelo de la regulacion del ciclo celular por auxinas

Las auxinas son morfégenos vegetales involucrados en la divisién celular, la elongacién, la dom-
inancia apical, el desarrollo de raices laterales y en el desarrollo de tejido vascular [1,234]. En
la punta de la raiz se distingue un flujo de auxinas con concentracion maxima en el CQ y que
solo llega hasta la zona de transicién [235]. Esta hormona se mueve por difusion a través de
las membranas, como su movimiento es limitado, requiere de proteinas integrales de membrana

(PIN) para su transporte direccional a otras partes de la planta [235].
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Endoreduplicacion Centro Quiescente

AUX AUX
CYCD3;1 CYCD3;1

SCF SCF

RBR RBR

E2Fa E2Fa

E2Fb E2Fb

E2Fc E2Fc

E2Fe E2Fe o orel
MYB77 MYB77

MYB3R MYB3R

CYCB1;1 CYCB1;1

CDKB1;1 CDKB1;1

CYCA2;3 CYCA2;3

KRP1 KRP1

APC/C APC/C

Fig. 3.3. Atractores adicionales al del CC, esperados para el modelo de la regulacion del
CC por auxinas. El rojo indica que el nodo estd ausente, el verde es presente y el blanco que no
hay informacion o no es relevante para ese atractor. Dentro de las celdas se indica la(s)
referencia(s).

En esta seccion presentamos el avance del modelo que integra el efecto de esta hormona en
la progresion del CC. Hasta ahora solo se ha incluido regulacion transcripcional y degradacion de

proteinas, posteriormente, la regulacién epigenética también se deberia tomar en cuenta [236].

3.2.1 Planteamiento de las reglas logicas

Se siguieron los mismos supuestos de la seccidn 2.1.2 y se agregd uno sobre la regulacién tran-
scripcional de MYB77 y auxinas: cuando las auxinas y MYB77 tenian nodos en comun, se asumio
que actian como un dimero (i.e. MY B77 A AUX). En plantas con pérdida de funcién del FT
MYB77, la expresion de los genes de respuesta a auxinas esta atenuada. MYB77 interactia con
un factor de respuesta a auxinas (ARF7) [196].

Es importante tomar en cuenta el modelo recién propuesto para la regulacién del CC por los
sitios de unién de los E2Fs y los AuxRE, en el cual se afirma que cuando hay muchas auxinas
se degradan los Aux/IAA y SKP2A junto con E2Fc-DPb, quedando libres los sitios E2F y AuxRE
para la transcripcion de los genes blanco. Si los niveles de auxinas disminuyen ligeramente, los

Aux/IAA se degradarian pero E2FC (y no SKP2A) se vuelve a sintetizar y por lo tanto los sitios
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AuxRE quedarian activos mientras que los blancos de E2Fc estarian reprimidos, eso permite la
transicién S/G2 mientras se bloquea la G1/S por la falta de SCF¥%724 [238]. Lor reguladores

del CC que no aparecen a continuacién, mantienen su regla légica descrita en la seccién 2.1.3:

1. CYCD3;1 = -SCF A Aux

La transcripcion de CYCD3;1 se induce por auxinas en células del periciclo [107].

2. E2Fa = (Aux V ~E2Fc) A ~(CDKBI1; 1 A CYCAZ2; 3)
El dimero LBD18/LBD33, blanco de la via de sefializacién de las auxinas, regula positiva-

mente la expresidon de E2Fa [239].

3. E2Fb = (E2Fa A -RBR) A Aux

La estabilidad de la proteina E2Fb es favorecidad por auxinas [2].

4. E2Fc = —(Auz A SCF A =KRP1 A CYCD3; 1) A ((E2Fa A ~RBR) V MYB3R1/4)
Al menos in vitro, la interaccion SKP2A-DPb se ve proporcionalmente favorecida por la
concentracién de auxinas; DPb es la proteina con la que interactiia E2Fc para unirse al
ADN [240], y SKP2A es una subunidad de la ligasa de ubiquitinas E3 SCF.

5. CYCB1;1 = ~APC/CA((Auz AMYB77)VMYB3R1/4V ((-RBRV (-KRP1ACYCD3; 1)) A
E2Fb A —=E2Fc))
CYCB1;1 tiene dos auxin-response elements (AuxRE) y se ha observado la induccién de su

expresidn con auxinas exégenas [47].

6. CDKB1;1 = ((-RBRV (-KRP1ACYCD3;1)) AE2Fb A ~E2Fc) v MYB3R1/4V (MYB77 A
Aux)
La expresion de CDKB1;1 es abatida cuando se transfiere a las células a un medio sin
auxinas, pero ese efecto es contrarrestado cuando se sobre-expresa E2Fb, un activador

transcripcional de esta cinasa [2].

7. CYCA2;3 = -APC/C A (MYB3R1/4 Vv (MYB77 A Aux))
La expresion de la ciclina CYCA2;3 disminuye cuando se bloquea la via de la sefializacion
de auxinas, mientras que su sobre-expresion contrarresta parcialmente el fenotipo causado

por la reduccion de la via de sefializacidon de esta hormona [241].

8. KRP1 = (MYB77 Vv MYB3R1/4) A =(CDKB1;1 A CYCAZ2; 3 A SCF) A ~Auz
En presencia de auxinas, disminuyen los niveles de KRP2 aunque esté bajo el promotor
35S [134]. Como el modelo del CC propuesto no incluye KRP2, supusimos que esta regu-

lacién recaia sobre KRP1.
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Endoreduplicacion Ciclo Celular

Frec. 50% Frec. 50%

Fig. 3.4. Atractores Obtenidos.

9. APC/C = (—-E2Fe A ((E2Fa A =RBR) V MYB3R1/4 Vv MYB77)) V ~Aux
Se incluy6é V—-Auz para indicar que la falta de auxinas favorece la presencia del APC/C,
efecto que seria equivalente a lo que se observa en el dominio de transicion donde no hay

sefializacidon de auxinas y las citocininas inducen la expresion a CCS52A1 [210].

10. Aux = Aux

Las auxinas se incluyeron en el modelo como “input” o entrada.

3.2.2 Atractores esperados y obtenidos del modelo booleano de la regulacion del
ciclo celular por auxinas

En la Fig. 3.3 se muestran el estado esperado de los genes/proteinas para las células en en-
dorreduplicacion o en estado quiescente. La endorreduplicaciéon también estaria caracterizada
por un atractor ciclico, en donde el estado de varias proteinas puede oscilar. En este caso, los
atractores estan determinados por el valor del nodo Auz. Lo que no determina ese nodo es el
comportamiento ciclico de los atractores.

En su estado actual, no es posible identificar con precision las fases de la endorreduplicacion
en el atractor de endociclo. Ademas de las incosistencias comentadas, el modelo actual sugiere

que los nodos o interacciones incluidas no son suficientes para recuperar un atractor de estado
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quiescente. Una posibilidad seria incluir reguladores transcripcionales de la diferenciacién o a
las citocininas. WOX5, SCR y SHR por ejemplo, participan en el control de la progresion del CC
(Seccion 1.7) mientras que las citocininas son morfégenos que tienen efectos considerables en
el destino celular [242]. Las auxinas y la citocininas actuan sinergisticamente en el meristemo
apical de vastago pero son antagonistas en la punta de la raiz. Es interesante que las citocininas
regulan la progresion del CC en diferentes puntos, tanto en la transicién G1/S, por induccion
de la expresion de CYCD3;1 [133], como en la G2/M por la induccién del activador del APC/C,
CCS52A1. En células en cultivo de tabaco, la concentracién endégena de esta hormona tiene

picos alrededor de las fases S y M [107].

3.3 Patrones de comportamiento celular en la raiz de Arabidopsis

En el meristemo apical de la raiz de Arabidopsis, al igual que los NCT en organismos multicelu-
lares, se distinguen zonas con distinta actividad celular. En un modelo propuesto por Barrio y
colaboradores (ANEXO B), y en el que tuve la oportunidad de colaborar, se integré la dindmica
de la proliferacion celular con el transporte de auxinas y un campo de fuerzas fisicas, lo que
fue suficiente para recuperar la transicion a proliferaciéon o a elongacidon que se observan en
la raiz. Este modelo se validé comparando el resultado con mediciones de células de raices y
tratamientos de auxinas.

La motivacion de incluir campos fisicos es porque son una fuente de informacién posi-
cional [243], eso afecta el destino celular tanto en organismos vegetales como animales. En
plantas, por ejemplo se sabe que las células de la cofia afectan la transicién a la zona de elon-
gacion. Cuando se evita que las células de cofia mueran a tiempo y se desprendan de la punta
de la raiz, las células epidérmicas y la raiz estan reducidas, probablemente porque las células de
la cofia dificultarian la expansion celular [244].

Al contrario, el campo fisico es modificado con la propia dindmica de proliferacién celular, ya
que las células deben crecer antes de dividirse, por lo tanto una de las hipétesis del modelo es
que hay un campo fisico macroscépico a lo largo de la punta de la raiz que resulta del crecimiento
y proliferacién celulares asi como de las células epidermales y de la cofia que rodean a la punta
de la raiz. También es importante destacar que la implementacién de este modelo supone que
el flujo y concentracién de auxinas es resultado de la sintesis, degradacion y transporte que
responden a ese campo elastico. Donde las células se estan dividiendo o expandiendo, el campo
se modifica, lo que también afectaria a la proliferacién celular.

En el modelo se hicieron varias simplificaciones. Dado que estudiar la proliferacién celular

en si no era la finalidad del modelo, la dinamica del CC se redujo a un comportamiento como el
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que se observa en un sistema de depredador-presa Lotka-Volterra, donde sdlo las ciclinas deter-
minantes para las transiciones G1/S y G2/M se tomaron en cuenta. En este modelo, la concen-
tracion de auxinas esta directamente relacionada al tinico parametro de este sistema dinamico de
ciclinas, cada célula se divide mas rapido o mas lento dependiendo de su concentracidon de auxi-
nas. Experimentalmente se ha observado que la progresién del CC depende de ciertos umbrales
de concentracién de auxinas.

El comportamiento celular del apice de la raiz se recuperd con este modelo, del mismo modo
que las alteraciones celulares provocadas por la modificacion del transporte o concentracion de
auxinas. Esto indica que la dindmica entre las fuerzas fisicas, el gradiente de auxinas y la division
celular pueden explicar la manera en que las células se dividen en la punta de la raiz. Un médulo
del CC mas completo facilitaria el discernimiento adecuado de la division del CQ, la cual tuvo

un valor fijo en este modelo.

3.4 Coordinacion entre proliferacion y diferenciacion celular en Caenorhab-
ditis elegans

Durante el desarrollo del proyecto de la red de regulacion del CC de Arabidopsis, se presento
la oportunidad de colaborar en otro proyecto sobre la determinacion de los destinos celulares
en la vulva de Caenorhabditis elegans. En un trabajo previo se encontrd [245] que la division
celular es fundamental para entender la determinacion de los destinos de las células precursoras
de la vulva en Caenorhabditis elegans, por lo que incluimos la regulacion del CC como un médulo
funcional acoplado a la red de diferenciacién celular. El articulo referido se encuentra en el
ANEXO C.

El modelo derivado nos ayuda a identificar células especificadas cuando establecemos las
condiciones del medio de crecimiento en que pierden su identidad. Con el modelo también fue
posible distinguir la influencia que tiene el médulo de diferenciacién en la duracién del CC.
También se evalué el efecto de la eliminacion de interacciones, que a diferencia de la simulacion
de mutantes (pérdida o ganancia de funcién), tendria un efecto menos dréastico, seria equivalente
a mutar sitios de reconocimiento de FTs, o alterar ciertos dominios funcionales de las proteinas.
Gracias a este analisis novedoso se detectaron cambios en la red que causan quiescencia, en-
dorreduplicacion o un CC mas corto.

La regulacion de los precursores de la vulva en C. elegans es un ejemplo concreto de la
conexién entre los modulos funcionales de la diferenciacién y la proliferacién celular. La reg-

ulacién de LIN-12! por complejos CDK-ciclina destaca la importancia del control temporal del

!Receptor de membrana que pertenece a la familia Notch
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moédulo de diferenciacién, debido a la actividad de CDK-ciclina dependiente de la fase del CC.
Esta regulacién de la via Notch por el CC es responsable de mantener el potencial de las células
precursoras de la vulva, al permitirles mantenerse en un estado competente y ser responsivas a
la concentracion de LIN-3 y a sefales extracelulares. Como sefialamos en la seccién 1.7, la regu-
lacién temporal o la duracién de las fases del CC repercuten directamente en el destino celular,

pese a esto, el tema a penas se empieza a explorar.

3.5 Conclusion

En este trabajo hemos reunido datos de diversas fuentes con la finalidad de explorar un tema
fascinante tanto desde el punto de vista bioldgico como del dindmico. Recurrimos a los modelos
booleanos como una herramienta tedrica que complementa a la investigaciéon experimental, y
facilita la formulacién y el acotamiento de hipétesis al aportar una explicacién sistémica de la
regulacién molecular del CC de Arabidopsis. Las contribuciones del modelo a la regulacién del

CC en Arabidopsis son:

e La proposicion del oscilador transcripcional y la relacidon entre complejos que median
la degradacion de proteinas. Estas interacciones no se habian investigado en plantas,
pero hay observaciones que sugieren su existencia como en otros eucariontes. El oscilador
transcripcional corresponde a la coordinacién directa entre FTs requeridos para la tran-
siciéon G1/S (E2Fs) y G2/M (MYB); la relaciéon entre complejos ligasas de ubiquitina, se
refiere a la regulacion negativa del SCF por parte del APC/C.

e Una propuesta para la regulacion alternativa de la transicion G2/M del CC de Ara-
bidopsis. Dado que las proteinas que modulan la transicién G2/M en mamiferos o levadura
(Wee/Cdc25) no conservan sus funciones en esta planta, retomamos consideraciones de
otros autores para fundamentar una propuesta distinta que incluye a la proteina KRP y a

la cinasa CDKB especifica de plantas.

e La clarificacion de la dinamica de regulacion de la via E2F-RBR. La union diferencial
de la proteina RBR a los FTs E2Fa y E2Fb, en presencia de la ciclina CYCD3;1, permitieron

expresar las reglas ldgicas que explican las diferencias en la funcién de estos factores.

e Una explicacion del mecanismo por el que las senales fisiologicas y del desarrollo
interfieren en la regulacion diferencial del CC en la punta de la raiz. La revision
del impacto que tiene el programa de desarrollo y el ambiente en los componentes del
CC junto con la simulaciéon de mutantes, revelan parcialmente la relacién entre dichas

sefiales y el comportamiento diferencial del CC en la raiz (i.e. quiescencia, proliferacién
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celular o endorreduplicacién); un ejemplo seria la ganancia de funcién de la subunidad
activadora del APC/C, la cual recuperd un atractor equivalente al fenotipo observado con
la sefalizacion de las citocininas al inducir la expresién de esa subunidad en la zona de

endorreduplicacion de la raiz.

El modelo dindmico de la regulacién del CC que hemos propuesto para Arabidopsis, es una
aproximacion inicial para entender la regulacidon espacio-temporal de la proliferacion celular
durante el desarrollo de la raiz. Es posible que aspectos como la redundancia funcional tengan
que ser reconsiderados, o que se tengan que agregar suposiciones adicionales. Por ejemplo, en
el modelo se tomd en cuenta la CYCD3;1 porque esta ciclina de tipo D parece ser relevante
para células del dominio de proliferacion, sin embargo en el CQ seria la CYCD3;3 (inhibida
por WOX5), o en las células iniciales la CYCD6;1 (activada por auxinas o por el heterodimero
formado por SHORT-ROOT y SCARECROW; SHR-SCR), las ciclinas responsables de la re-entrada
al CC. Las metodologias propuestas recientemente para analizar el papel de cada gen de una
red regulatoria [246] o para encontrar los cambios en un grupo de genes que modificarian el
conjunto de estados estacionarios [247] seran, sin duda, herramientas que permitan explorar el
efecto de las condiciones ambientales o los morfogenos en la determinacién de la quiescencia,
endorreduplicacién o diferencias en las tasas de proliferacion celular. Identificando al conjunto
de sefiales que inducen cambios en los atractores, ya sea en la(s) configuraciéon(es) o en el
numero de atractores posibles, podriamos proponer procedimientos no genéticos para modificar
el crecimiento o la morfogénesis de una planta.

El modelo de la regulacion del CC de Arabidopsis también ayudara a esclarecer la razén de
que algunas alteraciones dependan de la etapa del desarrollo del organismo, o incluso de la
fase del CC en que se presentan. Por ejemplo, la sobre-expresién transitoria de E2Fa en pro-
toplastos de hoja madura causan la transicion del estado quiescente (en G1 o GO) a la fase
S [117]. Adicionalmente, la desdiferenciacién, la re-entrada al CC y la induccién a la redifer-
enciacién también se pueden estudiar con el modelo propuesto. Esos procesos pueden ocurrir
casi en cualquier célula vegetal diferenciada, ya que a diferencia de los animales, la mayoria
de las células vegetales son totipotentes? [7]. Una comparacién entre la dindmica del CC veg-
etal y el animal, ayudaria a entender por qué las células vegetales son capaces de mantener su
totipotencia mientras que las animales la van perdiendo durante su desarrollo.

La topologia y la dindmica de la red propuesta sugieren que el patrén ciclico de actividad o
transcripcion de los reguladores del CC es una propiedad que emerge a partir de las relaciones

entre sus componentes. Con este trabajo comenzamos a entender la relacidn reciproca entre la

2Células que tienen el potencial de originar cualquier tipo de célula que conforma al organismo
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regulaciéon del CCy el desarrollo, pues este ultimo también influye en la regulacion de los compo-
nentes del CC a través de reguladores transcripcionales de la diferenciacién. Con la integracion
de otros modulos funcionales como la regulacion genética o los morfégenos vegetales, la red de
la regulacién del CC ayudara a entender mejor la interaccion entre genotipo (nivel molecular) y
fenotipo (nivel 6rgano/organismo) en el crecimiento y morfogénesis. Por tiltimo, el modelo sera
un instrumento que simplifique la obtencién de conclusiones en relacion a la regulacion genética,

degradacion especifica de proteinas, y evolucion de la red de regulacién del CC de Arabidopsis.
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Abstract

Cell cycle control is fundamental in eukaryotic development. Several modeling efforts have
been used to integrate the complex network of interacting molecular components involved
in cell cycle dynamics. In this paper, we aimed at recovering the regulatory logic upstream
of previously known components of cell cycle control, with the aim of understanding the
mechanisms underlying the emergence of the cyclic behavior of such components. We
focus on Arabidopsis thaliana, but given that many components of cell cycle regulation are
conserved among eukaryotes, when experimental data for this system was not available,
we considered experimental results from yeast and animal systems. We are proposing a
Boolean gene regulatory network (GRN) that converges into only one robust limit cycle
attractor that closely resembles the cyclic behavior of the key cell-cycle molecular compo-
nents and other regulators considered here. We validate the model by comparing our in sil-
ico configurations with data from loss- and gain-of-function mutants, where the endocyclic
behavior also was recovered. Additionally, we approximate a continuous model and recov-
ered the temporal periodic expression profiles of the cell-cycle molecular components
involved, thus suggesting that the single limit cycle attractor recovered with the Boolean
model is not an artifact of its discrete and synchronous nature, but rather an emergent con-
sequence of the inherent characteristics of the regulatory logic proposed here. This dynam-
ical model, hence provides a novel theoretical framework to address cell cycle regulation in
plants, and it can also be used to propose novel predictions regarding cell cycle regulation
in other eukaryotes.

Author Summary

In multicellular organisms, cells undergo a cyclic behavior of DNA duplication and deliv-
ery of a copy to daughter cells during cell division. In each of the main cell-cycle (CC)
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stages different sets of proteins are active and genes are expressed. Understanding how
such cycling cellular behavior emerges and is robustly maintained in the face of changing
developmental and environmental conditions, remains a fundamental challenge of biol-
ogy. The molecular components that cycle through DNA duplication and citokinesis are
interconnected in a complex regulatory network. Several models of such network have
been proposed, although the regulatory network that robustly recovers a limit-cycle steady
state that resembles the behavior of CC molecular components has been recovered only in
a few cases, and no comprehensive model exists for plants. In this paper we used the plant
Arabidopsis thaliana, as a study system to propose a core regulatory network to recover a
cyclic attractor that mimics the oscillatory behavior of the key CC components. Our analy-
ses show that the proposed GRN model is robust to transient alterations, and is validated
with the loss- and gain-of-function mutants of the CC components. The interactions pro-
posed for Arabidopsis thaliana CC can inspire predictions for further uncovering regula-
tory motifs in the CC of other organisms including human.

Introduction

The eukaryotic cell cycle (CC) in multicellular organisms is regulated spatio-temporally to
yield normal morphogenetic patterns. In plants, organogenesis occurs over the entire lifespan,
thus CC arrest, reactivation, and cell differentiation, as well as endoreduplication should be
dynamically controlled at different points in time and space [1]. Endoreduplication is a varia-
tion of the CC, in which cells increase their ploidy but do not divide. Normal morphogenesis
thus depends on a tight molecular coordination among cell proliferation, cell differentiation,
cell death and quiescence. These biological processes share common regulators which are influ-
enced by environmental and developmental stimuli [1-3]. It would not be parsimonious to
depend on different regulatory circuits to control such interlinked cellular processes, CC
behaviors and responses. Thus we postulate that a common network is deployed in all of them.
Such overall conserved CC network may then connect to different regulatory networks under-
lying cell differentiation in contrasting tissue types or to signal transduction pathways elicited
under different conditions, and thus yield the emergence of contrasting cellular behaviors in
terms of cycling rate, entrance to endocycle, differentiation, etc.

Furthermore, the overall CC behaviors are widely conserved and robust among plants and
animals. Hence, we aim at further investigating the collective behavior of the key upstream reg-
ulators and studied CC components to understand the mechanisms involved in the robustness
of CC regulation under changing developmental stages and environmental conditions faced by
plants along their life-cycles. Previous studies, that have shown the oscillatory behavior of sev-
eral transcription factors, that had not been associated as direct regulators of the CC, support
our proposed hypothesis [4]. We thus propose to uncovering the set of necessary and sufficient
regulatory interactions underlying the core regulatory network of plant CC, including some
key upstream transcriptional regulators.

Computational tools are essential to understanding the collective and dynamical behavior
of these components within the regulatory networks involved. As a means of uncovering the
main topological and architectural traits of such networks, we propose to use Boolean formal-
isms that are simple and have proven to be useful and powerful to follow changes in the activity
of regulators of complex networks in different organisms and biological processes [5, 6].

Although the key CC components have been described in different organisms, the complex-
ity and dynamic nature of the molecular interactions that are involved in CC regulation and
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the emergence of the cyclic behavior of the CC molecular components are not well understood
yet. The use of systemic, dynamic and mathematical or computational approaches has been
useful towards this already. Previous models have focused mainly on yeast and animal systems
and have been useful to analyze many traits of CC behavior such as robustness, hysteresis, irre-
versibility and bistability [7-11]. The latter two properties have been validated with experimen-
tal data [12-14].

We herein summarize the main traits and components of the eukaryotic CC. The molecular
CC regulators have been described and they are well conserved across distantly related organ-
isms [15, 16]. CC progression is regulated by Cyclin-Dependent Kinases (CDKs) [17] that asso-
ciate with different cyclins to confer substrate specificity [18]. CDK-cyclin complexes trigger
the transition from G1 (Gap 1) to synthesis phase (S phase) in where the genome is duplicated,
and from G2 (Gap 2) to mitotic phase (M phase) for the delivery of the newly duplicated DNA
to the two daughter cells [19] (see for a review [17, 20]). The CDK-cyclin activity also regulates
the cell transit between G and S phases during the endoreduplication process [21, 22].

