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Introducción: 

 

La hipertensión arterial es el principal factor de riesgo para desarrollar enfermedades 

cardiovasculares y se actualmente se considera una de las principales causas de muerte, 

enfermedad cerebrovascular, infarto agudo de miocardio, falla cardiaca y enfermedad renal 

crónica[1]. Aunque la fisiología clásica postula que la presión arterial es el resultado del 

producto entre el gasto cardíaco y las resistencias periféricas; hoy sabemos que a largo plazo 

la presión arterial está determinada principalmente por el volumen de líquido extracelular, el 

cual a su vez depende de la relación entre la ingesta y la excreción urinaria de sal[2]. 

Alteraciones en los mecanismos que regulan la excreción urinaria de sal a nivel renal 

conducen a trastornos en la presión arterial, de hecho, todas las enfermedades monogénicas 

que generan alteraciones en la presión arterial resultan de mutaciones que afectan la función 

de proteínas transportadoras de sodio en los túbulos renales[3]. Comprender los mecanismos 

moleculares que regulan el manejo de sodio a nivel renal resulta muy importante ya que el 

conocimiento que se obtiene de estos estudios nos permite comprender la fisiopatología de 

la hipertensión arterial, la cual en la mayoría de los pacientes presenta una etiología 

desconocida[4].   

 

Una de las estrategias empleadas para comprender las vías de señalización implicadas 

en el desarrollo de hipertensión arterial, es el estudio genético de enfermedades monogénicas 

asociadas a elevación crónica y sostenida de la presión arterial. Dentro de estas enfermedades 

se encuentra el síndrome de Hipertensión Hiperkalémica Familiar (HHF, Síndrome de 

Gordon, Psuedohipoaldosteronismo tipo II). Este síndrome es una enfermedad rara que se 

presenta con hipertensión arterial, hipercalemia (aumento en la concentración extracelular de 
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potasio) y acidosis metabólica[5]. De particular importancia, los pacentes con HHF 

responden de manera completa a los diuréticos tiazídicos lo que sugiere que la enfermedad 

es el resultado de activación inapropiada del cotransportador de Na+Cl- (NCC) en el túbulo 

contorneado distal de la nefrona[6]. En el año 2000, el grupo de Lifton reportó que las 

mutaciones responsables de generar HHF se encuentran en los genes que codifican para las 

cinasas WNK1 y WNK4[3], y en un complejo de ubiquitin-ligasas denominado KLHL3-

CUL3[7]. Debido a la sospecha de que la HHF es causada por activación del NCC en túbulo 

contorneado distal, el estudio del papel que juegan las cinasas WNK y el complejo KLHL3-

CUL3 en el desarrollo de hipertensión arterial se ha enfocado a estudiar el efecto de estas 

proteínas en le regulación del NCC. 

 

El cotransportador de Na+Cl- (NCC) es una proteína transmembranal que se expresa 

en la membrana apical del túbulo contorneado distal (DCT) cuya función es promover el 

transporte de cloruro de sodio (Na+Cl-) desde la luz del túbulo hacia el intersticio y por lo 

tanto de vuelta a la circulación sanguínea (reabsorción de Na+Cl-) [8]. La función del NCC 

es fundamental en la conservación del volumen extracelular ya que todos los días se filtran 

aproximadamente 180 litros de plasma y 25,000 meq de sodio desde la sangre hacia los 

túbulos renales. El destino final del filtrado es la orina, por lo tanto, de no ser por la 

reabsorción tubular, se perdería diariamente una gran cantidad de Na+ con la consecuente 

depleción de volumen e hipotensión arterial [9]. El transporte de Na+ a través del NCC 

obedece a una fina regulación que mantiene el volumen extracelular en niveles normales y 

se adapta a la ingesta y pérdidas extrarenales de este ión. Las alteraciones en la función del 

NCC generan ateraciones en el volumen extracelular y por lo tanto en la presión arterial. Por 

ejemplo, mutaciones inactivantes del NCC son responsables del síndrome de Gítelman [10], 
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el cual cursa con hipotensión, hipocalemia y alcalosis metabólica. Las alteraciones 

hidroelectrolíticas que se observan en este síndrome son secundarias a menor reabsorción de 

sodio en el DCT lo que enciende mecanismos compensatorios en regiones más distales en la 

nefrona y secundariamente produce pérdidas urinarias de potasio e hidrogeniones [11]. Al 

contrario del síndrome de Gítelman, la HHF genera un cuadro clínico que es 

característicamente opuesto, es decir, hipertensión, hipercalemia y acidosis metabólica[5]. El 

estudio molecular de esta enfermedad ha generado un enorme avance en el conocimiento 

acerca de los mecanismos que regulan la función del NCC. 

 

La función del NCC se encuentra determinada por su estado de fosforilación en 

residuos localizados en la región aminoterminal [12]. La fosforilación afecta de manera 

positiva la función de este cotransportador y por lo tanto se considera una modificación 

activadora. Gracias al estudio genético de pacientes con HHF, varios grupos de 

investigadores determinaron que la fosforilación del NCC es mediada por una cinasa llamada 

SPAK (STE20/SPS1-related proline-alanine-rich protein kinase) la cual a su vez es regulada 

por las cinasas WNK (With no Lisine) [13, 14]. En el túbulo contorneado distal se expresan 

las cinasas WNK1 y WNK4, y ambas cinasas han mostrado tener un potente efecto activador 

de SPAK secundario a su fosforilación[14]. Debido a la importancia de las cinasas WNK en 

la modulación de la función del NCC, numerosos estudios se han enfocado en entender la 

regulación fisiológica de estas cinasas y por lo tanto explicar el mecanismo de enfermedad 

en el síndrome de HHF.  

 

La regulación de las cinasas WNK es mediada principalmente por tres mecanismos: 

1) ubiquitinación y degradación, 2) regulación de su actividad catalítica en función de la 
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concentración intracelular de Cl- y la concentración extracelular de K+ y 3) regulación por la 

hormona Angiotensina II. La regulación mediante ubiquitinación es mediada por el complejo 

de ubiquitin-ligasa KLHL3-CUL3. El papel de este complejo fue descubierto gracias al 

reporte de que mutaciones en KLHL3-CUL3 también generan el síndrome de HHF[7]. Este 

complejo es capaz