Two CDKs (CDKA and CDKB) are involved in CC regulation. CDKA;1-CYCDs and
CDKA;1-CYCA3 complexes regulate G1/S and S phase progression [23-25]; while
CDKB-CYCA2 and CDKB-CYCBs regulate G2/M phase and M progression [26-28]. Thus
CDK-cyclin activity is finely-tuned by phosphorylation, interactions with CDK inhibitors such
as Kip-related proteins (KRPs), and degradation of cyclins and KRPs by Skp1/Cullin/F-
box (SCF), as well as by the anaphase-promoting complex/Cyclosome (APC/C) [29-31].
Besides these components, plant CC machinery has a greater number of CC regulators than
other eukaryotes and some of those components such as the CDKB are plant-specific.

Several key transcriptional regulators participate in the G1/S and G2/M transitions [32].
The E2F/RBR pathway regulates G1/S transition by transcriptional modulation of many genes
required for CC progression and DNA replication [33, 34]. While E2Fa and E2Fb with their
dimerization partner (DP) activate transcription of a subset of S phase genes, E2Fc-DP
represses transcription [35]. The function of E2Fa and E2Fb is inhibited by their interaction
with RBR [36]; in G1/S transition CDKA;1-CYCD-mediated RBR hyperphosphorylation,
releases E2Fa/b-DP heterodimers allowing transcriptional activation of E2Fa and E2Fb targets.
Simultaneously the E2Fc-DP transcriptional inhibitor is degraded [37].

Little is known about the regulation of G2/M transition in plants, however a class of con-
served transcription factors belonging to the MYB family has been described, that seem to have
key roles in CC regulation. MYB transcription factors have a prominent role during G2/M
transition, by regulating, for example, CYCBI;1 which is determinant in triggering mitosis
[38-43]. For the mitosis exit, APC/C mediates degradation of the mitotic cyclins as CYCBI;1
and CYCAZ2;3, inactivating CDK-cyclin complexes. CCS52A2, an activator subunit of APC/C,
is transcriptionally inhibited by E2Fe [44].

Some previous models have recovered the limit cycle attractor as well for CC components
[45-48]. A pioneer model of the CC focused on mitotic CDK-cyclin heterodimer and a cyclin
protease oscillatory behavior [49]. On the other hand, Novak and Tyson incorporated addi-
tional nodes and interactions to model the G1/S and G2/M transitions of the S. pombe CC [50,
51]. They also analyzed evolutionary roles of CC regulators [52], mutant phenotypes [53], sta-
ble steady states [7] and the role of cues such as cell size or pheromones in CC progression [54,
55]. Additionally, comprehensive CC continuous models [45] and generic modules for eukary-
otic CC regulation [56, 57] have been proposed.

In addition to continuous formalisms, CC models have used discrete approaches as Boolean
models for yeast and mammalian systems [46-48, 58-61], and more recently, hybrid models
for mammalian cells have been published [62]. Subsequently, time-delayed variables [63] and
variables defining CC events [47, 48] were incorporated. Time robustness was improved with
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specifications of the temporal order with which each component is activated [60]. Recent pub-
lished reports on CC dynamics use steady state probability distributions and potential land-
scapes, and highlight the enormous potential of CC models to characterize normal and altered
regulation of mammalian CC [64, 65].

Yeast CC Boolean models with summatory thresholds [58, 59], incorporated self-degrada-
tion for proteins, but did not incorporate several negative regulators explicitly. In a later work
[61], nodes were kept active when the summatory effect of their regulators was greater than the
activation threshold, which implies self-degradation of the protein, when such summatory is
equal to or below the threshold. Fauré and Thieffry have transformed CC Boolean models, that
use threshold functions, to models with a combinatorial scheme, and they have also presented
a broader discussion about these two approaches to logical frameworks [66].

Two Boolean models of budding yeast CC and another one of mammalian CC recover cyclic
attractors [46-48]. The mammalian CC model [46] also recovers a fixed-point attractor corre-
sponding to GO. In another study, Fauré and collaborators integrated three modules to yield a
comprehensive model for the budding yeast CC GRN [47]. The components included variables
to represent cellular growth, citokinesis, bud formation, DNA replication and the formation of
the spindle. The yeast CC model by Irons also included variables of CC events (e.g. bud forma-
tion or DNA replication) as well as time delays [48]. In contrast to other eukaryotes, in Arabi-
dopsis thaliana (A. thaliana herein) very few attempts have been made to integrate available
experimental data on CC regulators using mechanistic models. Only a study that considers the
G1/S transition has been proposed and contributed to show some additional conserved features
of this CC control point among eukaryotes [67].

We integrated available experimental data on 29 A. thaliana regulatory interactions involved
in CC progression into a Boolean discrete model, that recovers key properties of the observed
plant CC. The regulatory network, that we put forward, also incorporates three uncovered inter-
actions, based on animal systems (E2Fb — SCF, CDKB1;1-CYCAZ2;3 4 E2Fa, APC/C - SCF), as
well as 16 interactions based on bioinformatic analyses. Therefore, the latter proposed interac-
tions constitute new predictions that should be tested experimentally. The use of yeast or animal
data is supported by the fact that main CC components or regulatory motifs are conserved
among eukaryotes [16]. In our model, we include solely molecular components and avoid artifi-
cial self-degradation loops, which have been used for recovering the limit cycle attractor. We vali-
dated the model simulating loss- and gain-of-function lines, and hence demonstrate that the
Boolean network robustly implements true dynamical features of the biological CC regulatory
network under wild type and genetic alterations. Possible artifacts due to the discrete dynamical
nature of the model used, and of its synchronous updating scheme, were discarded by comparing
the Boolean model results to those of a continuous approximation model. The continuous model
indeed recovers the robust limit cycle that mimics the dynamical behavior of CC components
under a wide range of parameters tested. Finally, we provide novel predictions that can be tested
against biological experimental measurements in future studies. The model put forward consti-
tutes a first mechanistic and integrative explanation to A. thaliana CC.

Materials and Methods
Boolean model

We proposed a Boolean approach to integrate and study the qualitative complex logic of regu-
lation of the molecular components underlying the CC dynamics. We formalized available
experimental data on logical functions and tables of truth that rule how the state of a particular
component is altered as a function of the states of all the components that regulate it. In a Bool-
ean model each node state can be 0, when the expression of a gene or other type of molecular
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component or complex of such components is unexpressed or “OFF”, or 1 when it is expressed,
or “ON”. Nodes states are updated according to the function: X;(t+1) = Fi(X; (¢), X; (¢), . . .,

X; (1), where X;(¢+1) is the state of X; gene at time t+1 and X; (£), X; (), . . ., X; (¢) is the set of
its regulators at time t. The set of logical rules for all the network components defines the
dynamics of the system. By applying the logical rules to all nodes for several iterations, the
dynamics of the whole network can be followed until it reaches a steady state; a configuration
or set of configurations that does not change any more or are visited in a cyclical manner,
respectively. Such state is called an “attractor”. Single-point attractors only have one GRN con-
figuration, or cyclic attractors with period #, which have n configurations that are visited indef-
initely in the same order. In this paper we propose a GRN model that converges to a single
limit cycle attractor that recovers the CC molecular components’ states of presence (network
configuration) in a cyclic pattern that mimics the pattern observed for the molecular compo-
nents included in the model along the different CC phase.

Model assumptions

A. thaliana CC Boolean model has the following assumptions:

1. Nodes represent mRNA, proteins or protein complexes involved in CC phase transitions.
Node state “ON” is for the presence of regulator, and “OFF” is for absence; in the latter case,
it may also indicate instances in which a component may be present but non-functional due
to a post-translational modification.

2. The state of the RBR (RETINOBLASTOMA-RELATED) node corresponds to a 1 or “ON”
when this protein is in its hypo-phosphorylated form and therefore is ready to inhibit E2F
transcription factors.

3. When a particular CDK is not specified, a cyclin can form a complex with CDKA;1, a kinase
that is always present because it is expressed in proliferative tissues [68] during the complete
CC.

4. E2Fa, E2Fb and E2Fc need dimerization partner proteins (DPa or DPb) for its DNA-bind-
ing. Given that DP expression does not change drastically in CC [69], we assumed that the
state of these heterodimers is given only by the presence of E2F factors.

5. The Boolean logical functions integrate and formalize experimental data available mainly
for the A. thaliana root apical meristem, however some data from leaves were considered,
and we assumed that these are also valid for CC regulation in the root meristem. Also, data
from other systems and data obtained by sequence promoter analysis were considered as
indicated in each case [27, 39, 40, 67, 70-85] (summarized in Table 1).

6. The dynamics of complex formation (such as CDK-cyclin and KRP1, or RBR and E2F fac-
tors) are specified directly in the Boolean function of their target genes. For instance, the
logic rule for E2Fb is E2Fa & IRBR, indicating that E2Fb state is “ON” when it is transcrip-
tionally activated by E2Fa free of RBR. All E2Fa targets also included in their logical rules
RBR, as is shown in S1 Text. Then, the presence of KRP1 or RBR in a logical rule does not
imply that they are regulators acting directly on the corresponding target.

7. The updating scheme for the node states was synchronous.

Periodic expression and promoter sequence analysis

Most regulatory interactions and logical rules were obtained from the A. thaliana data [20, 21,
25-27,29, 30, 35, 37, 38, 40, 43, 44, 78-80, 85-103] (detailed in Table 2). A. thaliana CC-
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Table 1. Hypothetical Interactions for the A. thaliana CC Network.
Regulator Target Data supporting the proposition of the interaction Refs.

E2Fb — SCF F-box protein Skp2 is part of the SCF complex and is transcriptionally [67, 70]
regulated by E2F1 in humans. In A. thaliana, it has only been reported that
E2F factors regulate FBL17, another F-box protein.

E2Fb — MYB77 Direct regulation between E2F and MYB factors has been reported in [39,
budding yeast and mammals, but in plants it could include at least one 71-74]
intermediary; A. thaliana could have a similar regulation because its CC also
presents transcriptional waves in G1/S and G2/M transitions as yeasts and
mammals. After analyzing the two main families of transcription factors
involved in CC regulation: TCP and MYB, we propose MYB77 as a mediator
between E2F and MYB regulation. Using available microarray analyses, we
found that MYB77 shows CC-dependent expression with a peak in M phase.

In addition to having binding sites for E2F, with the identification of the
binding site recognized by MYB77, we can hypothesize that MYB77
regulates MYB3R1/4 and other CC genes.

MYB77 — E2Fe, KRP1, MYB3R1/4, The sequence CNGTTR identified as a consensus site recognized by [75-77]
CYCB1;1, CYCA2;3, CDKB1;1, MYB77 was used to find its possible targets among CC core genes. Several
CCS52A2 of them are expressed just before G2 to M phase transition.
MYB3R1/4 — SCF, RBR, CDKB1;1, CYCA2;3, The consensus site of MYB3R4 was found in SKP2A, RBR, CDKB1;1, [40, 78]

APC/C, E2Fc, MYB3R1/4, KRP1 CYCA2;3, CCS52A2, KRP1, E2Fc, MYB3R1/4 and CYCB1;1 by in silico
analysis described in the Materials and Methods section. In tobacco,
NtmybA1 and NtmybA2 genes have the MSA sequence and they can
regulate themselves. MYB3R1/4 might promote the expression of KRP1,
since KRP1 has a peak of expression in G2/M and has eight putative MSA
elements. CYCB1;1 regulation by MYB3R1/4 also has experimental support.

CDKB1;1-CYCA2;3 - E2Fa It has been hypothesized that a cause of low levels of E2Fa could be due to [27,
its high turnover rate as result of CDKB1;1 phosphorylation. This E2F factor 79-81]
has putative CDK-phosphorylation sites in its N-terminal end, and a high
CDK activity inversely correlates with its DNA binding ability in vitro. This
hypothesis is supported by observations in mammalian cells.

APC/C - SCF It was proposed that APC/C and SCF functions are mutually exclusive during  [82-85]
CC progression, which led to the identification of the relationship amongst
them. In proliferating mammal cells, levels of Skp2, a SCF subunit, oscillate
under the pattern of APC/C substrates. Furthermore, the APC/C subunit
Cdh1 participates in the degradation of Skp2 and the reduction of Cdh1
expression stabilizes Skp2. A. thaliana SCF and APC/C seem have the same
roles during CC as their animal counterparts.

A summary of the data led us to propose interactions that have not been previously described for A. thaliana CC. - stands for negative regulation and —
for positive regulation.

doi:10.1371/journal.pcbi.1004486.t001

dependent expression data for validation was obtained from: [72-74]. The consensus site used
for MYB77 was CNGTTR, according to: [75, 76], while that for MYB3R4 was AACGG accord-
ing to: [43]. The motifs were searched in the regulatory sequences of all network nodes using
Pathmatch tool (http://arabidopsis.org/cgi-bin/patmatch/nph-patmatch.pl) of TAIR. Regula-
tory sequences in TAIR10 Loci Upstream Sequences-1000bp and TAIR10 5° UTRs datasets
were used.

Software for robustness analysis and mutant simulation

We used BoolNet [104] (a library of R language [105]) and Atalia(A. Chaos; http://web.
ecologia.unam.mx/achaos/Atalia/atalia.htm) to simulate the CC GRN dynamics and perform
robustness, and mutant analyses. Systematic alterations in Boolean functions for robustness
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Table 2. Experimental Interactions for the A. thaliana CC Network and their Evidence.

Regulator
CDKA;1-CYCD3;1
CDKA;1-CYCD3;1

CDKA;1-CYCD3;1

SCF
SCF
SCF

RBR
E2Fa
E2Fa
E2Fa
E2Fa
E2Fb

E2Fb
E2Fb
E2Fc
E2Fc

E2Fc
E2Fc
E2Fe
MYB3R1/4

CDKB1;1
CDKB1;1-CYCA2;3

CDKB1;1, CDKA;1
CDKA;1-CYCB1;1

KRP1

KRP1
APC/C
APC/C

-
|

I | i |

N . B

N N

Target

RBR

RBR-
E2Fb

E2Fc

CYCDS3;1
KRP1
E2Fc

E2Fa/b
E2Fb
E2Fc
RBR
APC/C
CYCB1;1

CDKB1;1
E2Fe

CDKBH1;1
CYCB1;1

E2Fa
E2Fe
APC/C
CYCB1;1

CYCA2;3
KRP1

CYCB1;1

MYB3R1/
4

CYCD3;1

CYCB1;1
CYCBI1;1
CYCA2;3

Description of the interaction

Studies suggest that complexes formed by CDKA;1 and D-type cyclins phosphorylate RBR.
E2Fb—RBR complex diminishes in CYCD3;1 overexpressor line.

CDKA;1 bound to D-type cyclin affects formation of E2Fc-DPb complex and its binding to DNA.
The recognition of E2Fc by the SCF complex depends on phosphorylation mediated by CDKA;1.

SCF is involved in the ubiquitination required for CYCDS3;1 degradation.
SCF ubiquitinates KRP1 to be degraded.

E2Fc shows the accumulation in skp2a mutant (subunit of SCF); the overexpression of SKP2A
reduces levels of E2Fc.

RBR is a negative regulator of E2Fa/b transcriptional activity.

E2Fb transcription is induced in E2Fa overexpressor line.

E2Fc has binding sites for E2F and it is induced in E2Fa-DPa overexpressors.
Transcriptional control of RBR is under E2Fa transcriptional activity.

CCS52A2, a component of APC/C, is induced when RBR-free E2Fa is overexpressed.

CYCB1;1 expression is induced when RBR-free E2Fb increases; targets of E2Fb are genes
needed for G2/M transition.

Inducible expression of E2Fb promotes CDKB1;1 expression.
E2Fb induces transcription of E2Fe.
The effect of E2Fb can be countered by E2Fc; with E2Fc destabilization increments CDKB1;1.

CYCB1;1 expression increases when E2Fc expression is silenced; E2Fc overexpression reduces
CYCB1;1 level.

E2Fa messengers increase when E2Fc expression is silenced.
E2Fc counteracts the positive effect that E2Fb has in the expression of E2Fe.
Expression of CCS52A, a subunit of APC/C, is downregulated by E2Fe.

MYB3R1/4 recognizes the sequence AACGG required for CYCB1;1 expression; other regulators
seem to drive its G2/M-specific expression.

CYCAZ2;3 interacts with CDKB1;1 to form a functional complex.

In complex with CYCA2;3, CDKB1;1 could promote KRP1 proteolysis as promotes KRP2
proteolysis; both KRPs could have similar roles in mitosis entry, since both interact with CDKA;1
and are expressed in G2/M.

B-type cyclins interact with B-type and A-type CDKs.

The overexpression of MYB3R4 enhances the 2-fold activity of its target promoters in comparison
to WT, and the co-expression of MYB3R4 and CYCB1;1 enhances them 4-fold; CycB1 and other
mitotic cyclins enhances the activity of NtmybA2 factors in tobacco.

KRP1 is able to interact with CDKA;1 and CYCD3;1.

KRP1 binding to CDKA;1 inhibits the activity of CDKA-CYCB1;1.
The APC/C complex ubiquitinates CYCB1;1 to be degraded.

CYCA2;3 is stabilized with loss-of-function mutations in APC/C subunits or with mutations in its D-
box.

Refs.
[20, 86—89]
[90]

[35, 37, 91]

[92]
85, 93]
[35, 91]

[90]
[94]
[80, 94]
[95]
[90]
[79, 80, 90]

[79]
[96]
[96, 97]
[37]

[37]

[96]

[44]
[38, 43]

[25, 27]
[21, 27, 78]

[25, 26]
[40, 98, 99]

[29, 98, 100,
101]

[30, 100]
[102]
[27, 103]

Summary of experimental evidence supporting interactions of A. thaliana CC GRN. - represents negative regulation, — is for positive and — represents
the formation of functional complex.

doi:10.1371/journal.pcbi.1004486.t002

analyses were done with Atalia, while stochastic perturbations in random networks to compare
attractor’s robustness were done with BoolNet. For random perturbations made in transitions

between network configurations or in Boolean functions, the “bitflip” method was applied. To
validate the GRN model proposed here, we used BoolNet and simulated loss- and gain-of-func-
tion mutations for each node, by skipping the node’s logical rule and setting the respective

gene to “0” and “1”, respectively.
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Continuous model

For the continuous model, we followed [106, 107]. In the continuous version of the model the
rate of change for each x; node is represented by a differential equation that comprises produc-
tion as well as decay rates:

dx. 0ok o)
! = _— ’V/le

dt (1= &%) x (1 + e vlo09)

: (1)

The parameter / determines the form of the curve; when h is very close to 0, the curve
becomes a straight line, while with values close to 100, the curve approximates a step function.
The parameter w; is the continuous form of F(X; (¢), X; (¢), . . ., X; (t)) used in the Boolean
model, and y; is its degradation rate. Detailed information about the continuous model can be
found in S2 Text.

Results
The regulatory network recovers a dynamical model of A. thaliana CC

The CC model proposed here integrates and synthesizes published data for A. thaliana CC
components interactions, as well as some molecular data from other organisms (mammal and
yeast), that we propose as predictions for A. thaliana CC regulation, and assume to be con-
served among all eukaryotes. The whole set of interactions and nodes included in the model
and detailed in Tables 1 and 2 are shown in Fig 1. Four types of molecular interactions can be
distinguished: (i) transcriptional regulation, (ii) ubiquitination, (iii) phosphorylation and (iv)
physical protein-protein interactions. Additionally, an in silico analysis of transcription factors
and promoters was carried out, in order to further substantiate 16 predicted interactions in the
GRN (these are: E2Fb — MYB77; MYB77 — E2Fe, MYB3R1/4, KRP1, CYCBI1;1, CYCA2;3,
CDKBI1;1 and CCS52A2; MYB3R1/4 — SCF, RBR, CDKBI;1, CYCA2;3, APC/C, KRP1, E2Fc
and MYB3R1/4). The logical rules are available in S1 Text.

Our results show that the nodes and interactions considered are sufficient to recover a single
robust cyclic steady state, and thus the cyclic behavior of the components considered. Such
behavior closely resembles the periodic patterns observed during actual CC progression, Fig 2.
The first two columns or network configurations match a G1 state, given that during the early
G1 phase, the CDKA;1-CYCD3;1 complex is absent or inactive by the presence of KRP1 [92,
93, 108]. The CDKA;1-CYCD3;1 state is given only by the presence of CYCD3;1 since CDKA;1
is always expressed in proliferative cells [68]. To facilitate understanding, in Fig 2 the complex
CDKA;1-CYCD3;1 is shown instead of only CYCD3;1. The absence of mitotic cyclins
(CYCAZ2;3 and CYCBI;1) at this stage [28, 38], as well as the APC/C presence until the early
GI1 phase, which is needed for the mitosis exit, also coincides with experimental observations
[44, 109, 110]. The presence of the RBR protein in G1-phase implies an inactive state of the
E2F, as expected [33, 111, 112]. Then, the third column resembles G1/S transition, where the
presence of CDKA;1-CYCD3;1 complex would be inducing RBR phosphorylation and its inac-
tivation [32]. In the fourth configuration, the S-phase is represented by RBR inactivation and
E2Fa/b transcriptional activation [113]. In the fifth and sixth configuration, E2Fc state returns
to “ON” but RBR state is kept in “OFF”, which indicates that transcription driven by E2Fa and
E2Fb can still happen. Indeed, the E2Fb factor appears from the fifth configuration and it is
consistent with their function regulating the expression of genes needed to achieve the G2/M
transition. In the sixth configuration, MYB77 is turned on, although in synchronization experi-
ments it has been observed to be on until the beginning of mitosis [73]. During G2-phase the
MYB transcription factors and KRP1 are expressed [31, 73, 93], the former would maintain
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Fig 1. Regulatory network of the A. thaliana CC. The network topology depicts the proteins included in the model as well as the relationship among them.
Nodes are proteins or complexes of proteins and edges stand for the existing types of relationships among nodes. The trapezoid nodes are transcription
factors, the circles are cyclins, the squares are CDKs, the triangle represent stoichiometric CDK inhibitor, the hexagons are E3-ubiquitin ligase complexes
and the octagon is a negative regulator of E2F proteins. Edges with arrow heads are positive regulations and edges with flat ends illustrate negative
regulations. The red edges indicate regulation by phosphorylation while blue ones indicate ubiquitination, the green ones show physical protein-protein
interactions and the black edges transcriptional regulation. Only CDK-cyclin interactions are not represented with a line. Interactions to or from rhombuses
stand for interactions that involve the CDK as well as the cyclin. A solid line indicates that there is experimental evidence to support such interaction and
dotted lines represent proposed interactions grounded on evidence from other organisms or in silico analysis.

doi:10.1371/journal.pcbi.1004486.9001

dimers of CDKA;1 and mitotic cyclins inactive; and together, this data is consistent with what
is observed in the seventh configuration of the CC attractor. In the eighth column, KRP1 is lost
because it was phosphorylated by CDKB1;1-CYCAZ2;3, which is active in the G2/M transition
and the onset of mitosis [27]. The phosphorylation of KRP1 drives its degradation and poste-
rior activation of mitotic complexes such as CDKA;1-CYCBI;1 to trigger mitosis [21, 78] (con-
figuration 9 and 10 in Fig 2). The lack of APC/C at the onset of mitosis is determinant for the
accumulation of the mitotic cyclins, but APC/C presence is necessary for the mitosis exit [110],
which occurs in the eleventh configuration of the attractor (Fig 2). Thus, our CC GRN model
recovers a unique attractor of eleven network configurations (Fig 2), which shows a congruent
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CDKA;1-CYCD3;1+
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Fig 2. Attractor corresponding to a dynamic network of CC in A. thaliana. 100% of the whole set of network configurations converges to a unique
attractor composed by 11 configurations. Each column is a network configuration (state of each network component) and the rows represent the state of each
node during CC progression. The squares in green indicate components that are in an “ON” state and the ones in red are nodes in an “OFF” state.

doi:10.1371/journal.pcbi.1004486.9002

cyclic behavior of its components with that observed experimentally. This result validates that
the proposed set of restrictions converge to a single cyclic behavior, which is independent of
the initial conditions. A further validation of the proposed CC model, would imply that the
recovered cyclic attractor is robust to permanent alterations, as is the case for real CC behavior
that is highly robust to external and internal perturbations [14, 58, 114, 115].

The CC Boolean model is robust to alterations

To provide further validation for the proposed CC regulatory network, we performed robust-
ness analyses of the attractor to four types of alterations in the logical functions of the model.
First, we altered the output of each logical rule by systematically flipping one by one, each one
of their bits. We found that 87.47% of the perturbed networks recovered the original attractor,
while 1.77% of the altered networks maintained the original attractor and produced new ones
(see supplementary material S3 Text for details). In contrast, the remaining 10.76% of alter-
ations reduced the number of network configurations of the original attractor. In the second
robustness analysis, after calculating the transitions between one network configuration to the
next one, one bit (i.e. the state of a node) of this next configuration is randomly chosen and its
value changed. Then, the network is reconstructed and its attractors recovered again. This pro-
cedure was repeated 100 times, thus we found that in 88.2 + 3.2 out of the 100 perturbations
(mean + SD) the original attractor was reached. These results suggest that the proposed GRN
for A. thaliana CC is robust to alterations as expected and in coincidence with previous GRN
models proposed for other developmental processes [116, 117].

To confirm that the robustness recovered in these two types of analyses is a specific property
of the network under study, we performed robustness analyses of randomly generated
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networks with similar structures (same number of input interactors for the logical functions)
to the one proposed here for the A. thaliana CC regulatory network, and compared the above
robustness analyses results to those recovered for equivalent analyses for the random networks.
We generated 1000 random networks. Then, 100 copies of the random and of our network
were done. In each copy we randomly flipped the value of one bit in one logical function (to
confirm the first robustness analysis), or in one next configuration (for the second robustness
analysis). When perturbations are made in logical functions, the A. thaliana CC GRN recovers
its attractor in 68% of perturbations, while the median of percentage of cases in which such
attractor was recovered in the random networks was only 18.55% (mean 19.12% + 13.86 SD,
Fig 3A). The difference between the 68% of this latter analysis and the 87.47% of the first
robustness analysis could be due to sampling error. If transitions between network configura-
tions are perturbed, the median of original attractors recovered in random networks is 24.2%
(mean 24.6% + 18.2 SD). In contrast, the original attractor of A. thaliana CC GRN was found
in 88% of perturbed networks starting with that grounded on experimental data (Fig 3B).
These results confirm that the CC GRN proposed here is much more robust than randomly
generated networks with similar topologies and suggests that its robustness is not due to overall
structural properties of the network.

Boolean models can produce cyclic dynamics as an artifact due to their discrete nature and
the time delays implied. To address this issue we approximated the Boolean model to a contin-
uous system of differential equations following [106, 107, 118, 119]. To recover steady states of
such continuous system, the continuous versions of the GRN were evaluated for 1000 different
randomly picked initial conditions (See S2 Text). In all cases and independently of the method-
ology (i.e. [106, 107] or [118, 119]), we recovered the same limit cycle steady state. In the con-
tinuous model, key cyclins for the main phase transitions, CYCD3;1 and CYCBI;1, have an
oscillatory behavior that is not attenuated with time (Fig 4). Importantly, this result is robust to
changes in the decay rates or alterations of the /1 parameter that affects the shape of activation
function (see details in S2 Text); the limit cycle was recovered in 92.86% of the cases. The
results of the continuous model corroborate that the limit cycle attractor recovered by the Bool-
ean version, is not due to an artifact associated to the discrete and synchronous nature of the
Boolean model, but is rather an emergent property of the underlying network architecture and
topology. In addition, the recovery of the cyclic behavior of the continuous model constitutes a
further robustness test for the Boolean model.

Previous studies have also tested asynchronous updating schemes [46]. In this study we have
used a continuous form of the model to discard that the recovered cyclic attractor is due to an
artifact owing to the discrete and synchronous nature of the model used. Future studies could
approach analyses of asynchronous behavior of the model by devising some priority classes dis-
tinguishing fast and slow processes, and thus refining the asynchronous attractor, under a plausi-
ble updating scheme. On the other hand, biological time delays may be involved in CC
progression, but they are not enough for irreversibility. The CC unidirectionality has been pro-
posed to be a consequence of system-level regulation [120], here we hypothesize that the ordered
transitions of A. thaliana CC are an emergent property of network architecture and dynamics.

Simulated loss- and gain-of-function mutants recover observed patterns:
normal CC and endocycle

An additional validation analysis for the proposed A. thaliana CC model implies simulating
loss- and gain-of-function mutations and comparing the recovered attractors with the expres-
sion profiles documented experimentally for each mutant tested. We simulated mutants by fix-
ing the corresponding node to 0 or 1 in loss- and gain-of-functions mutations, respectively.
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Fig 3. Attractor robustness analysis. Random networks with similar structure to A. thaliana CC GRN were
less tolerant to perturbations than original CC GRN. The frequency of perturbations that recovered the
original attractor after a perturbation in the Boolean functions, is shown in: (A), where the red line indicates
that A. thaliana CC GRN recovers its original attractor in 68% of perturbations (the median of random
networks was 18.55% and mean 19.12% + 13.86 SD). When transitions between network configurations are
perturbed (B), A. thaliana CC GRN recovers its original attractor in 88% (vertical red line) of perturbations,
while the median of random networks that recover the original attractor was 24.2% (mean 24.6% + 18.2 SD).
Vertical blue line indicates the 95% quantile. 1000 random networks were analyzed.

doi:10.1371/journal.pcbi.1004486.9003

PLOS Computational Biology | DOI:10.1371/journal.pcbi.1004486 September 4, 2015

12/28



@ PLOS COMPUTATIONAL
2 : BIOLOGY Dynamic Gene Regulatory Network Model of A. thaliana Cell Cycle

CDK-Cyclin activity

109 cveps

% |
S — CYCB1i;
=] =
= 0.8
g 0.6 -
=
8
2 0.4 —
< 024
o
0.0 —
I ] ] ] |
0 5 10 15 20
Time steps

Fig 4. Continuous version of the A. thaliana CC Boolean model. In this graph we show the activity of the CDKA;1-CYCDS3;1 and the CDKA;1-CYCB1;1
complexes as a function of the amount of cyclins, and KRP1 inhibitor. The CDK-cyclin activity is the limiting factor to pass the G1/S and the G2/M
checkpoints. A little more than two complete CC are shown (upper horizontal axis) to confirm that oscillations are maintained.

doi:10.1371/journal.pcbi.1004486.9004

The recovered altered configurations are summarized in S4 Text, and in Table 3 as well as in
Table 4 for gain- and loss-of-function mutants, respectively. The simulated mutant attractors
are coherent with experimental data in most cases [2, 21, 23, 30, 35, 37, 43, 44, 76, 79, 80, 88,
90-93, 103, 108, 109, 111, 113, 114, 121-129]. In Fig 5 we show a representative example of
attractors recovered by simulations of CDKB1;1 and KRP1 loss-of-function and APC/C and
E2Fa gain-of-function mutants. It is noteworthy that several simulated mutants, such as
mitotic cyclins or B-type CDK loss-of-function, converge to a cyclic attractor that corresponds
to the configuration observed under an endoreduplicative cycle (e.g. Fig 5A). In such attractors,
endoreduplication inductors, such as APC/C, KRP1 and E2Fc [37, 78, 130] are present, at least
in some network configurations (Fig 5A, 5C and 5D-right). Another outstanding feature of
these mutant attractors is that, although mitotic CDK-cyclin complex may be present, it is
inhibited by KRP1, therefore there is no CDK-cyclin activity to trigger the onset of mitosis.
These data are coincident with the reported regulation during the onset of endoreduplication
[21]. In the attractors where E2Fa coincides with alternating states of RBR, it suggests that
DNA replication may occur (Fig 5). Likely due to plant redundancy, some mutations do not
produce an obvious impaired phenotype. Such is the case of KRP1 loss-of-function, in which
loss-of-function simulation, a cyclic attractor identical to the original one is recovered, as is
expected (see Table 4), because such mutants do not show an evident altered CC behavior (Fig
5B) [93].

Interestingly, the simulation of a constitutively active APC/C also converges to a single
cyclic attractor, which corresponds to an endoreduplication cycle, since it has Gap and S
phases, but lacks an M-phase configuration. This coincides with the experimental observation
that the overexpression of one of the APC/C subunits (CCS52A) promotes entry to an endo-
cycle [44] (see Table 3). Another interesting example is the gain-of-function mutation of E2Fa
that yields two cyclic attractors, one corresponding to the normal CC cycle and the other one

PLOS Computational Biology | DOI:10.1371/journal.pcbi.1004486 September 4, 2015 13/28
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Table 3. Phenotypes of gain-of-function mutations in CC components.

Node
CYCD3;1

SCF

RBR

E2Fa

E2Fb

E2Fc

E2Fe
MYB77

MYB3R1/
4

CYCBf1;1
CDKB1;1
CYCA2;3

KRP1

APC/C

Phenotypes of gain of function

Inhibition of CC exit, increases division zones and ectopic
divisions. Decreases G1 phase duration and increases G2
duration. Delays expression of G2/M genes.

SKP2A gain-of-function enhances proliferation, and
increases number of cells in G2/M and ploidy levels
decrease.

CC arrest, cells in root apical meristem lose CYCB1;1
expression; in rice, the number of cells synthesizing DNA
decrease.

Mitosis and endoreduplication are promoted.

Cell division is induced but endoreduplication is suppresed;
CC duration and cells are shorter, and the amount of S-
phase transcripts increases.

Overexpression of a non-degradable form of E2Fc leads to
larger cells or a lack of division.

Reduces ploidy levels.

Plants are stunted but there is no information about how CC
could be affected.

No available data about how it could alter cell division.

Root growth enhanced, slightly small cells.

Does not seem to affect CC behavior.

Not enough to produce multicellular trichomes but the
proportion of polyploid cells is less.

CC arrest and inhibition of cell proliferation, G2 phase is
longer; a weak overexpression of KRP2 led to an increment
in DNA ploidy.

Gain-of-function of APC/C subunit CCS52A2 enhanced
endoreduplication entry; more cells with increased DNA
ploidy.

Recovered attractor(s)

Fixed-point attractor of G2-phase.

Oscillates between G1 and S.

Fixed-point attractor characterizing G1 arrest.

One attractor comprising 40.48% of initial conditions that
is a WT CC. The other closely resembles an endocycle
but APC/C activity is lower (59.52% of configurations).

Similar to WT but with a shorter S phase.

Fixed-point attractor where only E2Fc and CYCD3;1 are
present, congruent with a CC-arrest.

CC arrest in M phase.
CC arrest in a mitotic state.

Two fixed-point attractors of CC arrest at early G1 phase,
state of E2Fa varies among them.

WT CC
WT CC
WT CC

Attractor with period 2 oscillating between G1 and G1/S
transition.

Cyclic attractor pointing to endocycle.

Refs.

[108,
121]

[122,
123]

[2, 88]

[111,
113]

[79, 80]

[35]

[44]
[76]

[124]
[125]
[103]

[21, 30,
126]

[44]

Model
PA

NR

A

PA

PA

>

PA

A

Summary of mutant phenotypes and recovered attractors simulating that mutation. A means that the result of simulation is in Agreement with the data
available in the reference(s). PA means it is Partially Agrees with evidence, because not all expected traits were reproduced by the attractor but this does
not contradict the mutant phenotype. NR are attractors that do not make sense with expected behavior and therefore, the model did Not Recover the
mutant phenotype.

doi:10.1371/journal.pcbi.1004486.t003

to an endocycle (Table 3). It has been shown that this gene is required for both processes [111]

that are apparently exclusive, although in both processes the DNA replication occurs and

among E2Fa targets there are genes required for S-phase. Thus our model suggests that the reg-
ulation of E2Fa at the end of G2 phase is decisive for CC exit and transition to endoreduplica-
tion. In this E2Fa gain-of-function simulation, we found an inconsistency with APC/C because
this E3 ubiquitin ligase is decisive for endoreduplication, while in the simulated attractor is

only present in one network configuration (Fig 5D-right). Such behavior observed in the

endoreduplication attractor for E2Fa gain-of-function leads to unstable activity in the CDK-
cyclin complex (Fig 5D), thus suggesting that the increase in APC/C is required for endoredu-
plication entry as well as its progression. In the attractor of the simulated APC/C gain-of-func-

tion, the states of the CYCD3;1, SCF, E2Fb, E2Fc and MYB nodes are more stable than in

PLOS Computational Biology | DOI:10.1371/journal.pcbi.1004486 September 4, 2015
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Table 4. Phenotypes of loss-of-function mutations in CC components.

Node
CYCD3;1

SCF

RBR

E2Fa

E2Fb
E2Fc

E2Fe
MYB77

MYB3R1/
4

CYCB1;1

CDKB1;1

CYCA2;3

KRP1

APC/C

Phenotypes of loss of function

When this cyclin is depleted by sucrose starvation, cells are
arrested in G1 phase; in adult leaves, triple mutant of
cycd3;1-3 led to a diminished number of cells.

Plants with a diminished level of SKP2 do not show obvious
affected development but KRP1 is accumulated.
Proliferation is promoted and cell differentiation is impaired;
downregulation of RBR in rice promotes an increase of cells
in S-phase.

Expression of E2Fb, RBR and other CC regulators decrease;
more cells in G1 and G2 with respect to WT.

Without information.

Mitotic proteins such as CYCB1;1 have increased
expression, ploidy is reduced.

Increased endoreduplication.

Lower density of lateral roots, inconclusive data to evaluate
simulation.

Lower levels of G2/M transcripts, incomplete cell division,
some embryos only have one cell with multiple nuclei.

Cyclin widely used as a marker of cell proliferation, its
absence is associated with differentiated cells.

Overexpression of a dominant negative allele leads to
enhanced endoreduplication.

In null mutants, cells with 2C DNA content decreases before
than in WT, endocycles begin before and are faster than in
WT.

No evident phenotypic effects observed but relative kinase
activity increases to 1.5 in relation to WT.

Loss of CCS52A2 function (activator subunit of APC/C)
produces a decrement in the number of meristematic cells
without affecting endoreduplication index; cells in quiescent
center become mitotically active.

Recovered attractor(s) Refs. Model

Period 2 oscillating between G1 and G1/S transition. [23, A
92]

Similar to a normal CC but endoreduplication would be [93] A

favored by the KRP1 stabilization.

One attractor of a normal CC (includes 81.98% of possible [127] A

configurations) and other attractor oscillates among

G2-S-G2 (18.02% of configurations).

Fixed-point attractor with E2Fe and CYCDS3;1 present [90] PA

suggesting an arrest in a Gap phase.

Fixed-point attractor representing the G1/S transition. - -

Fixed-point attractor of M phase arrest. [37, PA
91]

Attractor of endoreduplication (period 7). [44] A

CC of seven configurations. [76] -

2 attractors, the first seems a three-configurations [43] A

endocycle, and the second is a CC of seven configurations

where APC/C is always absent.

Attractor characterizing endocycle (period 8), intriguingly [128] -

APC/C is never present.

Attractor of endoreduplication (period 11). [129] A

Attractor which is an endocycle (period 7). [103] PA

A CC without alterations. [114] A

Fixed-point attractor of a CC arrest previous to conclude [109] PA

mitosis.

Summary of mutant phenotypes and recovered attractor when that mutation was simulated. Abbreviations in Model column are as in Table 3.

doi:10.1371/journal.pcbi.1004486.t004

endoreduplication attractors of CDKB1;1 loss-of-function or E2Fa gain-of-function, where
E2Fb, E2Fc and MYB factors expression states alternate between “ON” and “OFF” (Fig 5).
We highlight APC/C gain-of-function simulations, as it provides a possible mechanism for

plant hormones action over the CC machinery and, thus how such key morphogens regulate
cell proliferation patterns. Recently, Takahashi and collaborators reported a direct connection
between cytokinins and CC machinery in A. thaliana root [131]. The authors showed that
ARR?2, a transcriptional factor of cytokinins signaling, induces expression of APC/C activator
protein CCS52A1. Our simulated APC/C gain-of-function is congruent with that observation,
since it reproduces the configuration attained by a cell entering an endocycle when APC/C
activity is enhanced (Fig 5C), as it happens at the elongation zone of A. thaliana root. There-
fore, our model is able to recover the attractors of loss- and gain-of-function mutant pheno-
types reported experimentally, and it thus provides a mechanistic explanation for observed
patterns of expression in both normal CC and during endoreduplication cycles or endocycle.

PLOS Computational Biology | DOI:10.1371/journal.pcbi.1004486 September 4, 2015
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Fig 5. Attractors recovered by simulations of loss- or gain-of-function mutants of four CC components. (A) The simulation of loss of CDKB1;1
function produced only one cyclic attractor with period 7 that resembles G1 — S — G2 — G1 cycle, whereas in (B) with simulation of loss of KRP1 function,
one cyclic attractor was attained, which has period 11 and comprises 100% of the initial conditions. This attractor is almost identical to WT phenotype but
without KRP1. With the simulation of APC/C gain-of-function, a single attractor with period 7 was recovered, which is shown in (C) and is consistent with an
endoreduplication cycle. Attractors obtained with the simulation of E2Fa overexpression are shown in (D). Two attractors were found, one of them has period
10 and the 40.48% of the initial conditions converge to that cycle that is closely similar to the WT CC attractor. The second attractor that correspond to E2Fa
overexpression has period 8 and it is very similar to the endoreduplication attractor of loss of CDKB1;1 function, which comprises 59.52% of possible network
configurations.

doi:10.1371/journal.pcbi.1004486.9005

Plant E2Fc and KRP1: validation of A. thaliana CC GRN

We test if the CC GRN recovers the periodic patterns observed in synchronization experiments
of A. thaliana CC molecular components. Interestingly, the E2Fc repressor and KRP1 are regu-
lators that have two short lapses of expression in the attractor recovered in the continuous
model (Fig 6), and experimentally they also show two peaks of expression when synchronized
with aphidicolin [74]. In such synchronization experiments, the expression of E2Fc increases
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Fig 6. Dynamical behavior of E2Fc and KRP1 according to the continuous model. These nodes were chosen by their peculiar pattern of expression,
which was qualitatively recovered by the Boolean and continuous models.

doi:10.1371/journal.pcbi.1004486.9006

from late S to middle G2, but then it decreases dramatically in late G2. In the model, E2Fc
appears from S to G2 phase, and then a second increment of E2Fc expression in G2/M is
observed. The latter correspondence is a further validation of the CC GRN model proposed
here. Furthermore, synchronization experiments using sucrose have shown that KRP1 is
expressed previous to G1/S transition and before mitosis [132], in a similar way that occurs in
the model. More recently it has been proposed that KRP1 has a role during G1/S and G2/M
transitions [93]; the latter should be important for endoreduplication control [78]. Once again,
such roles and expression profiles are consistent with the recovered active state of KRP1 in our
model.

In contrast with the consistent behaviors of E2Fc and KRP1 components to recovered
results with our model, E2Fe results do not coincide with previous observations. In our model
this E2F factor presents only one peak from S to early M phase, but according to synchroniza-
tion experiments [69], E2Fe has two peaks of expression. One of its peaks is due to regulation
by other E2F family factors during S phase, while the G2/M peak could be due to MSA ele-
ments. Indeed, when the regulatory motifs for E2F binding are deleted from E2Fe, it can still be
expressed although at lower levels [96], suggesting that additional transcription factors regulate
its expression. Such factors could belong to the MYB family as suggested for the A. thaliana
CC GRN proposed here.

Discussion

The canonical cyclic behavior of eukaryotic cells as they go from DNA duplication to cytokine-
sis suggests that a conserved underlying mechanism with shared molecular components and/
or regulatory logic should exist. While yeast and animal CC have been thoroughly studied and
modelled, plant CC is less studied and no comprehensive model for it has been proposed.

In this study we put forward a Boolean model of the A. thaliana CC GRN. We show that
this model robustly recovers a single cyclic attractor or steady state with 11 network configura-
tions. Such configurations correspond to those observed experimentally for the CC compo-
nents included here at each one of the CC stages. In addition, the canonical order of sequential
transitions that is recovered also mimics the observed temporal pattern of transition from one
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configuration to another one along the CC (Fig 2). The fact that the 16,384 initial conditions of
the proposed system converge to this single cyclic attractor already suggests that the GRN com-
prises a robust module that integrates the necessary and sufficient set of components and inter-
actions to recover molecular oscillations experimentally observed. The proposed GRN is also
robust to alterations, being similarly robust to previously published models for other cell differ-
entiation or developmental modules [116, 117, 133]. The model is validated because it recovers
A. thaliana wild type and altered (in gain- and loss-of-function) configurations and cycling
behaviors. The comparison between experimentally observed and recovered gene configura-
tions is summarized in Tables 3 and 4.

Some cyclins such as CYCD3;1 and CYCBI;1, important components during G1/S and G2/
M transitions, show a mutually exclusive regulation, as occurs in a predator-prey Lotka-Vol-
terra dynamical system [134], even though they do not interact directly. Their mutual exclu-
sion is achieved thanks to the coordinated expression of genes with specific proteolytic
degradation capacity. Our cyclic attractor shows two transcriptional periods, one of them in S-
phase regulated by E2F-RBR pathway, and the second one operating at a time previous to M-
phase and regulated by MYB transcription factors. The SCF and APC/C ubiquitin ligases work
during G2-to-M phases, and during mitosis exit, respectively. Therefore, the fourteen nodes
and their interactions proposed in the CC GRN constitute a necessary and sufficient set of
restrictions to recover the oscillations of node states characteristic of CC phases.

Two alternative possibilities could drive CC progression in actual organisms. The first
would imply that transitions from one CC state to the next would require external cues, like
the cell size. The alternative possibility is that CC progression and the temporal pattern of tran-
sitions among stages are both emergent consequences of an underlying complex regulatory
network, and do not require external cues, or these only reinforce such temporal progression
emergent from complex underlying regulatory interactions. Our CC GRN model supports the
latter. This does not imply that several internal or external signals or molecules, such as hor-
mones or other types of cues could alter the CC. Therefore, the two alternative possibilities are
not exclusive but they likely complement or enhance each other. Indeed, A. thaliana CC is reg-
ulated by plant hormones, light, sucrose, osmotic stress [135] or oxidative stress [136]. These
could now be modelled as CC modulators.

In the model proposed here we avoided redundancy. For instance, the KRP1 node repre-
sents the KRP family members that share several functions. Also the metaphase-anaphase tran-
sition could be added to the model when more data about APC/C regulation (i.e. negative
feedback loop comprising CDK-cyclin complexes, or the regulation of Cdc20 homologues)
becomes available in plants. Apparently, these simplifications did not disrupt the main features
of the A. thaliana CC, since the cyclic behavior distinctive of the CC components was correctly
recovered.

A mechanistic model for the A. thaliana CC: novel predictions

Our proposed GRN model suggests some predictions regarding the regulation of certain CC
components in A. thaliana. Such predictions can be classified into two types. The first type per-
tains to those recovered by in silico promoter analysis. The predictions of the second type were
inferred from data of other eukaryotes, because they seem to imply conserved components and
some evidence from A. thaliana suggested that these interactions are part of the CC GRN in A.
thaliana. Three interactions belong to the second type, E2Fb — SCF, CDKB1;1-CYCA2;3
E2Fa and APC/C - SCF (see Table 1 for a synthesis of hypothetical interactions). Although
some evidence supports the idea that these interactions could exist in A. thaliana, they should
be corroborated with additional experimental examination.
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Our model provides a dynamic explanation to the cyclic behavior of certain transcription
factors and predicts a novel interaction for E2F and MYB regulators; they connect waves of
periodic expression that seem to be key for the robust limit cycle attractor that characterizes
CC behavior. Interestingly, previous studies have shown that such periodic transcription can
be maintained even in the absence of S-phase and mitotic cyclins [4], which underpin the role
of a transcription factor network oscillator for the correct CC progression [137]. A regulatory
interaction between E2F and MYB factors (or among the equivalent regulators) may be con-
served among other eukaryotes (e.g. mammals and yeast), but there is no experimental support
yet for it in A. thaliana. After looking for the same direct evidence in A. thaliana and not find-
ing it, we thought about an alternative regulatory mechanism that consists in transcription fac-
tors acting between E2F and MYB. Hence, we decided to analyze the important transcription
factor families known so far, to find out if one of their members could be mediating the regula-
tion between E2F and MYB. The TCP (for Teosinte branched 1, Cycloidea, PCF) and the MYB
family were chosen because they have been reported to be involved in CC regulation [42].
Based on their gene expression patterns and promoter sequence analysis, MYB77 was our best
candidate: it is expressed at the beginning of M phase, and could be regulated by E2F and regu-
lator of MYB (see Table 1). A second possibility might be that several tissue-specific transcrip-
tion factors are involved in E2F-MYB genetic regulation (e.g. GL3, MYB88, SHR/SCR [17],
MYB59 [138] or even members of the MADS box gene family could be implied). Indeed, we
have recently documented that a MADS-box gene, XAL1, encodes a transcription factor that
regulates several CC components (Garcia-Cruz et al., in preparation).

A. thaliana CC in comparison to animal and yeast CC

Differences among eukaryotic CCs allow us to recognize or characterize alternative mecha-
nisms for the regulation of CC. The first difference between GRN of A. thaliana CC and that of
other eukaryotes, concerns the number of duplicates of some key regulators. A. thaliana has up
to ten copies of some of the genes that encode for CC regulators (e.g. families of cyclins or
CDK), while yeast, mammals or the algae Ostreococcus tauri, have much fewer duplicates [20,
139-141]. The only exception concerns the homologues of Retinoblastoma protein, of which
there are three members in humans and mouse, and only one copy in A. thaliana [127]. Future
models should address the explicit role of CC duplicated components in the plastic response of
plant development to environmental conditions. Being sessile, such developmental adjust-
ments, as plants grow under varying environments, are expected to be more important, com-
plex and dynamic than in motile yeast and animals. One possibility is that different members
of the same gene family are linked to different transduction pathways of signals that modulate
CC dynamics.

The second difference among A. thaliana and other CC was regarding the transcriptional
regulation throughout the GRN underlying it. For instance, S. cerevisiage does not have RBR or
E2F homologues, but instead has Whi5, Swi4,6 and Mbp1 proteins which perform equivalent
regulatory functions to the former CC components [142, 143]. S. cerevisiae does not have any
MYB transcription factors but it presents other transcriptional regulators, such as Fkh1/2,
Ndd1 and Mcm1 [142, 144, 145], which regulate the G2/M transition in a similar way to MYBs
in mammals.

Contrary to the conservation in G1/S transition [15, 67], molecular components controlling
G2/M transition seem to vary among different eukaryotes. It seems that molecules such as
WEE] kinase and CDC25 phosphatase are not conserved. In A. thaliana, CDC25-like has
phosphatase and arsenate-reductase functions [146], while A. thaliana WEE1 phosphorylates
monomeric CDKA;1 in vitro [147], and Nicotiana tabacum WEEL inhibits CDK activity in
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vitro [148]. However the lack of any obvious mutant phenotype of CDC25 or WEE1 loss-of-
function mutants predicts that these genes are not involved in the regulation of a normal CC.
Additionally, although WEE1 has a role during DNA damage [146, 149], does not seem to
have a CDKA;1 recognition domain [150]. CDC25-like does not have the required sites for
CDKA;1 recognition [150]. In summary, the positive regulatory feedback between CDKA;1
and CDC25-like, as well as the mutual-inhibitory feedback loop between CDKA;1 and WEE],
seem not to be conserved in A. thaliana.

Given all that evidence for G2/M regulation, we integrated the regulatory interactions
between stoichiometric CDK inhibitor (KRP1), B-type plant specific CDK and MYB transcrip-
tional factors. It is not surprising that there are clear differences between plant G2 phase regula-
tion and that of other organisms, because variations in this control point could define cell fate.
Although differences among the A. thaliana CC GRN uncovered here and that of yeasts and
animals have now become clear, we think that the basic regulatory CC module reported here,
will be a useful framework to incorporate and discover new components of the CC GRNs in
plants and also in other eukaryotes.

Despite the fact that our CC GRN model recovers observed CC stage configurations and
their canonical pattern of temporal transitions, it did not recover an alternative attractor that
corresponds to the endocycle. We hypothesize that the same multi-stable GRN underlies both
states, and additional components yet to be connected to the CC GRN will ensure a cyclic
attractor corresponding to the complete CC, and another one with shorter period correspond-
ing to the endocycle. In its present form, our model suggests that CYCD3;1 function, which
has been associated with the proliferative state [108] and with a delay in the endocycle onset
[23], is important to enter the endocycle. Besides, it also has been reported that CYCD3;1 plays
arole in G1/S transition [121] and regulates RBR protein during DNA replication [89]. Fur-
thermore, the endoreduplication attractor obtained in some of our mutant simulations (e.g. Fig
5A, 5C and 5D-right) also supports the role of CYCD3;1 in entering an endocycle.

The GRN model of A. thaliana CC could help to identify physiological or developmental
interactions involved in the tight relationship between proliferation and differentiation observed
during different stages of development [1, 88, 108, 109, 126]. Previous to cell division, the cell
senses its intracellular and environmental conditions to arrest or promote CC progress. Such
cues directly affect the CC machinery, which does not depend on a master or central regulator.

CC control is the result of a network formed by feedback and feedforward loops between
complexes of CDK-cyclin and its regulators. It is not evident how complex dynamical processes
such as CC progression emerge from simple interactions among components acting simulta-
neously. The proposed CC GRN will be very helpful to study how cell proliferation/differentia-
tion decisions and balance keeps a suitable spatio-temporal control of CC during plant growth
and development.
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Abstract

A central issue in developmental biology is to uncover the mechanisms by which stem cells maintain their capacity to
regenerate, yet at the same time produce daughter cells that differentiate and attain their ultimate fate as a functional part
of a tissue or an organ. In this paper we propose that, during development, cells within growing organs obtain positional
information from a macroscopic physical field that is produced in space while cells are proliferating. This dynamical
interaction triggers and responds to chemical and genetic processes that are specific to each biological system. We chose
the root apical meristem of Arabidopsis thaliana to develop our dynamical model because this system is well studied at the
molecular, genetic and cellular levels and has the key traits of multicellular stem-cell niches. We built a dynamical model that
couples fundamental molecular mechanisms of the cell cycle to a tension physical field and to auxin dynamics, both of
which are known to play a role in root development. We perform extensive numerical calculations that allow for
quantitative comparison with experimental measurements that consider the cellular patterns at the root tip. Our model
recovers, as an emergent pattern, the transition from proliferative to transition and elongation domains, characteristic of
stem-cell niches in multicellular organisms. In addition, we successfully predict altered cellular patterns that are expected
under various applied auxin treatments or modified physical growth conditions. Our modeling platform may be extended to
explicitly consider gene regulatory networks or to treat other developmental systems.
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Introduction organ and tissue development, as well as stem cell maintenance relies

to a great extent on complex transcriptional regulatory networks and

The study of stem-cell niche patterns, and specifically how stem chemical fields. However, these are not the only components of

cells can maintain their totipotent state while simultaneously giving
rise to daughter cells that obtain distinct fates to form differentiated
tissues and organs, is fundamental to understanding the develop-
ment of multicellular organisms [1]. Although plants and animals
have key differences in their development (e.g. lack of cell migration
in plant development), the cellular organization of stem-cell niches
in both lineages reveals striking similarities [1,2]. In both plants and
animals, stem-cell niches are formed by an organizer group of cells
with low rates of division, surrounded by stem cells with slightly
higher division rates. Moving distally from the organizer and stem
cells, cells proliferate at high rates. This proliferation domain (also
called amplification domain) is bordered by the elongation and then
the differentiation domains where proliferation stops and expansion
and differentiation, respectively, take place [1,3].

Gene interactions within intracellular complex regulatory networks
(GRN) [4,5] or from morphogen dynamics at supracellular scales (see
[6,7]) are fundamental for proper growth and development. Indeed

PLOS Computational Biology | www.ploscompbiol.org

pattern formation. It is now recognized that physical fields are also
critical to explain developmental patterns, as they may provide
positional information that modifies cell behavior and differentiation
(see [6,7]). At the cellular level, the simplest physical constraint is
space. Cell expansion is driven by turgidity, which is an important
force acting on the cell wall [8]. The cell wall is a network of rigid
cellulose microfibrils cross-linked by polysaccharides and proteins,
that confer stiffness to the wall and allows it to resist turgidity [9].
Expansion of the cell is opposed by the rigidity of the cell wall,
producing a real stress field. Recent evidence shows that these kind of
mechanical cues are transmitted to the nucleus and, directly or
indirectly, regulate transcription factors (see for instance [10] and
references therein).

Given the complexity of the processes involved in the coupling
of developmental restrictions, mathematical and computational
tools have become indispensable in our efforts to understand the
network of interactions involved in cellular differentiation and

May 2013 | Volume 9 | Issue 5 | 1003026



Author Summary

The emergence of tumors results from altered cell
differentiation and proliferation during organ and tissue
development. Understanding how such altered or normal
patterns are established is still a challenge. Molecular
genetic approaches to understanding pattern formation
have searched for key central genetic controllers. However,
biological patterns emerge as a consequence of coupled
complex genetic and non-genetic sub-systems operating
at various spatial and temporal scales and levels of
organization. We present a two-dimensional model and
simulation benchmark that considers the integrated
dynamics of physical and chemical fields that result from
cell proliferation. We aim at understanding how the
cellular patterns of stem-cell niches emerge. In these,
organizer cells with very low rates of proliferation are
surrounded by stem cells with slightly higher proliferation
rates that transit to a domain of active proliferation and
then of elongation and differentiation. We quantified such
cellular patterns in the Arabidopsis thaliana root to test our
theoretical propositions. The results of our simulations
closely mimic observed root cellular patterns, thus
providing a proof of principle that coupled physical fields
and chemical processes under active cell proliferation give
rise to stem-cell patterns. Our framework may be extended
to other developmental systems and to consider gene
regulatory networks.

organ development. Previously [11] we demonstrated that a
simplified version of the originally proposed GRN [12,13]
involved in floral development, could be coupled with a
mesoscopic physical field. This provides positional information
to cells in the floral meristem which is required to produce the
overall spatial pattern of cells observed during early flower
development. This and other similar studies [14] suggest that
robust morphogenetic patterns in multicellular organisms emerge
from complex interconnected dynamical processes, acting at
different levels of organization and spatio-temporal
However, models that include such dynamical processes into the
dynamics of pattern formation in multicellular organs are in their
infancy [15,16]. Here we use the Arabidopsis thaliana (A. thaliana)
root apical meristem as a study system to propose a model that
couples cell proliferation and growth with chemical-physical
dynamical processes to predict the emergence of patterns in a
multicellular and multi-scale system.

The A. thaliana root has become an important experimental
model for understanding the molecular, cellular and biophysical
basis of morphogenesis in complex organs. This is due to its
relatively simple cellular structure and its indeterminate growth,
which gives rise to a multicellular structure with distinct cell
proliferation and elongation domains. Importantly, the root apical
meristem exhibits the typical cellular organization of stem cells
described above (see Fig. 1). At the tip of roots stem cells are
located surrounding the quiescent centre cells or the organizer
cells (green cells in Fig. 1); together, they constitute the stem-cell
niche (SCN) of the Arabidopsis root. Towards the base of the
plant, the stem cells transit to a cell proliferation domain (CPD)
where cells have high rates of cell division (also called proximal
meristem by some authors, for example: [17]), then they enter a
transition domain (TD), where cells have low or no probability of
dividing, but they have not started to elongate [18]. The SCN, the
CPD and the TD comprise the root apical meristem (RAM). More
distally from the organizer center, cells cease to proliferate and
start to grow in the elongation domain (EZ). Upon expanding to

scales.
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Figure 1. Confocal microscopy image of the A. thaliana root tip.
The stem-cell niche (SCN) with the quiescent cells (QC, in green) and
surrounding stem cells, the cell proliferation domain (CPD) with actively
proliferating cells, the transition domain (TD) and the elongation zone
(EZ), where cells do not proliferate, are indicated. The SCN, CPD and TD
comprise the RAM.

doi:10.1371/journal.pcbi.1003026.9g001

their maximum length, cells attain their final fate in the
differentiation domain and produce the different tissues of the
root.

Key experimental data on cell cycle regulation and auxin
behavior in the root are used to develop our model. Patterns of cell
proliferation along the root longitudinal (apical-basal) axis are
greatly affected by the dynamics of the cell cycle itself and by the
concentration of several plant hormones, including auxin [19-23].
Cells in the root proliferation domain of the RAM undergo several
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rounds of division before starting to elongate in the elongation
domain. A complex network of regulatory interactions controls the
cell cycle, in which cyclin proteins are key regulators. As their
name suggests, the expression of cyclins oscillates during each cell
cycle. At the beginning of each cell cycle, D-type cyclins (CYCD)
induce the expression of the RETINOBLASTOMA-RELATED
(RBR) gene through E2F-RBR pathway. RBR is a negative
regulator of E2F transcription factors, which activate the
transcription of mitotic cyclin CYCB. Later, CYCB cyclins are
degraded by the Anaphase-promoting complex/cyclosome, thus
completing the cycle and returning to the beginning of the cell
cycle (see reviews in: [24,25]). For the present study, the oscillatory
and time differential expressions of CYCD and CYCB are
sufficient to represent the cell cycle dynamics. The cell cycle
phases and main regulators are illustrated in Fig. 2.

Auxin is a phytohormone involved in almost every aspect of
plant development (see [26-32]). Auxin is a key regulator of cell
proliferation and cell elongation, and also modulates cell cycle
progression and cyclins [33-35]. Auxin has been shown to
upregulate mitotic cyclin (CYCA and CYCB) expression, and
the over-expression of CYCA can partially recover the phenotype
caused by low auxin levels, thus suggesting that auxin promotes
cell cycle progression [35]. It is also well-documented that auxin
gradients correlate with apical-basal patterns of cell proliferation
and eclongation along the root (see [35-41]). There is an auxin
concentration gradient along the longitudinal axis of the root, with
the maximum concentration detected at the stem-cell niche,
specifically in the quiescent center [41,42]. While other hormones
are important in root growth and development, we exclusively
consider auxin due to its clear role in regulating cell cycle
dynamics and its measurable concentration gradient that corre-
lates with root developmental patterning [26].

Theoretical and experimental studies suggest that such auxin
gradients depend critically on the polar localization of the auxin
efflux transporter proteins, belonging to the PINFORMED gene
family (PIN) (seec [43-47]). Five PIN members are expressed
throughout the root, namely PINI, 2, 3, 4 and 7. The proteins
PIN1, 3, 4, and 7 maintain a continuous auxin flow from the base
to the apex along the central tissues of the root. At the most apical
zone, below the QC, auxin is laterally redistributed to the
peripheral tissues by PIN3, 4, and 7. Finally, PIN2 directs flow
from the root apex to the base in addition to lateral auxin flow in

High expression of

B-type cyclins

Mitosis and
cytokinesis

Interphase

DNA
synthesis

High expression of

D-type cyclins

Figure 2. Simplified scheme of the cell cycle. The four main
phases and the expression of two key cyclins are indicated.
doi:10.1371/journal.pcbi.1003026.9002
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peripheral tissues. In conjunction, all PIN proteins create a reverse
fountain mechanism that maintains an auxin gradient along the
root [43,46,48].

Physical signals have been shown to affect auxin distribution, for
instance auxin gradients can be modified by mechanically-induced
root bending [49,50], or by changes in gravitational fields [51,52].
Polar auxin transport and microtubule orientation also respond to
mechanical forces in the shoot apical meristem [53,54]. Such
evidence suggests that auxin transport is affected by and tightly
coupled to physical forces. Furthermore, there is increasing
evidence that mechanical stress is extremely important for plant
morphogenesis; for instance, experiments show that differentiation
of mesenchymal cells is influenced by the rigidity of the
intracellular matrix [55].

In this paper we propose a simple model to study the interaction
between cell proliferation dynamics, local auxin concentration
(that in turn depends on the polar localization of PIN transporters
in the cell membranes), and an elastic physical field arising from
the inherent growth dynamics of the root. Our model provides a
formal tool that can be used to understand and predict the
emergence of the cellular patterns in the root tip. This type of
model can be extended to explore similarities in stem-cell niche
organization and subsequent cellular behaviors (proliferation,
clongation and differentiation) of plants and animals, and to
predict if such cellular organization might be explained by the
coupling of generic non-linear physical and chemical fields
relevant to cell proliferation dynamics. Our model is validated
with experimental measurements on cell size and proliferation
patterns along A. thaliana root, and sets the stage for developing
similar approaches in other systems.

Model

Roots are three-dimensional structures. However, the root tip
presents a consistent cylindrical symmetry that allows one to
ignore changes in the transverse plane of the root when
considering growth models. It is therefore possible to use a two-
dimensional domain consisting of undifferentiated cells to repre-
sent the shape of the root tip. This approximation allows for
numerical analysis of the model in 2D space. The model can be
validated by comparing the patterns obtained with those observed
experimentally in longitudinal histological or optical sections as the
ones readily used in experimental assays done with A. thaliana
roots. In some cases we have also compared our results obtained
from 3D roots.

Based on the shape and spatial arrangement of the root, we
conclude that cell reproduction in the ecarly stages of root
development involves mainly three chained dynamics of cell
proliferation and resulting elastic field, and of the pattern of auxin
concentration, whose co-occurrence provides the spatial informa-
tion necessary to regulate the proliferation rate of each cell and to
ultimately determine its future fate during differentiation (see Fig. 3
for a schematic summary of the processes to be modeled and the
region of the root in which they take place).

Our first hypothesis is that a macroscopic physical field along
the root tip results from cell growth and proliferation within this
tissue in addition to constrained conditions imposed by the root
cap and the epidermal cells surrounding the root. We propose that
this field is elastic in nature and can be characterized by point
functions of stress, pressure, or local mechanical forces that stem
from the symplastic nature of plant tissues that are formed by
interconnected cells surrounded by cellulose cell walls. Perfect
equilibrium represents a state in which there are no mechanical
forces acting anywhere in the system. In practice, this equilibrium
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Figure 3. Histological drawing of the A. thaliana root tip. Here we
show the SCN and the same domains as shown in Fig. 1 are indicated
along the root apical-basal axis, as well as an schematic representation
of the processes that are included in the cellular model and their
interactions.

doi:10.1371/journal.pcbi.1003026.9003

cannot be completely achieved because of the geometric
hindrances that impede the macroscopic system to reach a global
minimum in the energy landscape, trapping it in a local minimum.
In this situation there are remnant forces, and consequently the
field is not uniform. Our model considers this lack of uniformity as
a source of spatial information.

Our second hypothesis is that the synthesis, degradation and
transportation of auxin respond to the local elastic field in a direct
way, producing a dynamic pattern of auxin concentration along
the longitudinal axis of the root tip. This is important, since the
dynamical behavior of the formation of an auxin gradient should
be very different from the relaxation dynamics of the elastic field,
and it should occur at a different spatio-temporal scale.

Our third hypothesis proposes a direct relationship between
auxin concentration and cell cycle regulation that determines cell
proliferation rate. In the locations where cells divide and expand,
the elastic field is greatly modified and, in fact, it is reinforced
locally. This, in turn, affects the cell proliferation dynamics.

In short, we propose that the interaction among three different
coupled dynamics (the relaxation of the physical field, the
transport and concentration gradient of auxins and the oscillations
of the cell cycle regulators, i.e., the cyclins) capture the key aspects
underlying the overall emergent patterns of cell proliferation/
elongation, as well as the macroscopic appearance and overall
shape of the root. Our model includes the three dynamical
processes (cell proliferation, auxin spatio-temporal concentration
patterns and the elastic field) and their couplings in a two-
dimensional domain that represents a longitudinal section of the
root.

Cell dynamics and physical fields

We start by modeling the space occupied by a cell. Expansion of
the cell volume, whether by turgidity or growth, is opposed by the
rigidity of the cell wall producing a real stress field [9,56]. This
field is also present at the larger scale of a group of cells, such as
within the root apical meristem, since the increase in volume
required by cell growth and division is opposed by the surface
forces exerted by the root cap and epidermal cells surrounding it
[57]. From this perspective, it is logical to assume that this stress
field is self-regulated, that is, the accumulation of local stress (or
pressure) triggers mechanisms that prevent (or enhance) cell
division and growth. This assumption of self-regulation has been
incorporated into previous models of cellular interactions: Dupuy
and collaborators [58] used a rigidity matrix to model the
relationship between cell displacement and implied forces. A form
of potential energy has likewise been proposed as a way of
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describing the equilibrium between turgor and cell wall resistance
[59]. Finally, in a recent paper investigating the floral meristem of
A. thaliana, potential energy was proposed as the means of
regulating auxin transport [15].

In our model for the root apex, we define a spatial domain in
which a potential function acts. The spatial derivatives of this
function render the mechanical force as a function of time and
space. Taking advantage of the radial symmetry of the region of
the root tip, we consider a two-dimensional space and divide it into
cells. We simulate cells by a Voronoi diagram obtained from a
collection of generating points that represent the position assigned
to cach cell.

Voronoi diagrams

A Voronoi diagram, or tessellation, associated with a collection
of points assigns to each point a limited region of space in the form
of a convex polygon (polyhedron in three dimensions). Voronoi
cells are used nowadays in many fields of science, however it was
Honda [60] who first proposed the use of 2D Voronoi to model
cells in a biological context.

Our domain is defined as follows: 1) We construct a regular
shape with points on a rectangle and a parabolic tip. The exterior
points are fixed and represent the epidermal cells surrounding the
ground tissue of the root (See Videos S1 and S2). 2) These points
in the border cannot define a convex polygon, so the correspond-
ing cells have a point at infinity. 3) We create N points with
random coordinates in the interior of this domain and perform a
Voronoi tessellation using a Delaunay triangulation algorithm.

A typical configuration is shown in Fig. 4. Observe that the
areas of the cells (4;) vary in size and shape, and that the
generating points shown in the figure (¥;) do not correspond, in
general, to the centre of mass of the cells (Fp,).

The average Ay = vazl A;/N is the space that each cell would
occupy in a regular hexagonal lattice. Analogously, the distance is
d;i=|F;—¥,,|=0Vi in the regular array. In two dimensions the
array of cells with minimal surface energy is the hexagonal lattice,
and we use this fact to define a potential function around this
equilibrium configuration.

Elastic fields

Previous studies have used springs to simulate the interactions
among cells [61], and the elements of the cellular walls [62,63]. In
our case the equilibrium area Ay could be used to fix the size of
mature cells, so deviations from this value would represent
immature cells. If the cells in the tissue tend to be isotropic in
shape, then a value of d; different from zero would represent cells
with the wrong shape and, consequently, largely stressed.

Regardless of the actual functional form of the energy potential,
it is possible to make a Taylor expansion around the equilibrium
state retaining only the first non-zero terms, provided one
considers small deviations from equilibrium. The first non-trivial
contributions correspond to a quadratic form, whose coefficients
can be interpreted as force constants.

Therefore, we propose a harmonic potential acting on each cell

K, - K. . -

V(i) = 5 (i) = A0 + S G —Fo, (0 (1)
where the first term tends to uniformize the size, and the second
term is related with the shape of the cells. K, and K, are elastic
constants.
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Figure 4. Typical initial configuration of cells after the Voronoi
tessellation of random generating points.
doi:10.1371/journal.pcbi.1003026.9004
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The expressions for the components of the force are:

M PR— of. ~
Fn=—% P Sy G

2 24 [Fi—Tl
—Kc(Xi—Xoi)
L . (2)
K, i—Ym)lim ~
F(i,0)= -5 {E;W{Ai—z‘lo}
—Kp(yi—YO,-)

where /;,, is the length of the edge shared between neighboring
cells, and we have omitted the time dependence of the variables on
the right hand side. All quantities in Egs. 1 and 2 can be readily
calculated with the algorithm used to define the Voronoi diagram.

Since this is a conservative system, and there is no reason to
assume conservation in the root system, we include dissipation in
the form of friction that simulates losses due to the inability of cells
to make drastic elastic changes of shape or size. Therefore, the
total force should be:

Fr(xiyut)=—VV(xi10) — kV(xi,pi.1) (3)

where V is the velocity and k is a friction coefficient. The N
coupled dynamical equations of this newtonian system

’ “4)
v
o

can be integrated numerically by using a simple Euler method,
imposing fixed boundary conditions on the fixed surface points.

As an example of the relaxation process with this scheme, in
Fig. 5 we show the configuration of points in Fig. 4 after 2000 time
iterations. The numerical calculation was stopped when the
relative changes of the positions and velocities was less than 10710,
The magnitude of the constants K., K, and k sets the units of the
time variations of the dynamical behavior of the system, and
should be adjusted to physical units when modeling the growth of
the RAM. One should consider the number of cell divisions per
unit time (2.6 events/hr), the cell production rate (between 0 and 6
cells xmm~'hr™!) and the cell proliferation rate distribution
(between 0 and 50 pm/hr) in the RAM [64]. The final form of the
relaxed field suggests that it could be used to transfer positional
information to the cells in the meristem. In order to achieve the
latter, the auxin concentration must be coupled to the local value
of the potential.

We introduced the process of cell division and proliferation into
the simulation by defining two points inside a cell when it
undergoes mitosis. The resulting Voronoi cells then locally alter
the field, and the extra space needed for the two daughter cells is
obtained by moving the upper border of the domain a proper
distance to provide the exact extra space required. We show details
of this process below.

Auxin transport

It is assumed that the field V' is involved in the processes of
auxin transport. In any transport equation there are basically two
aspects to be considered: the hydrodynamic forces compelling a
fluid to move, and the diffusion phenomena. Both are important
for the case of auxins. Furthermore, the process of auxin transport
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Figure 5. Configuration of cells after 2000 time iterations. (A)
The points in Fig. 4 once they have attained equilibrium using the
potential (See Video S3). (B) Final configuration of the cells in the RAM.
Observe the regularity of the shapes and sizes of the cells. (C) 2D profile
of the field after relaxation. Observe that it is not constant, but there are
three well defined sections (See Video S4).
doi:10.1371/journal.pcbi.1003026.9005

is recognized to be active, meaning that the transfer of matter
through the cell membranes could go against the concentration
gradient of auxin molecules due to the action of PIN proteins. We
propose that the amount of matter Q transported per unit time

from cell 7 to a neighbor cell m is proportional to the gradient of

the field V:

Qi,m = _Pi.m'Ai,m'l Vl - lea (5)

where P;,, represents the permeability of the membrane and 4,
is the contact surface between the cells i and m (the line /; 5, in 2D).

Observe that if the values of the P;,’s were constant, this
equation would reduce to the well known Darcy’s Law in
hydraulics, which is analogous to Fourier’s law in heat conduction,
or Ohm’s law in electrical networks. However this is not the case,
because of the action of the PIN proteins which are critical.
Therefore, the permeability is:

Pi,m = OC(C; - cm)]:i,ms (6)

where o is a constant related with the time scale of the dynamics,
and the direction of the flux with respect to the concentration
gradient (¢; —c¢,,) (diffusion term) is given by the logical function
Fim. This latter function mimics the action of the PIN molecules,
which attach to the membrane according to orientation and
position in the domain.

We can simplify this action by considering “gates”, which could be
opened (1) or closed (0) according to specified simple rules. Let S be the
set of cells at the surface, i.e. in contact with the immobile epidermal
cells. We have set the following rules: All gates are closed, except

1. when i,meS and i is above m,
2. or if i,m¢S and i is below m,
3. or if i¢S and meS and i is above m.

The dynamical equation for the concentration of auxins in cell i
is then:

M
l% = Z lim(ci _Cm)l Vt - Vm‘a (7)

o Ot
m=1

where the sum is over all neighboring cells. This expression can be

PLOS Computational Biology | www.ploscompbiol.org

Coupled Physical-Chemical Fields and Cell Dynamics

readily integrated numerically in parallel with Eq. 4, once the
parameter o has been properly adjusted.

In Fig. 6 we show the effect of the logical rules on the formation
of auxin gradients. On the left we show a calculation without these
rules, that is, maintaining all the membranes permeable. In (B) we
incorporate the PIN action into the model. Observe that the
distribution of the concentration of auxins (normalized with its
maximum value) is similar to the one observed in real roots [42].

Cell division cycle

We shall assume that the period of the cell division cycle is
regulated by the local concentration of auxins ¢;. We are aware that
this is an oversimplification of the complex hormonal regulation of
the cell cycle in plants, but auxin has been shown to be an important
component of such regulation [65]. We therefore need a model for
the oscillations of cyclin concentrations. The robustness of these
oscillations suggests that a non-linear oscillator would be a good
model. We consider a two-component system for simplicity,
considering CYCD and CYCB as the two key players. Since both
undergo regular out-of phase oscillations with maxima related to the
transitions between the G1-S and G2-M phases, respectively (See
Fig. 2), we choose a simple Lotka-Volterra non-linear system with
two components, generally used in ecology to model the predator-
prey dynamics. This system presents all characteristics required for
the observed time behavior of the concentration of cyclins [66]. The
adimensional activator-inhibitor dynamical equations are:

% =u(l—v)
- =pu-1D,
Jt

where u and v represent CYCD and CYCB, respectively. This
system presents an oscillatory behavior, provided f is within a
certain range, whose period (') and wave shape depend only on 8
and on the boundary conditions. It is easily shown that the period is:

2n
T= 733 (9)

1.0

A

0.0

Figure 6. Typical numerical integration of Eq. 7 showing the
formation of auxin gradients. (A) All gates are open (no PIN action).
(B) Including the logical rules to open the gates to model the PIN action.
doi:10.1371/journal.pcbi.1003026.9006
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Figure 7. Variation of two-type cyclins concentrations and
typical oscillations from the Lotka-Volterra model. Relative
expression data of D-type cyclins (purple triangles) and B-type cyclins
(green rhombuses) were taken from analysis of gene expression profiles
using aphidicolin synchronization on Ref. [76], and are available on
GENEVESTIGATOR web page. The oscillations from the Lotka-Volterra
model of the inhibitor (blue dashed line) and the activator (red line) are
also shown.

doi:10.1371/journal.pcbi.1003026.9007

which is inversely proportional to the square root of the ratio of the
lincar growth rate of the “prey” () to the death rate of the
“predator” (v). In Fig. 7 we illustrate the oscillations of both
variables.

Experimental data has shown that the cell cycle is arrested if the
auxin concentration is below or above certain threshold values,
and that the cycle period increases with auxin concentration [65].
Therefore, we simply assume that the auxin concentration is
linearly related to the only parameter of this dynamical system:
p=yc(i). Hence, each cell has its individual clock, which runs
faster or slower depending on the auxin concentration in the
model under consideration. We couple this dynamical feature into
the numerical calculation of the model by performing a division of
cell i when t=9d(nAt— Tj[1]) (where the 0 —function is one when
the number of iterations nAt, used in the Euler integration,
surpasses the period). Therefore, y is another constant that relates
the time scale of reproduction (1) to the time step used for
relaxation dynamics. Parameters o and 7y should be fitted
according to the observed time scales for each of the three
dynamics. Time step At (in seconds) should be obtained as well.

In practice, the act of cellular division is performed in the
following manner:

—

. At each time step, advance the internal clock of all cells
according to the value of the local auxin concentration given by
the cell life-cycle model.

N

. Detect the cells in which the internal clock completes one
period (a single division event occurs every cycle), and set the
clock of these cells to zero.

o

.In each one of these cells, 7; is substituted by two points,
oriented at random and at equal distances of 7;. This distance is
typically of the order of a quarter of the radius of the cell.

4. The kinetic energy (v?/2) of the mother cell is equally divided

between mother and daughter cells.

(2]

. The upper boundary of the domain is shifted upwards to
increase the area by the exact amount required by these new
cells to grow eventually to adult size.

The changes in the domain size and the size of the new cells
produce a rearrangement of all cells, and this changes the local
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value of the elastic field, which, at the same time, drives the auxin
concentration that, in turn, regulates the division rate of all cells.
We hypothesize that coupling among such three dynamics at
different time scales is sufficient to produce the growth of the root
with cellular patterns that mimic those of real systems in a wide
region of the parameter space. We verified that the process is
extremely robust against changes of initial conditions.

Results

In Fig. 8 we show the dynamical loop that integrates the
dynamical equations with an Euler method. The program is
initiated by choosing the values of the number of cells (N), the
position of each cell (r;), their proliferation rate (v;), the gates given
by the PIN action between two cells (F;,,) and the concentration
of auxins (¢;) at time =0.

It is important to note that we normalize the auxin concentra-
tion function ¢ with its maximum value at every time step. This
allows our model to take into account the role of possible sources
and sinks of auxin, since ¢ is not a conserved quantity. The final
distribution of auxin is insensitive to the initial conditions, but we
start with a random distribution of auxin with a maximum at the
quiescent centre in accordance with experimental observations.
We recovered the same results if auxin concentrations were
random at initial conditions (data not shown). The cycle clocks of
cach cell are set to zero at t=0 and reset after a successful cell
division.

The shape and color of the boxes (Fig. 8) represent the action of
the different dynamics as described in experimental systems (see
Fig. 3). The red square indicates a subroutine that includes the
logical rules F,, of the PIN action and the red circles represent
points of logical decisions at appropriate times. Black arrows
represent the direction of flux of the simulation and the black-dash
arrow indicates a decision related to the time condition for the
dynamics of the cyclins. Eq. 4 is implemented in the blue diamond

( Initial conditions and Parameters i
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Figure 8. Flow-chart diagram of the program used for the
numerical simulations. We show the parameters in red and the initial
conditions in blue at the top of the diagram.
doi:10.1371/journal.pcbi.1003026.g008
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block that represents the elastic field with time scale At. The loop
is performed while the time ¢ is less than the final time 0. Eq. 7 is
implemented in the green block. The cyclin period is calculated for
cach cell at the violet block using Eqgs. 8 and 9 and the threshold
f=vc(@). Cellular divisions are performed as a subroutine
represented by the orange block, and cell proliferation alters the
conditions of all three dynamics.

The first step is to estimate the values of the parameters of the
system. The adjustable parameters are the quantities indicated in
red in Fig. 8. We start with the kinematical parameters. The
constant K, is related to the elastic modulus E of the cells. This
quantity is measured when studying the mechanics of walls, cells,
and tissues and is of the order of E~ 10MPa, as reported in [67].

For simplicity let us consider hexagonal cells in equilibrium.
The magnitude of the elastic force is |Fg|=ESyAL/Ly, where Sy
is the contact area between two cells, AL=|A4 fA()ll/2 is the
change in length just after division, where 4g = \/§L% is the area of
the hexagon, if Ly is the distance between centroids of two
contiguous cells. This should be equal to the corresponding force
magnitude in our model |Fk,|=K.[fi—7,|. Just after a cell

division, 4=A4¢/2, thus AL=1//3L}/2, |[F;i—Fo|~Lo/2 and
So=Ay/6. Equating the two forces we obtain

Taking the average diameter of a mature cell as Ly =15 pm [64]
and the experimental value E=10MPa we obtain
K.~80 Pa—m.

At this stage, K, should be related to the properties of the cell
membrane, the metabolism of cell growth and the turgor pressure.
It is difficult to associate the action of the first term of Eq.(1) to a
single biological property. However, the dynamics of this term
should produce a restoring force of the same order of magnitude as
the second term, if the form and geometry of the domain are to be
maintained during the growth dynamics. Therefore, if we use a
value of K, =80 Pa/m the system should relax to a set of cells with
roughly the same size and shape, as shown in the calculation of
Fig. 5B. We found numerically that this produces results for the
dynamics of growth that are comparable to the experimental
quantities measured.

Parameter k is related to the viscous damping of the cell motion.
The dynamical friction constant k can be estimated by observing
that the amplitude of the oscillatory motion e, caused by the
harmonic forces should be reduced, to avoid oscillations, by a
factor of 1/e in a lapse of at most one period 7' =2n/w, that is
k>m/T. Note that in Eq. (4) the mass of the cell () is considered
to be one. This gives w=2/K.,/m~18sec”!, and
k=mw/2n=2.84 Pa—m—sec.

The values used in the calculations are K. =80, K, =80 and k =3.
With these values we obtain the real time scale of an iteration step At
in the numerical calculations, by finding the number of iterations
needed to obtain the experimental number of cell divisions in that
lapse. In seven days, our observations showed (see Fig. 1) that the
number of cells in the meristem is about 350. In averaged calculations
we reproduce this number in 3400 iterations by using y =100 and
o=8. This means that the lapse representing one iteration is the
number of minutes in 7 days over the number of iterations, that is
Ar=(7 %24 % 60)/3400=3 min. Considering that the average
auxin concentration is {c¢)=0.5, the value of § is &50 in units of
7, which is about 100 times Az. These values produce a single cell
cycle period on the order of 12 hr, as shown in Fig. 7 [66].
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In Fig. 9 (and Video S5) we provide an example of the growth of
the system. We start with eight points at random in the parabolic
tip of the domain, and fix the position of two additional points that
represent the quiescent cells in the centre of the domain, marked
with a white symbol. These cells reproduce at a rate ten times
lower than the others; they divide after ten divisions per cell on
average (in the right panel of the figure these quiescent cells have
just divided). The auxin concentration in these cells is set to the
maximum initially, and this is represented by a dark red color in
the figure. The cell’s position, shape, and proliferation rate are
calculated every time step and the auxin is transported between
cells. After 400 time steps the cells are attaining a uniform shape
and size (Fig. 9), and the auxin gradient is already formed. This
gradient will dictate the time in which a complete cell proliferation
cycle is accomplished locally, followed by a cell division event that
produces a sudden increase of the local potential that, in turn,
governs auxin transport.

Despite these complicated dynamical interactions, the auxin
gradient is preserved throughout and the process of growth and
cell patterning is by no means random. This can be seen in Fig. 10.
The overall pattern that emerges after some cycles of coupled
dynamics is very similar to the apical-basal pattern of cell
proliferation and elongation observed in RAM and along the
length of the root tip. Such dynamics and emergent pattern are
robust to initial conditions.

It is interesting to note that the region around the quiescent
center in the stem-cell niche shows the greatest concentration of
auxin, and a maximum in the potential. Also, the cell division
cycle is minimum at this location. An intermediate region in which
the auxin concentration diminishes and the potential is very small,
but the cell proliferation rate is roughly constant, surrounds the
quiescent cells. Finally, the most distal part from the tip (towards
the base of the plant) is characterized by a very small
concentration of auxin, causing the cell proliferation rate to be
very small, and the potential to increase enormously. The
combination of these effects results in the arrest of cell proliferation
and in the formation of the elongation zone at a defined distance
from the root tip. The emergent patterns recovered in the model
are similar to those observed for the distribution of auxin as
reported in Ref. [68], and the pattern of cell proliferation along the
root longitudinal axis reported in Ref. [69]. Our results are also in
agreement with the qualitative patterns of cell proliferation and
elongation that are observed along the apical-basal, longitudinal
axis of the growing A. thaliana root.

v ¢
Figure 9. Typical calculation of the dynamical growth of the
root using the model described. We show four snapshots of the
configuration at 400, 1400, 2400 and 3400 time steps. The color code
represents the concentration of auxins, red for the maximum and blue

for the minimum. See Video S5.
doi:10.1371/journal.pcbi.1003026.9009
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Figure 10. Plots of local potential, auxin concentration and cell
cycle, after coupling dynamics. The normalized local potential
(dashed-blue), the auxin concentration (red) and the advance of the
cycle clock (dotted-black) as functions of the distance from the tip (um),
at 1=3400 time steps, corresponding to seven days.
doi:10.1371/journal.pcbi.1003026.9010

We can use this model to predict what patterns are expected
under different growth conditions. In Fig. 11 we show a histogram
of the number of cell divisions occurring at a given distance from
tip, as obtained from an example calculation in which we fixed the
parameter o.=8. Interestingly, we observe that the length of the
RAM does not surpass a certain value, which depends on o,
because the modeled coupled dynamics prevents cells far from the
tip to divide. Such types of coupled dynamics could explain the
emergence of the transition from proliferation to the elongation
cellular states in real roots, as well as the limited ranges or domain
sizes of actively proliferating cells in stem-cell niches of plants and
animals [1,3].

Hence, our model can be used to generate novel predictions
concerning the role of the parameters considered in the model,
and in determining RAM size and cell proliferation and elongation
patterns along the root apical-basal axis for A. thaliana under
different environmental or growth conditions. Our general model

20 . . . .

Number of cell divisions

0
0 100 200 300 400 500
Distance from the tip ( um)

Figure 11. Histogram of the number of cell divisions obtained
along the root when «=8. The potential profile is shown as red dots.
Observe that there are no cell divisions beyond ~ 300 pm, meaning that
the meristem has attained a stationary length.
doi:10.1371/journal.pcbi.1003026.9011
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could eventually be adjusted to model stem-cell niches in other
plants and animal systems, as well as modeling growth and
differentiation in communities of unicellular organisms if similar
physical fields can be postulated in such latter cases.

In order to examine the quantitative behavior of the model and
validate it with published experimental data, we compared our
model’s predictions to measurements of the proliferation rates
along the axis of the A. thaliana root as a function of the distance
from the quiescent centre [64]. We ran numerous iterations of the
model in order to obtain a reasonable statistical sample. We show
a typical result from the simulations run to the experimental data
in Fig. 12. Panel (A) shows the available experimental results for
cell proliferation rates along the apical-basal axis of the root
reported in Ref. [64] as a continuous red curve. The numerical
results from our model are shown in blue. These results were
obtained using the estimated parameter values that give the time
in hours and the sizes in pum. We shifted the origin to account for
the fact that all quantities in our calculations were measured from
the tip of the domain and not from the quiescent centre. Notice
that the simulated and experimentally generated curves are very
similar.

In Fig. 12(B) we show an histogram of the frequency distribution
of cell size. This histogram varies with different iterations because
of the stochastic nature of cell proliferation and growth dynamics
[70]. However, all calculations share the same qualitative
characteristics; namely an unimodal distribution between ~ 10
and ~35um, with a maximum around 15 um. This result was
already recovered by Verbelen and collaborators Ref. [71]. The
red curve was obtained by measuring the cell size in an
Arabidopsis root Fig. 1. Similar curves have been obtained for
many different plant species, including wheat [70].
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Figure 12. Comparisons between results obtained with the
model and experimental data. (A) Cell proliferation rate as a
function of the distance from the quiescent centre; calculation from
Fig. 9 after six days of growth. The red line and dots are the
experimental points reported in Ref. [64]. (B) Frequency distribution for
cell length. Experimental data were taken from our laser microscope
image of Fig. 1. (C) Average cell length as a function of the distance
from the quiescent centre; calculation from Fig. 9 after six days of
growth. The red line is the experimental result reported in Ref. [64]. (D)
Average cell proliferation velocity as a function of the distance from the
quiescent centre; calculation from Fig. 9 after six days of growth. The
red line is the experimental result reported in Ref. [64].
doi:10.1371/journal.pcbi.1003026.g012
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In Fig. 12(C) we show the variation of cell length along the
longitudinal axis of the root. The red curve is the experimental
result from Ref. [64]. It should be pointed out that the experiment
was obtained by measuring the cell flux in a fixed point and by
counting along the axis of the root in two dimensions, which is very
convenient when comparing with our two-dimensional model. In
order to mimic the experimental procedures, our numerical results
were obtained by spotting the centroids of the Voronoi cells in the
final time, which corresponds to six days. We calculated the length
(I) by assigning an area of 4; =7(//2)? to each cell. Again, a shift of
10 um in the horizontal axis was needed to account for the
difference in the origin, and the results for each cell are displayed as
blue dots in the figure. Once again, the agreement between our
simulated results and the experimental data are clear.

Finally, in Fig. 12(D) we show the average cell proliferation
velocity, as defined in Ref. [64], as a function of the distance from
the quiescent centre (red line), and compare it with our results
(blue dots). In the experiment, Beemster and collaborators
measured the difference in position of each cell for two subsequent
times, averaged over time. In our calculation we measured the
difference in position of each cell with respect to the apex of the
root, which is itself being displaced every time a cell division takes
place. By changing the frame of reference, we can compare the
reported experiment with our results. The agreement is also
remarkable when one compares the simulation results recovered
with our model and the experimental data. This is more significant
than the previous validations, since this result reflects the totality of
the dynamical behavior in time and not only in a frozen snapshot,
as in the previous cases.

Discussion

We present a dynamical model that couples auxin concentration
gradients, cell proliferation and a physical tension field in a two-
dimensional spatial domain that mimics the A. thaliana root tip. We
have validated our model with both static and dynamic cellular
empirical data, and have shown that our model recovers the
pattern of rates of cell proliferation observed in the apical-basal
axis of roots. The model also recovers the discrete transition from
the proliferative to the elongation domains. Thus, our model puts
forward a novel theoretical framework to test hypothesis concern-
ing the coupled roles of auxin, cell proliferation, and physical fields
dynamics in the emergence of the cellular pattern observed along
the A. thaliana root tip. Ultimately, we have postulated a complex
system in which the main emergent property of the coupled
dynamics is at the appropriate spatial and cellular structure for the
intracellular genetic networks to express differentially along the
root. However, the explicit consideration of complex gene
regulatory networks is out of the scope of this paper.

Our model and analysis suggest that the size of the RAM
depends on the value of the parameter o (Fig. 13) in a rather
defined manner. This parameter represents the ratio between the
time scales of the potential relaxation and the auxin transport
mechanisms. The length of the RAM decreases as the auxin
transport parameter o increases as a power law. Therefore, this
quantitative prediction can be verified experimentally, as auxin
concentrations and transport along the root can be modified by
manipulating the conditions of root growth (e.g. adding NPA to
the growth medium to block auxin transport). Previous experi-
mental work has suggested that the size of the RAM varies
depending on growth conditions and is altered with external
supplementation of auxin [39].

Given that plant growth is influenced by the mechanical
behavior of the cell wall, measurements of the mechanical
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Figure 13. Log-log plot of the maximum RAM as a function of
the parameter «. Numerical results are blue rhombuses, and the red
line is the best fit with a function of the form f(x)=1.7x%26+1.88
with R?=.993.

doi:10.1371/journal.pcbi.1003026.9g013

properties of living cell walls are important to fully understand
how cellular organization is achieved. Like most biological
materials, material properties of cell walls change as a function
of age, the magnitude of forces they are subjected to, and
immediate physiological conditions [67,72]. This confers spatial
and temporal heterogeneity on cell wall constituents, complicating
measurements of the mechanical properties of plant living walls
even with present-day instrumentation. Furthermore, a single
modulus of elasticity is not sufficient because of the structural
anisotropy of the cell wall [67]. Therefore, comparisons between
the predicted values of Kv and Kc of our model and the values
reported for the modulus of elasticity of real cell walls are far from
being straightforward. However, the fact that we reproduced the
root tip pattern with the selected values suggests that they are likely
to be biologically meaningful.

More generally, our work reinforces conclusions from recent
studies that experimentally demonstrate the importance of
physical forces in the regulation of root apical-basal patterning
[49,53], such as the mechanical induction of lateral roots or the
coordination between auxin concentration and microtubule
orientation [49,53,54]. It is remarkable that simple arguments
concerning uniform size, shape and geometry of cell disposition is
sufficient to produce a non-uniform field that provides sufficient
spatial information to recover the overall dynamical growth
pattern observed along the root. It is thus predicted that
modification of physical forces would change the size and the
pattern of these zones, an issue that could in principle be further
explored theoretically and experimentally.

Auxin response is modulated not only by auxin concentration,
but also by the auxin signaling pathway, which includes many
components of different gene families, and which interact through
several feedback loops, creating non-linear behaviors. Conse-
quently, auxin concentration at any location does not necessarily
coincide with auxin response. Even if this is not the case in the root
[68], it could be important to include an explicit model of the
auxin signaling pathway in future extensions of our model. In
addition, in our model we considered the polar PIN configuration
as fixed, as in Ref. [46]. However, in reality a more robust
dynamic auxin transport is observed when the PIN expression is
regulated by auxin [73].
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In our model we fixed the position and number of the quiescent
cells. We are aware that the root stem-cell niches are regulated by
a complex regulatory network [74]. WUSCHEL RELATED
HOMEOBOX5 (WOX5) is a Quiescent Center identity gene
indispensable for the maintenance of the undifferentiated state of
stem cells and niche size regulation, and it is part of the proposed
root stem-cell niche regulatory network [74,75]. Recent theoretical
and experimental work has suggested that WOXS5 regulates and is
regulated by auxin [36,74]. In our calculations we input several
initial conditions for auxin concentration, and demonstrated that
the model is fairly robust to these changes. However, as shown in
Fig. 6, neglecting the action of PIN polarization destroys the auxin
gradient along the root. Including these and other regulatory
interactions in a future model would enable us to explicitly
consider intracellular complex gene regulatory networks, which
are likely coupled among cells by physical and hormone fields.

The complex network underlying the cell cycle was also reduced
to consider two basic components, because for our purposes, only
the phases of the oscillations of the concentrations matter. Since
CYCA and CYCB oscillate in phase, we consider them as a single
variable; and because CYCD oscillates in anti phase, we take this
to mean that there is an activator-inhibitor interaction between
these two groups of proteins. In our model we stressed the
importance of the relationship between auxin concentration and
the regulation of cell proliferation, and we neglected the details of
the known regulatory processes of the cell cycle, which although
important, do not directly affect the overall results of our
simulation. Nonetheless, such details of the gene regulatory
network underlying the cell cycle, cell differentiation and auxin
dynamics should be incorporated in future developments of the
model.

In conclusion, we have put forward a minimal mathematical
model that considers the essential dynamical coupling of cell
proliferation with a physical field and chemical (hormone)
gradients, in order to explore if such processes are sufficient to
obtain the emergence of cellular organization during stem-cell
niche patterning and organ growth. We have used the A. thaliana
root as our study system.

Despite the simplification of many biological details, our model
is able to recover patterns that greatly resemble those observed in
stem-cell niches of plants and animals, and particularly those in the
A. thaliana root tip. The remarkable coincidence between the
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Abstract

Background: There are recent experimental reports on the cross-regulation between molecules involved in the
control of the cell cycle and the differentiation of the vulval precursor cells (VPCs) of Caenorhabditis elegans. Such
discoveries provide novel clues on how the molecular mechanisms involved in the cell cycle and cell differentiation
processes are coordinated during vulval development. Dynamic computational models are helpful to understand the
integrated regulatory mechanisms affecting these cellular processes.

Results: Here we propose a simplified model of the regulatory network that includes sufficient molecules involved in
the control of both the cell cycle and cell differentiation in the C. elegans vulva to recover their dynamic behavior. We
first infer both the topology and the update rules of the cell cycle module from an expected time series. Next, we use

a symbolic algorithmic approach to find which interactions must be included in the regulatory network. Finally, we
use a continuous-time version of the update rules for the cell cycle module to validate the cyclic behavior of the
network, as well as to rule out the presence of potential artifacts due to the synchronous updating of the discrete
model. We analyze the dynamical behavior of the model for the wild type and several mutants, finding that most of
the results are consistent with published experimental results.

Conclusions: Our model shows that the regulation of Notch signaling by the cell cycle preserves the potential of the
VPCs and the three vulval fates to differentiate and de-differentiate, allowing them to remain completely responsive
to the concentration of LIN-3 and lateral signal in the extracellular microenvironment.

Keywords: C. elegans, Vulva, Fate determination, Cell cycle

Background

The nematode Caenorhabditis elegans has been exten-
sively used as a model organism in research areas such
as genetics, genomics, cellular signaling cascades, neuro-
science, aging, developmental biology, and cell differenti-
ation [1-4]. C. elegans is specially suitable for the study of
cell differentiation because its cell lineage map is both fully
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characterized and almost invariant [5,6]. In particular, the
vulva of C. elegans has been used as an experimental
model for the study of organ formation, cellular fusion,
and intracellular signaling [7-11].

The vulva has two main biological functions, namely,
copulation and egg laying. This organ is formed by seven
epithelial rings connecting the uterus with the ventral
hypodermis, forming a path from the interior of the
uterus to the external environment. This path is closed
to keep pathogens out of the worm, except when the
vulval muscles open it to perform its functions. Each
ring of the vulva is formed by cells of a different kind,
namely (in ventral-to-dorsal order): vulA, vulB1, vulB2,

© 2015 Weinstein et al,; licensee BioMed Central. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly credited. The Creative Commons Public Domain Dedication

waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise
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vulC, vulD, vulE, and vulF, containing a total of 22 nuclei
(Figure 1). In the adult, most of these rings are formed
by a single tetranucleated syncytium, the exceptions being

S=S=== L1

Figure 1 Formation and specialization of the vulval cells during
the first hours of development of C. elegans. Larval phase L1: 0 h)
After eclosion, the worm has two rows of P cells in the middle ventral
region. 10 h) The rows merge. Larval phase L2: 12 h) The cells P1-P12
undergo a longitudinal division, the anchor cell forms (brown oval),
and P3.p-P8.p become vulval precursor cells (VPCs). 25 h) P6.p
responds to LIN-3/EGF secreted by the AC and acquires the primary
fate (red), this cell secrets the DSL ligands that constitute the lateral
signal. 28 h) P5.p and P7.p respond to the lateral signal of P6.p, thus
acquiring the secondary fate (yellow). The rest of the VPCs acquire the
tertiary fate forming the pattern 3932741512093 | arval phase L3:
30 h) Cells P3.p to P8.p divide longitudinally, and the daughters of the
secondary fate cells are polarized. 32 h) The descendants of the tertiary
fate cells fuse with hyp7 and the rest divide longitudinally once more,
and the most proximal granddaughters of P6.p are induced again by
the anchor cell (AQ). Larval phase L4: 36 h) Formation of the adult
vulval cells: some descendants of the VPCs divide a third time with
the pattern LLTN TTTT NTLL. L stands for a lateral division, forming
anterior and posterior daughters. T is a transverse division, forming
left and right daughters. N stands for no division. Cells are classified, in
proximal to distal order as vulF (red), vulE (orange red), vulD (orange),
vulC (yellow), vulB2 and vulB1 (green yellow), and vulA (green).
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the binucleated syncytium ring vulD, as well as the vulB1
and vulB2 rings that contain two half-ring binucleated
syncytia each [6].

The cellular and molecular mechanisms controlling the
development of the vulva have been experimentally stud-
ied for more than three decades by means of cell ablations
[12-14], mutations causing some specific vulval pheno-
types [15-18], or mutations that rescue vulval pheno-
types [19-24]. Furthermore, the roles of the Ras/MAPK,
Fgf, Notch, and Wnt signaling cascades during the
formation of the vulva have been extensively studied
[11,25-27].

The first stage of vulval development is the formation
of the vulval competence group. The nematode is born
with two rows of P cells containing six cells each (Figure 1,
Oh); these cells migrate towards the ventral mid-line form-
ing one row (Figure 1, 10 h). The P cells then undergo a
longitudinal division; the anterior daughter cells acquire
neuronal fates, while the posterior daughter cells acquire
hypodermal fates. Six of the posterior daughters, namely
P3.p, P4.p, P5.p, P6.p, P7.p, and P8.p (Figure 1, 12 h), are
induced by Wnt and Ras signaling to become the vulval
competence group [28-30].

The second stage of the process is defined by the dif-
ferentiation and proliferation, instead of the formation of
vulval cells. It is known that the fate of VPCs (Figure 1,
25 h and 28 h) is determined by the induction from
the anchor cell (AC, a gonadal cell located dorsally with
respect to the cell P6.p), the lateral signaling among the
VPCs, and the concentration of Wnt ligands secreted by
the AC as well as cells near the tail. The VPCs may acquire
one of three fates, P6.p acquires the primary fate that is
characterized by the expression of egl-17, lin-39, apx-1,
and dsl-1 as well as the transverse division of its grand-
daughters. P5.p and P7.p acquire the secondary fate that is
characterized by the expression of lin-11 and lip-1 and the
diverse planes of division of its granddaughters. Specifi-
cally, the most proximal granddaughters do not divide, the
next most proximal granddaughters divide transversely,
and the two most distal granddaughters divide longitudi-
nally. P3.p, P4.p, and P8.p acquire the tertiary fate, tertiary
fate VPCs divide longitudinally once, and their daughters
fuse with hyp7. Then, the VPCs divide longitudinally once
and the cells that acquired the tertiary fate fuse with the
ventral hypoderm. Also, the daughters of the secondary
fate cells are polarized by Wnt signaling (Figure 1, 30 h). At
this point the six remaining VPC daughters undergo a sec-
ond longitudinal division (Figure 1, 32 h). Finally, most of
the granddaughters of the VPCs divide a third time, except
for the most proximal descendants of the secondary fate
cells.

The third stage of the process is morphogenesis and
determination of the final fates of vulval cells. The vul-
val cells migrate towards the AC, and then they fuse



Weinstein et al. BMC Bioinformatics KXXXXXXXXXXX

forming the seven rings that give the adult vulva its final
shape. During this stage the AC breaks the membrane
that separates the gonad from the epidermis, connecting
both tissues and opening the vulval channel. The devel-
oping vulva directs the growth and attachment of the
vulval muscles [6-8,11], and the adult fates of the vulval
cells are determined. Remarkably, there is scarce infor-
mation regarding the molecular network that controls
this third stage of the cell differentiation in the vulva
[11,31].

The cell cycle and fate determination in C. elegans are
synchronized due to the interconnection of the molec-
ular mechanisms controlling both processes, which is
described in detail as part of the molecular basis of
the regulatory network. Additionally, the heterochronic
genes lin-4, lin-14, and lin-28 are important for the
control of developmental timing. In the vulva, LIN-14
activity is required during L1, LIN-28 activity is nec-
essary during L2 and early L3 to prevent premature
vulval cell divisions, and /lin-4 activity is required dur-
ing L3 for the cellular divisions that occur during this
stage, and the proper determination of the secondary fate
[11,32,33].

There are several models describing the process of cell
specialization in the vulva of C. elegans [34]. The first
models were diagrammatic and static [14,35], describing
how the inductive and lateral signals interact to deter-
mine the fates of the VPCs. Later models emphasized the
importance of the concentration of the inductive and lat-
eral signals, producing bi-dimensional fate maps [36-38],
and epigenetic landscapes [39]. Some models were devel-
oped with a focus on the importance of the order in the
sequence of signals [40-42], others incorporated an evo-
lutionary perspective [37,38], and still others were built
to test new methodologies or tools for the simulation
of molecular network models [43-47]. Recently, we pro-
posed a dynamic regulatory network model to include the
molecules that are involved in the control of cell fusion
and cell polarization during the first stages of vulva devel-
opment. Such a model included the Wnt, Ras, and Notch
signaling pathways, as well as the interactions among
them, and the relevant Hox genes [30].

The cell cycle has been extensively studied in several
species, and as a result there is a large number of mathe-
matical and computational models for eukaryotes in gen-
eral [48-51], mammals [52,53], and also for several specific
model systems, including fission yeast [54-58], budding
yeast [59-61], amphibian embryos [62,63], A. thaliana
([64], Ortiz-Gutiérrez et al. in preparation), and notably
the embryonic cell cycle of C. elegans [65]. Many dis-
crete and continuous dynamical models have been used
to find the molecular interactions that are necessary and
sufficient to recover the observed cyclic behavior of sev-
eral cell cycle regulators. Some models have focused on
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the cell cycle checkpoints [54,55,62], or have analyzed the
role of cell mass during cell cycle progression [55,58,59].
While most of the previous models were built with the use
of ordinary differential equations [48,49,53,56,58], there
are also examples of hybrid [52] and discrete models
[60,61,65,66].

Despite the abundance of models developed for VPC
fate determination and cell cycle dynamics in other organ-
isms and the C. elegans embryo, the effect of coordi-
nation of the cell cycle and cell differentiation during
vulval development has not been fully explored. Hereby
we present the first model to include the molecular mech-
anism involved in the control of the postembryonic cell
cycle of C. elegans. Dynamical models are important to
understand how the molecular components involved in
these cellular processes are integrated to coordinate the
differentiation and proliferation during VPC fate speci-
fication. Such an integrative model is the focus of this
paper. Our main findings are that the regulation of Notch
signaling by the cell cycle preserves the potential of the
VPCs and the three vulval fates to differentiate and de-
differentiate, and that sequential control does not elim-
inate the sensitivity of the VPCs to inductive or lateral
signaling during VPC fate determination.

Results and discussion

The regulatory network

The regulatory network consists of 14 nodes and 37 reg-
ulatory interactions (Figure 2). The network incorporates
regulatory interactions experimentally substantiated in C.
elegans, five interactions documented in other organisms,
and six interactions that constitute novel predictions from
the present study. All such predictions, with the exception
of the inhibition of CDK-1/CYB-3 by CKI-1, are neces-
sary to recover the observed attractors. The exhaustive
analysis of the dynamical behavior of the network as a
discrete dynamical system revealed the existence of eight
periodic attractors that cycle through the same stages of
the cell cycle (Figure 3), partitioning evenly the state space
(Figure 4).

The eight attractors can be interpreted as the patterns
of molecular activation of the three vulval fates that cycle
through the cell cycle (Figures 3 and 4). Attractors A, B,
and C represent the primary fate, which is characterized
by a high level (2 in our model) of LIN-39 and MPK-
1 activity. Attractors D, E, F and G correspond to the
secondary vulval fate which is characterized by LIN-12i
activity. Notably, in all these attractors, LIN-12i is inac-
tive during the first and last states of the cycle, due to
the inhibitory effect of CDK-1/CYB-3. Finally, the tertiary
fate is represented exclusively by attractor H, which is
characterized by a low level of activity of LIN-39, and no
LIN-12i, LIN-3, or lateral signal (LS) activity. This pattern
of expression is observed in the VPCs during L2.
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Figure 2 The network of molecules involved in the control of VPC fate determination and the cell cycle in C. elegans. Pointed arrows are
positive regulatory interactions, and blunt arrows are negative regulatory interactions. Purple arrows are interactions reported in other organisms,
and green arrows are predictions of our model. Orange nodes are part of the Notch pathway, and blue nodes are part of the Ras/MAPK pathway or
its targets (LIN-39). Green nodes are CDK/Cyclin complexes, yellow nodes are CDK inhibitors, EFL-1, a transcription factor in white, and protein
degradation complexes in gray. The external signals are represented as elongated hexagons, the known transcription factors as ellipses, and other

Dynamics of the cell cycle module

Figure 3 shows the dynamical behavior of the regula-
tory network. The model recovers eight cyclic attractors,
corresponding to the observed patterns of expression in
actual cells. For example, Figure 3H shows the cyclic
attractor that corresponds to tertiary fate cells and VPCs.
At the beginning (G1-1), the inhibitors of the cell cycle,
CKI-1, LIN-35, and the APC complex, are active. Then,
APC is turned off, which leads to CKI-1 inactivation
(G1-3), and thus allowing the CDK-4/CYD-1 complex to
become active (G1-4), which is a marker for G1 progres-
sion. Next, the LIN-35 activity is inhibited (G1-5), leading
to EFL-1 activation (G1-6) first, and then the CDK-
2/CYE-1 complex, a marker of the S phase (S1). Later, the
SCF turns on (S2), leading to the G2 phase where only
EFL-1 and SCF are active (G2). Further on, LIN-35, and
the CDK-1/CYB-3 complex, which is a marker for the M
phase, are activated (M1). Leading to the EFL-1 inhibition
and APC activation (M2). Finally, the activity of CDK-
1/CYB-3 is inhibited, leading back to the beginning of G1
(G1-1).

Figures 3E, 3F and 3G show attractors that describe the
behavior of most secondary fate cells, the cell cycle in sec-
ondary fate cells is one step shorter because the G1 phase
lasts for only 5 time steps. Figure 3D, which describes the
cyclic behavior of a secondary fate cell in a microenviron-
ment with a high level of LIN-3 (2 in our model), as well as
Figures 3A-C that describe the cyclic behavior of primary
fate cells, share the same cyclic behavior as secondary and

tertiary fate cells, except for the fact that their G1 phase
lasts for only 4 steps.

By modeling the cell cycle module on its own, it is pos-
sible to observe that the cyclic behavior described above
covers its entire state space (Figure 5A). Observe that the
cyclic behavior of this module is maintained when it is
modeled as a continuous dynamic system (Figure 5B), thus
reducing the possibility of the cyclic behavior being an
artifact of the modeling framework.

The differentiation process

To study the process of fate determination in our model,
we followed the dynamics of the system starting from the
initial patterns of expression that represent the different
cell fates under different extracellular microenvironments
(Figures 4 and 6). First, we followed the determination of
the primary fate, which occurs when the concentration
of LIN-3 is very high (3 in our model), with (Figure 7-3)
or without (Figure 7-2) an active LS, or when the con-
centration of LIN-3 is moderately high (2 in our model)
and the concentration of LS is lower than the threshold
(0 in our model) (Figure 7-1). We also followed the net-
work with an initial state representing a secondary fate
cell under a microenvironment which induces a VPC to
acquire the primary fate. In this case the network reaches
a cyclic pattern of molecular activation that corresponds
to the primary fate (Figure 7-4). Then, we followed the
determination of the secondary fate, which may occur
when a VPC or a primary fate cell is in the following
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Figure 3 The attractors of our model. There is a total of eight cyclic attractors, with time running from left to right. Activity of LIN-12i, in orange, is
a marker of the secondary fate (Attractors D, E, F and G). A high level of activity (2 in our model) of LIN-39, in dark blue, is a marker for the primary
fate (Attractors A, B, and C). The tertiary fate is represented exclusively by attractor H, which is characterized by a low level of activity of LIN-39, and
no LIN-12i, LIN-3, or lateral signal (LS) activity (This pattern of expression is observed in the VPCs during L2). CDK-4/CYD-1, shown in pale green, is
activated before the S phase. CDK-2/CYE-1, shown in green, is a marker of the S phase. CDK-1/CYB-3, in dark green, is a marker for the M phase.
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Figure 4 Summary of the basins of attraction. The stars in each basin represent all possible activity levels for the molecule. The primary fate
basins are colored in blue, the secondary fate basins in orange, the tertiary fate basin in green and the fusion fate basin in gray. Loss of WNT activity
was simulated by changing the basal state of LIN-39 from 1 to 0.

microenvironments: LS and no LIN-3 activity (0 in our
model)(Figure 8-1), low LIN-3 (1 in our model) with no
LS (Figure 8-2), LS and low LIN-3 (Figure 8-3), or LS and
medium high LIN-3 (Figure 8-4 and 8-5). Last, we fol-
lowed the determination of the tertiary fate which may
occur when a VPC/Tertiary-fate cell (Figure 9-1), a sec-
ondary fate cell (Figure 9-2) or a primary fate cell(Figure 9-
3), is in a microenvironment with no LS and no LIN-3 (0
in our model).

Our model shows that the cell fates remain stable if the
extracellular microenvironment remains stable, but the
cells keep the potential to acquire any other fate if the
microenvironment changes. Specifically, a primary or sec-
ondary fate cell has the potential to de-differentiate in
a microenvironment without both LIN-3 and LS, a pri-
mary fate cell may trans-differentiate into a secondary fate
cell in a microenvironment with low LIN-3 or LS and a
secondary fate cell may also trans-differentiate into a pri-
mary fate cell in a microenvironment with moderately
high LIN-3 and no LS or very high LIN-3 (Figures 4 and
6). Both de-differentiation and trans-differentiation have
been observed experimentally [67].

Finally, it is important to note that the influence of the
differentiation process over the cell cycle module has an
effect on the length of the periodic behavior (Figure 3).
Specifically, G1 lasts 4 time steps for the primary fate, 4

to 6 time steps for the secondary fate, and 6 time steps
for the tertiary fate. This behavior arises because the Ras
signaling shortens the duration of the cell cycle by inhibit-
ing CKI-1. Specifically, when Ras signaling is moderate
(Figure 3E-F), the cell cycle lasts ten time steps. But when
the level of Ras signaling is high (Figure 3A-D), CKI-1 is
not activated and thus the cell cycle lasts 9 time steps. The
duration of the cell cycle may determine the number of
times the VPCs divide, because the period of time when
the VPCs may divide is limited.

Simulation of mutants

One way to validate the type of regulatory network model
presented here, is to test if altered expression states of
the model components lead to altered attractors that
mimic the observed patterns of expression and/or phe-
notypes described for loss and gain of function mutants.
We simulated the effect of all 32 possible single loss-
and gain-of-function mutations by setting the expres-
sion level of the corresponding node to zero, one, two,
or three. We obtained the attractors of all these mutant
models and compared them against the available experi-
mental data (Additional file 1: Table S1, Additional file 2).
Notably, 16 of the 18 phenotypes reported in the liter-
ature (88.9%) are recovered by these simulations. The
simulated phenotypes caused by 24 mutations can be
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Figure 5 Dynamics of the cell cycle. A) State space of our Boolean module. Color-coded transition diagram of the cell cycle: the red component
represents the activity of CKI-1, EFL-1 and LIN-35, the green component represents the activity of SCF and APC, and the blue component represents
the activity of CDK-4/CYD-1, CDK-2/CYE-1 and CDK-1/CYB-3. B) Dynamics of our continuous model of the cell cycle. The initial state for the

considered novel predictions of our model; of those 24
simulated mutations the effect of 14 has not been reported
at all in the literature, and the other 10 cause additional
effects in specific extracellular microenvironments that
have not been observed experimentally. Specifically, our
model predicts that a) a constitutively active lateral signal
will prevent the determination of the tertiary fate, b) mpk-
1(1) will cause the loss of the primary fate, ¢) mpk-1(2)
will cause the loss of the secondary fate, d) five muta-
tions will cause the VPCs to exit the cell cycle, e) two
mutations will cause endoreplication, f) 15 mutations will
allow the determination of the secondary fate in an extra-
cellular microenvironment with a medium level of LIN-3
and no LS, g) nine mutations will allow the determination
of the primary fate in an extracellular microenvironment

with a medium level of LIN-3 and LS, /#) 15 mutations
will allow the determination of the secondary fate in an
extracellular microenvironment with no LIN-3 and no LS,
i) two mutations allow the determination of the tertiary
fate in an extracellular microenvironment with LS and no
LIN-3, j) according to our model, lin-39(2) represents a
high concentration of constitutively phosphorylated LIN-
39 and the result of its simulation is a Muv phenotype
where all VPCs acquire the primary fate. Experimentally,
the expression of heat shock-inducible lin-39 after the
ablation of the anchor cell during L2 was not enough to
allow the VPCs to divide, and a high level of LIN-39 pro-
tein does not cause a Muv phenotype. But that might be
because LIN-39 needs to be phosphorylated by MPK-1
in order to be activated [68], in order to prove or refute
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Figure 6 The process of the cell differentiation. Colored triangles represent the different cellular fates. The different signals that are able to move
the model from one fate to another are specified on the table at the bottom of the figure, and the primary fate basins are colored in blue, the
secondary fate basins in orange, the tertiary fate basin in green and the fusion fate basin in gray.

our prediction, the same experiment would need to be
repeated, but with a constitutively phosphorylated LIN-
39, k) according to our model, /in-12i(0) represents the
loss of the transcription factor function of lin-12 locally
in the VPCs that causes the loss of secondary fate VPCs,
but not necessarily the Muv phenotype reported in the lit-
erature where lin-12(If) causes two anchor cells to form,
causing a Muv and Egl phenotype where most VPCs
acquire the primary fate [35], in order to verify this pre-
diction the extra AC needs to be ablated in a lin-12(If)
and lip-1::GFP background to verify that the secondary
fate is lost but the VPCs may still acquire the primary and
tertiary fates, /) According to our model, /in-12m(0) rep-
resents the loss of LIN-12 protein in the membrane that
produces a wild type phenotype, because we assume that
Notch may still be activated internally by weak Ras signal-
ing [27]. We remark that two of our simulated mutants,
namely efl-1(0), and SCF(0), do not have a clear corre-
spondence with the experimental results.

The loss of efl-1 function has been reported to cause
a phenotype that resembles the phenotype caused by
lin-35(If), suggesting that it is a G1/S inhibitor. Conversely,

its co-factor dpl-1 has been reported to both activate and
inhibit the G1/S transition [69]. However, according to our
model, EFL-1/DPL-1 functions as a transcriptional activa-
tor, as reported for the yeast and mammalian cell cycles
[70], while efI-1(0) causes the cell cycle to stop between
GlandS.

Finally, according to our model, SCF(0) causes the cell
cycle to stop at the S phase. However, the function of
SCF is necessary for the cell cycle exit. cul-1 is one of the
main components of SCF, and cul-1(If) causes very strong
hyperplasia in the vulva, and more than 80 vulval cells are
formed in those mutants [71]. SCF complexes have many
diverse functions and only a few are well characterized.
Specifically, SCF is necessary for CDC-25.1 degradation,
which may be necessary for cell cycle quiescence [72]. Fur-
thermore, negative regulation of CDK/Cyclin complexes
is an important component even in minimal cell cycle
oscillators [63]. Due to the simplified nature of our model,
the function of SCF as a G1/S CDK/Cyclin regulator is
crucial for cell cycle progression, but in the real system
other complexes such as APC may act redundantly with
SCE.
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Figure 7 Primary fate determination. 1) A VPC differentiating into a primary fate cell in an extracellular microenvironment with a moderately high
concentration of LIN-3 (2 in our model), 2) A VPC differentiating into a primary fate cell in an extracellular microenvironment with a high
concentration of LIN-3 (3 in our model), 3) A VPC differentiating into a primary fate cell in an extracellular microenvironment with lateral signal and a
high concentration of LIN-3 (3 in our model), 4) A secondary fate cell transdifferentiating into a primary fate cell in an extracellular
microenvironment with a high concentration of LIN-3 (3 in our model).
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Removal of regulatory interactions
We systematically eliminated all of the 38 regulatory inter-
actions, one at the time, and evaluated the effect on
the attractors attained by the model (Additional file 3:

Table S2, Additional file 4). Notice that the removal of
12 interactions had no effect on the dynamics of the
network, thus showing the structural robustness of the
model.
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Figure 8 Secondary fate determination. 1) A VPC differentiating into a secondary fate cell in an extracellular microenvironment with lateral
signal, 2) A VPC differentiating into a secondary fate cell in an extracellular microenvironment with a low concentration of LIN-3 (1 in our model),

3) A VPC differentiating into a secondary fate cell in an extracellular microenvironment with lateral signal and a low concentration of LIN-3, 4) A VPC
differentiating into a secondary fate cell in an extracellular microenvironment with lateral signal and a moderately high (2 in our model)
concentration of LIN-3, 5) A primary fate cell transdifferentiating into a secondary fate cell in an extracellular microenvironment with a moderately
high concentration of LIN-3 (2 in our model) and lateral signal.

There is a discrepancy between our model and the the elimination of this interaction has no effect on the
reported experimental results regarding the removal of dynamics of the network. Experimentally, however, the
the activation of LIN-12i by CDK-2/CYE-1. In the model,  elimination of the aforementioned interaction causes a
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third fate cell in an extracellular microenvironment without LS or LIN-3.

Figure 9 Tertiary fate determination. 1) The tertiary fate is stable in an extracellular microenvironment without LS or LIN-3, 2) A secondary fate
cell dedifferentiating into a third fate cell in an extracellular microenvironment without LS or LIN-3, 3) A primary fate cell dedifferentiating into a

diminished concentration of LIN-12i in secondary fate
cells [42]. Given the Boolean nature of the variable rep-
resenting LIN-12i, the model cannot represent a partial
reduction on its activation. Future versions on our model
will, by necessity, incorporate more levels of activation to
describe LIN-12i.

We predict the effect of removing 28 interactions that
are not reported in the literature. Specifically, our model
predicts that ) removing one of eight interactions would

not affect the behavior of the system, b) removing the
ability of MPK-1 to phosphorylate LIN-39 will cause the
loss of the primary fate, ¢) removing one of four interac-
tions would inhibit VPC divisions, d) removing one of two
interactions, will lead to an endoreplication cell cycle, e)
removing one of four interactions would cause a longer
cell cycle, f) removing one of eight interactions causes
a shorter cell cycle, g) removing one of seven interac-
tions will allow the determination of the secondary fate
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in an extracellular microenvironment with no LIN-3 and
no LS, &) removing one of ten interactions will allow the
determination of the secondary fate in an extracellular
microenvironment with a medium level of LIN-3 and no
LS, and j) removing one of four interactions will allow
the determination of the primary fate in an extracellular
microenvironment with a medium level of LIN-3 and LS.

We then searched for the interactions that are necessary
for the existence of the cyclic attractor. The update rules
of our model of the cell cycle module (Equations 7-14) are
not ambiguous. Without allowing ambiguity in the update
rules, we found with Griffin ® [73] 120 functional network
topologies of the cell cycle module that allow the exis-
tence of the cyclic attractor. All such topologies include
the following 14 interactions: a) the inhibition of EFL-1 by
LIN-35, b) the activation of APC by CDK-1/CYB-3, ¢) the
inhibition of LIN-35 by CDK-4/CYD-1, d) the activation
of SCF by CDK-2/CYE-1, e) the inhibition of CDK-2/CYE-
1 by SCE f) the inhibition of CDK-4/CYD-1 by SCF, g) the
inhibition of CDK-2/CYE-1 by LIN-35, k) the activation of
CDK-1/CYB-3 by EFL-1, i) the inhibition of CDK-4/CYD-
1 by CKI-1, j) the activation of CKI-1 by APC, k) the
activation of CKI-1 by CDK-1/CYB-3, /) the inhibition
of CDK-1/CYB-3 by CDK-4/CYD-1, m) the inhibition of
CDK-4/CYD-1 by CDK-1/CYB-3, and #) the activation of
CDK-2/CYE-1 by EFL-1.

We performed an additional test to check which inter-
action signs may be ambiguous by including all the
interactions of our original model. Allowing ambiguity
resulted in 2740 functional network topologies. However,
in order for the cyclic attractor to exist, the following eight
interaction signs must not be ambiguous: &) the inhibi-
tion of EFL-1 by LIN-35, b) the inhibition of CKI-1 by
CDK-4/CYD-1, ¢) the inhibition of APC by SCF, d) the
inhibition of SCF by APC, e) the activation of SCF by
CDK-2/CYE-1, f) the activation of APC by CDK-1/CYB-
3, g) the inhibition of LIN-35 by CDK-4/CYD-1, and /) the
inhibition of LIN-35 by CDK-2/CYE-1.

Circuits

Circuits or feedback loops are circular chains of interac-
tions. The present model contains 60 positive feedback
loops, and 51 negative feedback loops (Tables 1 and 2).
The work of Thomas and collaborators has demonstrated
the central role of feedback loops in the determination of
the dynamic behavior of a regulatory network [74]. Specif-
ically, functional positive feedback loops are necessary for
the existence of multistationarity, while negative feedback
loops are necessary to obtain oscillations [75].

According to our model, there is large redundancy
among circuits, and thus no single circuit can be con-
sidered essential for the determination vulval fates. By
contrast, the specific combination of input signals deter-
mines the number of attractors attained by the system.
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Table 1 Positive feedback loops in the network of Figure 2

1 CDK-1/CYB-3 —

LIN-12i —

LIN-39 —

CDK-4/CYD-1 4 CKI-1 A

CDK-2/CYE-1 4 LIN-35

LIN-12i — LIN-12m —

CDK-4/CYD-1 4 CDK-1/CYB-3 A

SCFH4APCH

CDK-2/CYE-1 4 LIN-35 4 EFL-1 —

LIN-12i 4 MPK-1 4 LIN-12m —

CDK-4/CYD-1 4 CDK-1/CYB-3 — CKI-1 A

CDK-4/CYD-1 4 CDK-1/CYB-3 — APC — CKI-1 A

SCF 4 APC — CKI-1 4 CDK-2/CYE-1 —

CKI-1 4 CDK-2/CYE-1 — LIN-12i 4 MPK-1 A

CKI-1 4 CDK-1/CYB-3 4 LIN-12i 4 MPK-1 A

SCF 4 CDK-4/CYD-1 4 CKI-1 4 CDK-1/CYB-3 — APC H

SCF - CDK-2/CYE-1 — LIN-12i 4 MPK-1 — LIN-39 —

SCF 4 CDK-4/CYD-1 A LIN-35 4 EFL-1 — CDK-1/CYB-3 — APC H
SCF 4 CDK-4/CYD-1 — LIN-12m — LIN-12i 4 MPK-1 — LIN-39 —

SCF - CDK-4/CYD-1 4 CDK-1/CYB-3 — LIN-12i 4 MPK-1 —
LIN-39 —

21 SCF 4 APC — CKI-1 4 CDK-4/CYD-1 —H LIN-35 4 CDK-2/CYE-1 —
22 SCF 4 APC 4 CDK-1/CYB-3 - LIN-12i 4 MPK-1 — LIN-39 —

23 SCF 4 CDK-2/CYE-1 4 LIN-35 4 EFL-1 — CDK-1/CYB-3 — APC H
24 CKI-1 4 CDK-1/CYB-3 4 CDK-4/CYD-1 — LIN-12m — LIN-12i A

O 00 N Oy L1 W N

N — s s s s s s s
O OV W N O U~ W NN = O

MPK-1

25 CKI-1 4 CDK-4/CYD-1 - LIN-35 — CDK-2/CYE-1 — LIN-12i A
MPK-1 -

26 SCF H CDK-4/CYD-1 4 CDK-1/CYB-3 = LIN-12i 4 MPK-1 4 CKI-1
CDK-2/CYE-1 —

27 SCF - CDK-4/CYD-1 4 CKI-1 4 CDK-2/CYE-1 — LIN-12i A
MPK-1 — LIN-39 —

28 SCF 4 CDK-4/CYD-1 < LIN-35 4 CDK-2/CYE-1 — LIN-12i A
MPK-1 — LIN-39 —

29 SCF 4 CDK-4/CYD-1 A4 LIN-35 4 EFL-1 — CDK-1/CYB-3 — CKI-1 A
CDK-2/CYE-1 —

30 SCF 4 APC — CKI-1 4 CDK-4/CYD-1 4 LIN-35 4 EFL-1 —
CDK-2/CYE-1 —

31 SCF 4 APC — CKI-1 4 CDK-1/CYB-3 - LIN-12i 4 MPK-1 —
LIN-39 —

32 SCF 4 CDK-4/CYD-1 — LIN-12m — LIN-12i 4 MPK-1 4 CKI-1 A
CDK-2/CYE-1 —

33 SCF + APC 4 CDK-1/CYB-3 - LIN-12i 4 MPK-1 4 CKI-T
CDK-2/CYE-1 —

34 CKI-1 4 CDK-2/CYE-1 4 LIN-35 4 EFL-1 — CDK-1/CYB-3 4
LIN-12i 4 MPK-1 A

35 CKI-1 4 CDK-4/CYD-1 4 LIN-35 4 EFL-1 — CDK-1/CYB-3 +
LIN-12i 4 MPK-1 A
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Table 1 Positive feedback loops in the network of Figure 2

(Continued)

36  SCF - CDK-4/CYD-1 4 CKI-1 4 CDK-2/CYE-1 - LIN-35 4 EFL-1 —
CDK-1/CYB-3 — APC H

37 SCF 4 CDK-4/CYD-1 4 LIN-35 4 EFL-1 — CDK-2/CYE-1 —
LIN-12i 4 MPK-1 — LIN-39 —

38  SCF - CDK-4/CYD-1 4 LIN-35 4 EFL-1 — CDK-1/CYB-3 — APC —
CKI-1 4 CDK-2/CYE-1 —

39  SCF - CDK-4/CYD-1 4 CDK-1/CYB-3 — CKI-1 4 CDK-2/CYE-1 —
LIN-12i 4 MPK-1 — LIN-39 —

40  SCF 4 APC 4 CDK-1/CYB-3 4 CDK-4/CYD-1 — LIN-12m —
LIN-12i 4 MPK-1 — LIN-39 —

41 SCF 4 APC 4 CDK-1/CYB-3 — CKI-1 4 CDK-2/CYE-1 — LIN-12i 4
MPK-1 — LIN-39 —

42 CKI-1 4 CDK-1/CYB-3 4 CDK-4/CYD-1 4 LIN-35 4 EFL-1 —
CDK-2/CYE-1 — LIN-12i 4 MPK-1 -

43 SCF 4 CDK-2/CYE-1 — LIN-12i 4 MPK-1 -4 CKI-1 4 CDK-4/CYD-1 H
CDK-1/CYB-3 — APC H

44 SCF 4 CDK-4/CYD-1 4 CDK-1/CYB-3 — APC — CKI-1 -
CDK-2/CYE-1 — LIN-12i 4 MPK-1 — LIN-39 —

45  CKI-1 4 CDK-2/CYE-1 4 LIN-35 4 EFL-1 — CDK-1/CYB-3 H
CDK-4/CYD-1 — LIN-12m — LIN-12i 4 MPK-1 A

46 SCFHAPC — CKI-1 4 CDK-1/CYB-3 4 CDK-4/CYD-1 — LIN-12m —
LIN-12i 4 MPK-1 — LIN-39 —

47 SCF 4 APC 4 CDK-1/CYB-3 4 CDK-4/CYD-1 — LIN-12m — LIN-12i
= MPK-1 4 CKI-1 4 CDK-2/CYE-1 —

48  SCF 4 CDK-4/CYD-1 4 LIN-35 — CDK-2/CYE-1 — LIN-12i 4 MPK-1
— CKI-1 4 CDK-1/CYB-3 — APC H

49  SCF 4 APC 4 CDK-1/CYB-3 4 CDK-4/CYD-1 4 CKI-1 4 CDK-2/CYE-1
— LIN-12i 4 MPK-1 — LIN-39 —

50  SCF - APC - CDK-1/CYB-3 4 CDK-4/CYD-1 - LIN-35 4 CDK-2/CYE-1
— LIN-12i 4 MPK-1 — LIN-39 —

51 SCF 4 APC 4 CDK-1/CYB-3 — CKI-1 4 CDK-4/CYD-1 — LIN-12m —
LIN-12i 4 MPK-1 — LIN-39 —

52 SCF+ APC -4 CDK-1/CYB-3 < LIN-12i 4 MPK-1 4 CKI-1
CDK-4/CYD-1 < LIN-35 4 EFL-1 — CDK-2/CYE-1 —

53  SCF 4 APC — CKI-1 4 CDK-4/CYD-1 < LIN-35 4 EFL-1 —
CDK-1/CYB-3 4 LIN-12i 4 MPK-1 — LIN-39 —

54 SCF+HAPC — CKI-1 4 CDK-2/CYE-1 4 LIN-35 4 EFL-1 —
CDK-1/CYB-3 4 LIN-12i 4 MPK-1 — LIN-39 —

55 SCF 4 APC — CKI-1 4 CDK-1/CYB-3 4 CDK-4/CYD-1 < LIN-35 -
CDK-2/CYE-1 — LIN-12i 4 MPK-1 — LIN-39 —

56  SCF—APC - CDK-1/CYB-3 4 CDK-4/CYD-1 = LIN-35 4 EFL-1 —
CDK-2/CYE-1 — LIN-12i 4 MPK-1 — LIN-39 —

57 SCFH APC 4 CDK-1/CYB-3 — CKI-1 4 CDK-4/CYD-1 4 LIN-35 -
CDK-2/CYE-1T — LIN-12i 4 MPK-1 — LIN-39 —

58  SCF A APC — CKI-1 4 CDK-1/CYB-3 4 CDK-4/CYD-1 - LIN-35 -
EFL-1 — CDK-2/CYE-1 — LIN-12i 4 MPK-1 — LIN-39 —

59  SCF—HAPC -4 CDK-1/CYB-3 — CKI-1 4 CDK-4/CYD-1 - LIN-35 -
EFL-1 — CDK-2/CYE-1 — LIN-12i 4 MPK-1 — LIN-39 —

60  SCFHAPC — CKI-1 4 CDK-2/CYE-1 4 LIN-35 4 EFL-1 —

CDK-1/CYB-3 4 CDK-4/CYD-1 — LIN-12m — LIN-12i 4 MPK-T —
LIN-39 —
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Table 2 Negative feedback loops in the network of Figure 2
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CDK-1/CYB-3 — APCH

CKI-1 4 CDK-1/CYB-3 —

SCF 4 CDK-2/CYE-1 —

CDK-4/CYD-1 4 CKI-1 4 CDK-1/CYB-3 A

CKI-1 4 CDK-1/CYB-3 — APC —

SCF 4 CDK-4/CYD-1 4 CKI-1 4 CDK-2/CYE-1 —

LIN-12i 4 MPK-1 — LIN-39 — LIN-12m —

SCF 4 CDK-4/CYD-1 - LIN-35 4 CDK-2/CYE-1 —

CDK-4/CYD-1 4 LIN-35 4 EFL-1 — CDK-1/CYB-3 H

SCF + CDK-4/CYD-1 4 CDK-1/CYB-3 — APC -

CKI-1 4 CDK-2/CYE-1 A LIN-35 4 EFL-1 — CDK-1/CYB-3 —

SCF 4 CDK-4/CYD-1 - LIN-35 4 EFL-1 — CDK-2/CYE-1 —
CDK-4/CYD-1 4 LIN-35 4 EFL-1 — CDK-1/CYB-3 — CKI-1 A

SCF H CDK-4/CYD-1 4 CDK-1/CYB-3 — CKI-1 4 CDK-2/CYE-1 —
SCF 4 APC 4 CDK-1/CYB-3 — CKI-1 4 CDK-2/CYE-1 —

CKI-1 4 CDK-4/CYD-1 — LIN-12m — LIN-12i 4 MPK-1 H

CKI-1 4 CDK-4/CYD-1 4 CDK-1/CYB-3 A LIN-12i 4 MPK-1
CDK-4/CYD-1 4 CKI-1 4 CDK-2/CYE-T 4 LIN-35 4 EFL-1 —
CDK-1/CYB-3 4

CKI-1 4 CDK-2/CYE-1 A LIN-35 4 EFL-1 — CDK-1/CYB-3 — APC —
CDK-4/CYD-1 4 LIN-35 4 EFL-1 — CDK-1/CYB-3 — APC — CKI-1 H
SCF 4 CDK-4/CYD-1 4 CDK-1/CYB-3 — APC — CKI-1 -
CDK-2/CYE-1 —

SCF 4 APC 4 CDK-1/CYB-3 4 CDK-4/CYD-1 4 CKI-1 H

CDK-2/CYE-1 —

SCF 4 APC -4 CDK-1/CYB-3 4 CDK-4/CYD-1 4 LIN-35 H
CDK-2/CYE-1 —

CKI-1 4 CDK-1/CYB-3 4 CDK-4/CYD-1 4 LIN-35 — CDK-2/CYE-1 —
LIN-12i 4 MPK-1 A

CKI-1 4 CDK-4/CYD-1 4 LIN-35 4 EFL-1 — CDK-2/CYE-1 —
LIN-12i 4 MPK-1 A

SCF 4 CDK-2/CYE-1 — LIN-12i 4 MPK-1 4 CKI-1 4 CDK-1/CYB-3 —
APC H

SCF 4 CDK-4/CYD-1 4 CKI-1 4 CDK-1/CYB-3 4 LIN-12i 4 MPK-1 —
LIN-39 —

SCF 4 APC — CKI-1 4 CDK-2/CYE-1 — LIN-12i 4 MPK-1 —

LIN-39 —

SCF 4 APC — CKI-1 4 CDK-1/CYB-3 -4 CDK-4/CYD-1 4 LIN-35 H
CDK-2/CYE-1 —

SCF 4 APC 4 CDK-1/CYB-3 4 CDK-4/CYD-1 4 LIN-35 4 EFL-1 —
CDK-2/CYE-1 —

SCF 4 APC 4 CDK-1/CYB-3 — CKI-1 4 CDK-4/CYD-1 4 LIN-35 H
CDK-2/CYE-1 —

SCF 4 CDK-4/CYD-1 4 LIN-35 4 EFL-1 — CDK-1/CYB-3 4 LIN-12i A
MPK-1 — LIN-39 —

SCF A4 APC — CKI-1 4 CDK-4/CYD-1 — LIN-12m — LIN-12i +
MPK-1 — LIN-39 —

SCF 4 APC — CKI-1 4 CDK-4/CYD-1 4 CDK-1/CYB-3 4 LIN-12i A
MPK-1 — LIN-39 —
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Table 2 Negative feedback loops in the network of Figure 2

35  SCFHAPC — CKI-1 4 CDK-1/CYB-3 4 CDK-4/CYD-1 4 LIN-35 +
EFL-1 — CDK-2/CYE-1 —

36 SCF - APCHCDK-1/CYB-3 — CKI-1 4 CDK-4/CYD-1 4 LIN-35 4
EFL-1 — CDK-2/CYE-1 —

37 SCF - CDK-2/CYE-1 4 LIN-35 4 EFL-1 — CDK-1/CYB-3 4 LIN-12i +
MPK-1 — LIN-39 —

38 SCF 4 CDK-4/CYD-1 — LIN-12m — LIN-12i 4 MPK-1 4 CKI-1 -
CDK-1/CYB-3 — APCH

39 SCFHAPC — CKI-1 4 CDK-4/CYD-1 4 LIN-35 4 CDK-2/CYE-1 —
LIN-12i 4 MPK-1 — LIN-39 —

40  SCF - APC 4 CDK-1/CYB-3 4 LIN-12i 4 MPK-1 4 CKI-1 H
CDK-4/CYD-1 4 LIN-35 — CDK-2/CYE-1 —

41 SCF 4 CDK-4/CYD-1 4 LIN-35 4 EFL-1 — CDK-1/CYB-3 4 LIN-12i A
MPK-1 4 CKI-1 4 CDK-2/CYE-1 —

42 SCF A CDK-2/CYE-1 — LIN-12i 4 MPK-1 4 CKI-1 H CDK-4/CYD-1
LIN-35 4 EFL-1 — CDK-1/CYB-3 — APC -

43 SCF - CDK-4/CYD-1 4 CKI-1 4 CDK-2/CYE-1 4 LIN-35 4 EFL-1 —
CDK-1/CYB-3 A LIN-12i 4 MPK-1 — LIN-39 —

44 SCF 4 CDK-4/CYD-1 4 LIN-35 4 EFL-1 — CDK-2/CYE-1 — LIN-12i A
MPK-1 4 CKI-1 4 CDK-1/CYB-3 — APC H

45 SCF 4 CDK-4/CYD-1 4 LIN-35 4 EFL-1 — CDK-1/CYB-3 — CKI-1 A
CDK-2/CYE-1 — LIN-12i 4 MPK-1 — LIN-39 —

46 SCFHAPC — CKI-1 4 CDK-4/CYD-1 - LIN-35 4 EFL-1 —
CDK-2/CYE-1 — LIN-12i 4 MPK-1 — LIN-39 —

47 SCF 4 CDK-2/CYE-1 4 LIN-35 4 EFL-1 — CDK-1/CYB-3 -
CDK-4/CYD-1 — LIN-12m — LIN-12i 4# MPK-1 — LIN-39 —

48  SCF -4 CDK-4/CYD-1 — LIN-12m — LIN-12i 4 MPK-1 -4 CKI-1 A
CDK-2/CYE-1 4 LIN-35 4 EFL-1 — CDK-1/CYB-3 — APC H

49 SCF 4 CDK-4/CYD-1 4 LIN-35 4 EFL-1 — CDK-1/CYB-3 — APC —
CKI-1 4 CDK-2/CYE-1 — LIN-12i 4 MPK-T — LIN-39 —

50  SCF - CDK-2/CYE-1 4 LIN-35 4 EFL-1 — CDK-1/CYB-3 — CKI-1 A
CDK-4/CYD-1 — LIN-12m — LIN-12i 4 MPK-1 — LIN-39 —

51 SCF - CDK-2/CYE-1 4 LIN-35 4 EFL-1 — CDK-1/CYB-3 — APC —
CKI-1 4 CDK-4/CYD-1 — LIN-12m — LIN-12i 4 MPK-1 — LIN-39 —

Redundancy among feedback circuits is emerging as a
generic trait of regulatory networks. Furthermore, feed-
back circuit redundancy could play an important role in
network robustness to mutations and noise [76].

Conclusions

Our model recovers the stable patterns of activation of
the considered molecular components under wild type
and mutant conditions, replicating those patterns encoun-
tered on actual cells during vulval development in C.
elegans. To the best of our knowledge, the present model
is the first that explores the dynamic effect of the mech-
anism for the cross-regulation between the cell cycle and
the cell fate determination of vulval cells, mechanism that
was proposed by [42] and [77]. Our model provides a suit-
able approach to understand the coordinated regulation
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of cell-cycle progression and differentiation during this
process.

The cross-regulation between cell differentiation and
cell-cycle progression in vulval cells of C. elegans is medi-
ated by the activation of SCF by LIN-39, the inhibition
of CKI-1 by MPK-1, the inhibition of LIN-12i by CDK-
1/CYB-3, the activation of LIN-12i by CDK-2/CYE-1, and
the activation of LIN-12m by CDK-4/CYD-1. The type
of regulatory interactions that grant such dynamic coor-
dination might be conserved in other biological systems
[78,79], and may also constitute a useful framework to
address such coordination in other systems.

Our modeling effort resulted in the following predic-
tions for the system under study: ) the activation of
SCF by LIN-39, removing this interaction causes cell
cycle quiescence in our model. b) the activation of CDK-
1/CYB-3 by EFL-1, removing this interaction causes an
endoreplication-like cell cycle. ¢) the inhibition of CDK-
4/CYD-1 by CKI-1, removing this interaction causes a
short cell cycle. d) the inhibition of CDK-1/CYB-3 by CKI-
1, removing this interaction does not change the dynamic
behavior of our model, e) the inhibition of CDK-1/CYB-
3 by CDK-4/CYD-1, removing this interaction causes a
modified cell cycle. f) the inhibition of CDK-4/CYD-1 by
CDK-1/CYB-3, removing this interaction causes a short
cell cycle.

Given the importance of the Notch signaling pathway
for different developmental processes, it is fundamen-
tal to understand how it interacts with other signaling
pathways. Here, we highlight the temporal regulation of
LIN-12 by different CDK/cyclin complexes, which leads
to precise spatio-temporal regulation of Notch signaling
during vulva development and opens a wide range of
possibilities in the comprehension of how cell fates are
established under a specific combination of intracellular
and extracellular signals. Our model shows that regula-
tion of Notch signaling by the cell cycle preserves the
potential of the VPCs and the three fates to differentiate
and de-differentiate, allowing them to remain completely
responsive to the concentration of LIN-3 and LS in the
extracellular micro-environment.

Another important contribution of our model is that
the need for a sequential control of fate determination
disappears completely. Without the cell cycle effect, in a
microenvironment with a moderately high level of LIN-
3 and LS, a VPC would acquire either the primary or
the secondary fate, depending on which inductive signal
affected the cell first. In our model, however, the VPC
will always acquire the secondary fate. Dynamical analysis
such as ours are needed to achieve an adequate under-
standing of molecular regulation during the development
of multicellular organisms.

Certain mutations can dramatically affect the behavior
of a regulatory network, even if they do not cause the loss
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of all the functions of a protein. Simulating the removal
of certain interactions, we were able to propose some
changes to specific regions of certain proteins that could
lead to abnormal vulval development in C. elegans.

Despite the broad agreement between our model and
the experimental data, there is ample room for improve-
ment. Specifically, we will try to incorporate in future
versions the molecular mechanism involved when the cell
cycle is activated or inactivated by a combination of CKI-1
activation by LIN-29 during L4 and SCF mediated degra-
dation of CDC-25.1, as well as the molecules involved in
the transitions between mitosis, meiosis, endoreplication
and the embryonic cell cycle.

Methods

Molecular basis of the regulatory network

We built a simplified model of the molecular network
involved in the fate determination of the VPCs and the
control of the cell cycle by connecting two functional
modules, that is, sets of biological molecules that are
involved in accomplishing a specific biological function
in the cell. Specifically, we used one module for the net-
work of molecules involved in cell cycle control and a
second module for the network of molecules involved in
the control of vulval fate determination. We built the two
functional modules by including only the molecules with
very penetrant mutant phenotypes reported in the liter-
ature. For the fate determination module, we included
only the ligands and the effectors of the Ras and Notch
signaling cascades, and MPK-1, necessary to represent
the mutual inhibition between them. For the cell cycle
module, we included only the three main CDK/Cyclin
complexes and their main regulators. Most interactions in
the model are supported by experimental evidence in C.
elegans, as summarized below. These interactions can be
classified as activations or inhibitions [80], defined as fol-
lows: Given two genes i and j, i activates j if there exists a
configuration (i.e. a pattern of molecular activation) x =
(x1,...,%,) and values a and b, with a > b, such that:

Sixr, o ximn, @, X,
—filx1, ..

Conversely, i inhibits j if there exists a configuration x =
(x1,...,%,) and values a and b, with a > b, such that:

ﬁ(xli e Xi—1,a, X415 - -
_ﬁ(xlf ..
According to this definition, it is possible for gene i to
both activate and inhibit gene j. In this case, we say that
the rule or interaction is ambiguous. The only ambigu-
ous update rule in our model is in LIN-12i (Equation 6).
The model also contains interactions reported in other
organisms, namely, the mutual inhibition between APC
and SCF in mammals, the activation of CKI-1 by APC

9 %n)

X1, b X1, %) >0

<3 %)

S Xi—1 b)xi+1; oo :xn) <0
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in humans, the activation of CKI-1 by CDK-1/CYB-3 in
yeast, and the inhibition of LIN-35 by CDK-2/CYE-1 in
mammals. Finally, the model also includes interactions
that are predictions of our model, namely, the mutual
inhibition between CDK-1/CYB-3 and CDK-4/CYD-1,
the activation of CDK-1/CYB-3 by EFL-1, the inhibition
of CDK-4/CYD-1 and CDK-1/CYB-3 by CKI-1, and the
activation of SCF by LIN-39.

Molecules involved in VPC fate determination:

The Ras/MAPK signaling cascade is represented by three
nodes, LIN-3, MPK-1, and LIN-39. LIN-3 is an EGF
ortholog, and functions as an external signal that is used as
a parameter that does not change during each simulation.
LIN-3 activates the Ras/MAPK signaling [16,29,81,82],
whose main effector is MPK-1 [83,84], an ERK ortholog.
MPK-1 phosphorylates many important transcription fac-
tors, such as LIN-39, LIN-1, LIN-31 and some compo-
nents of the mediator complex like LIN-25 and SUR-
2, that bind to the promoters of [in-39, activating its
transcription. The LIN-39 product, is a HOM-C protein
homologous to Deformed and Sex combs reduced. Impor-
tantly, phosphorylated LIN-39 activates its own expres-
sion [68,83-85].

To represent the Notch signaling cascade we included
in the simplified model the lateral signal as well as the
ortholog of Notch lin-12. The lateral signal (LS) func-
tions as a parameter of the model, and it comprises DSL-1
and LAG-2 or APX-1. DSL-1 originates from P6.p and
forms a gradient, while LAG-2 and APX-1 are membrane
proteins that are also expressed by P6.p, whose effect is
on the neighbor cells that are in direct physical contact,
that is, P5.p and P7.p [86]. LIN-12 is represented by two
nodes in our model. On the one hand, LIN-12i repre-
sents the fragment of LIN-12 that travels to the nucleus
and forms part of the LIN-12intra/LAG-1/SEL-8 complex.
This complex activates the transcription of the lateral
signal targets, such as lin-11, lip-1 and lin-12 [87], and
stabilizes the membrane localization of LIN-12 through
mir-61 and VAV-1 [88]. On the other hand, LIN-12m
represents the protein localized in the membrane, func-
tioning as a receptor for the lateral signal [89,90]. Finally,
it is known that LIN-39 activates the transcription of
lin-12 [91].

We included the interactions that allow for a mutual
inhibition of the Ras and Notch pathways. MPK-1
activates the mediator complex, increasing the rate at
which LIN-12 is removed from the membrane and
marked for degradation [92,93]. Now, LIP-1 inactivates
MPK-1 [94], and ARK-1 inhibits LET-23 in a SEM-
5-dependent mechanism [95]. Both LIP-1 and ARK-1
are lateral signal targets, and are activated by LIN-12i.
Thus, there is a net negative effect from LIN-12i to
MPK-1.
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Molecules involved in the control of the cell cycle and their
interactions:

In general, the molecular mechanism for the control of the
cell cycle is based on the activity of a cyclin-dependent
kinase (CDK), which is required to advance from one stage
of the cell cycle to the next.

Each CDK binds to certain cyclins when they are avail-
able; specifically those that have a high enough binding
affinity with the CDK. CDK-inhibitory proteins (CKIs)
associate with Cyclin/CDK complexes to keep them inac-
tive, and phosphorylation by Weel/Mytl kinases also
inhibits their activity. Cyclin/CDK activation requires
phosphorylation, ubiquitination and proteolysis of the
CKI, phosphorylation of the CDK by a CDK-activating
kinase (CAK), as well as the removal of the inhibitory
phosphates by a Cdc25 phosphatase. Cyclin destruction
leads to inactivation. Ubiquitination and proteolysis of cell
cycle regulators in late G1 and S requires cullin-based E3
ligases such as Skp1-Cull-F box (SCF), while in M phase
and early G1 the activity of the anaphase-promoting com-
plex (APC) —which is an E3 RING ubiquitin ligase— is
needed [69].

In C. elegans, the regulatory function of three
CDK/Cyclin complexes during the cell cycle is known:
CDK-4/CYD-1 is the first complex involved in the control
of the G1 to S transition, and the expression of cdk-4 and
cyd-1 is sufficient to activate the expression the S phase
marker rnr:GFP [96]. CYD-1 is likely to be degraded by
SCF [97], and CDK-4/CYD-1 may be a target of CKI-1
inhibition because CKI-1 binds CYD-1 [98]. CDK-2/CYE-
1 is the second complex involved in the control of the
G1 to S transition, CDK-2 binds to CYE-1 and CKI-1
may inhibit CYE-1 function [69,98]. When CKI-1 is ubiq-
uitinated, it dissociates from CDK-2/CYE-1, then CDK-
2/CYE-1 activity allows the progression from G1 to S [69].
The promoter of cye-1 contains potential EFL-1/DPL-1
binding sites [99]. CUL-1 (part of SCF) may inhibit CYE-
1, and CDK-1/CYB-3 is involved in the G2 to M transition
but not G1 to S [69]. CDK-1 binds to CYB-1 and CYB-3
in vitro, and APC-11 inhibits CYB-1 [100]. CDK-1/CYB-
3 activates CDC-25.1 and it inhibits WEE-1.3 [63,69,101],
thus forming two positive self regulation cycles that we
include in our model without explicitly incorporating the
nodes for simplicity.

Two CKIs exist in C. elegans, namely, cki-1 and cki-2.
Both are known to regulate the cell cycle, but we only
included cki-1 in the model for simplicity, and because
many of the most penetrant phenotypes are the result of
mutations affecting both genes [102]. The gene cki-1 is
orthologous to the mammalian cyclin-dependent kinase
inhibitor p27/KIP1 and cki-1 is required to stop the cell
cycle and to stay at the GO/G1 phase. The protein CKI-1 is
one of the main regulators of the postembryonic cell cycle
in C. elegans [103]. In humans, the ortholog of FZR-1,
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which is a regulatory subunit of APC indirectly promotes
the accumulation of the ortholog of CKI-1 [65,69]. Addi-
tionally, in yeast the ortholog of CDK-1/CYB-3 activates
the ortholog of CDC-14 [65,66], then CDC-14 upregu-
lates the accumulation of CKI-1 [65,104]. Finally, CKI-1
is negatively regulated by CDK-4/CYD-1; the evidence
supporting this interaction is that CKI-1 binds to CDK-
4/CYD-1 and loss of cki-1/2 function rescues multiple
aspects of the cyd-1 loss of function (If) and cdk-4(If)
mutant phenotypes [100].

The protein EFL-1 is a homolog of mammalian E2F,
which inhibits the G1-to-S transition. In mammals, Rb
binds to E2F, inhibiting its function as an activating tran-
scription factor. It is worth noting that EFL-1 may need
DPL-1 as a co-factor [69]. The protein LIN-35 is orthol-
ogous to Rb, CDK-4/CYD-1 negatively regulates LIN-35
activity [100,105], and in mammals, the orthologs of CDK-
2 and CYE-1 are needed to fully inhibit the Rb function
[105,106].

In C. elegans, the components of the SCF complex
include the Skpl-like proteins SKR-1 and SKR-2 [97],
LIN-23 (F-box), and CUL-1 [71,107,108]. The compo-
nents of APC include MAT-1, MAT-2, MAT-3, CDC-
26, APC-2, APC-10, APC-11, APC-17, EMB-1(APC16),
EMB-27, EMB-30, and FZR-1 [97,109]. Furthermore,
mammalian Cdk1 activates APC/C [110], while APC and
SCF inhibit each other [110-112].

CDK-7 is a CAK ortholog, which likely associates
with the cyclin CYH-1 [100], but the function of these
molecules in the regulation of the cell cycle in C. elegans
is not known because most cdk-7 mutations are lethal. C.
elegans, has two WEE-1 homologues, namely, wee-1.1 and
wee-1.3, which are active in the germ line [101,113]. There
are also four CDC-25 homologues: cdc-25.1, cdc-25.2, cdc-
25.3, and cdc-25.4. Of these four, only the function of
CDC-25.1 as a cell cycle regulator is known [101].

Interactions between the molecules involved in the control of
the cell cycle and the molecules involved in the control of VPC
fate determination:

LIN-3/EGF activates Ras signaling. Now, LIN-1 and LIN-
31—effectors of Ras—as well as the Mediator complex
are necessary for cell cycle quiescence. Specifically, when
Ras is active, LIN-1 and LIN-31 do not activate the tran-
scription of CKI-1, and we included this regulation as
an inhibition of CKI-1 by MPK-1 [77]. Moreover, LIN-1,
LIN-31 and the Mediator complex activate [in-39 tran-
scription [68,85] and LIN-39 is required for the divisions
of the VPCs [114]. Additionally, the three CDK/Cyclin
complexes that regulate the cell cycle also regulate Notch
signaling. In particular, the CDK-4/CYD-1 complex stabi-
lizes the location of LIN-12 (NOTCH) on the cell mem-
brane; the CDK-2/CYE-1 complex inhibits the proteolysis
of the fragment of LIN-12 that functions as a transcription
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factor in the nucleus; and the CDK-1/CYB-3 complex acti-
vates the expulsion from the nucleus and the degradation
of the LIN-12 fragment [42].

The regulatory network as a dynamical system

We first reconstructed the cell cycle functional module
from an expected time series with the use of BoolNet
[115]. BoolNet produced a probabilistic Boolean network
with several possible update rules for each node. We chose
for each node the rule that best reflected the biological
knowledge, and made a few modifications. Specifically,
we included the mutual inhibition between APC and
SCF, which does not change the dynamic of the wild
type model, but changes the simulated effect of several
mutations.

Next, we developed a deterministic discrete dynamical
model by building the VPC fate determination module,
and then connecting it with the cell cycle module. In
our model there is one node with four possible levels
of activation—LIN-3—. This characteristic is necessary
because a) the VPCs P3.p, P8.p and P9.p, which acquire
the tertiary fate, have no Ras activity (i.e. a level of 0),
b) the VPCs P5.p and P7.p usually have a moderate level
of Ras signaling which is sufficient to determine the sec-
ondary fate (i.e. a level of 1), ¢) P6.p is characterized by
a high level of Ras signaling (i.e. a level of 2), which is
sufficient to determine the primary fate, but only in the
absence of negative regulation, and d) in some experi-
ments with worms that have two or more anchor cells,
the level of Ras signaling is high enough to overcome the
effects of the negative regulators (i.e. a level of 3).

Two nodes of the network needed to be modeled as
components with three levels of activation—MPK-1 and
LIN-39—, which are at the end of the Ras signaling cas-
cade, or downstream from it. They have no inhibitors
to overcome, and hence only the levels 0, 1, and 2 are
considered.

The rest of the nodes in the network were considered
as Boolean, since the experimental evidence report either
a full gain or total loss of function. Therefore, the rules
determining the state of activation of each node as a
function of their regulatory inputs are as follows:

LIN-3(¢ + 1) = LIN-3(8) (1)

2 if (LIN-3(¢) = 3 and MPK-1(¢) > 0) or
(LIN-3(¢) = 2 and LIN-12i(¢) = 0 and
MPK-1(¢) > 0)

0 if MPK-1(¢) < 2 and
((LIN-3(#) = 1 and LIN-12i(¢) = 1)or
(LIN-3(t) = 0))

1 otherwise

MPK-1(¢ + 1) =

(2)
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2 if MPK-1(¢) = 2 and LIN-39(¢) > 0
LIN-39(¢ + 1) = { 0 When simulating /in-39 loss of function
1 otherwise

®3)

LS(¢+1) = LS(®) (4)

1 if (LIN-39(¢) > 0 or LIN-12i(¢) = 1) and
(MPK-1(¢) < 1 or CDK-4/CYD-1(¢) = 1)

LIN-12m(t + 1) =
0 otherwise

(5)

1 if (LS(¢) = 1 and LIN-12m(¢) = 1) or
((LIN-12i() = lor LIN-3(¢) = 1) and
(CDK-2/CYE-1(¢) = 1 or
CDK-1/CYB-3(¢) = 0))

0 otherwise

LIN-12i(£ 4+ 1) =

(6)

1 if (MPK-1(¢) = 0) and
(CDK-4/CYD-1(¢) = 0 and APC(¢) = 1
or CDK-1/CYB-3(¢) = 1))

0 otherwise

CKI-1(t+1) =
(7)

1 if LIN-35() = 0
0 otherwise

EFL-1(¢t + 1) = { (8)
1 if CDK-4/CYD-1(¢) = 0 and

CDK-2/CYE-1(t) = 0 ()
0 otherwise

LIN-35(t +1) =

1 if LIN-39(¢) > 0 and APC(¢) = 0

SCE(t+1) =] and CDK-2/CYE-1(¢) = 1 (10)
0 otherwise

APC(e1) — | 1 if SCF(®) = 0and CDK-1/CYB-3(¢) = 1
0 otherwise

(11)

1 if CKI-1(¢) = 0 and SCE(t) = 0
and CDK-1/CYB-3(¢) = 0

CDK-4/CYD-1(t +1) =
0 otherwise

(12)
1 if EFL-1() = 1 and LIN-35() = 0

and CKI-1(¢) = 0 and SCF(¢t) =0

CDK-2/CYE-1(t + 1) = {
0 otherwise

(13)
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1 if CKI-1(£) = 0 and APC(¢) = 0
and EFL-1(¢) =1
and (CDK-4/CYD-1(¢) =0
or CDK-1/CYB-3(¢) = 1)

0 otherwise

CDK-1/CYB-3(t + 1) =

(14)

Subsequently, we used the software package Griffin [73],
to find the interactions that are necessary to recover a
cyclic attractor that visits the configurations characteris-
tic of each cell-cycle phase in the temporal sequence that
is observed in actual cells. Additionally, we specified that
all the interaction signs must be unambiguous.

Finally, we used the SQUAD methodology [116] to build
a deterministic continuous version of the cell cycle mod-
ule, based on the Boolean update rules that we obtained
based on an expected time series with the use of Bool-
Net. We used the continuous version of the module to
verify that the cyclic behavior of the network is not an
artifact of the synchronous updating of the discrete model
[63]. The differential equations describing the continuous
model are as follows:

_g05h 4 g—h(@i—05)

squad(X;, ;) = 1O 5 a9y viX;  (15)
h=10 (16)
Vi = 0.95 17)

wckr—1 = min((1 — CDK-4/CYD-1), max(APC, CDK-1/CYB-3))

(18)
d(CKI-1
% = squad(CKI-1, ockr-1) (19)
wgr_1 =1 — LIN-35 (20)
d(EFL-1
% = squad(EFL-1, wgFrr—1) (21)

wLiN—35 = min(1 — CDK-4/CYD-1,1 — CDK-2/CYE-1))

(22)
@ = squad(LIN-35, wrn—35) 23)
wscr = min(1 — APC, CDK-2/CYE-1)) (24)
@ = squad(SCF, wscr) (25)
wapc = min(1 — SCE, CDK-1/CYB-3)) (26)
@ = squad(APC, wapc) @7)

WCDK—-4/CYD-1 = min(l - CKI-L 1- SCF, 1-— CDK»I/CYB-S)
(28)
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d(CDK-4/CYD-1
% = squad(CDK-4/CYD-1, wep—a/Cyp—1)

(29)

wcpk-2/cyE—1 = min(EFL-1,1 — LIN-35,1 — CKI-1, 1 — SCF)
(30)

d(CDK-2/CYE-1
(T/) = squad(CDK-2/CYE-1, wcpk—2/CYE-1)

(31)

wcpk-1/cys—3 = min(1 — CKI-1,1 — APC, EFL-1, (32)
max(1 — CDK-4/CYD-1,CDK-1/CYB-3))

d(CDK-1/CYB-3
4(CDK-1/CYB-3) . ) _ squad(CDK-1/CYB-3, wcpk—1/cyB—3)

(33)

Endnote

Griffin is a symbolic computational tool under
development that uses a SAT solver to find Boolean
networks satisfying certain constraints, for example, the
existence of known or hypothetical interactions.
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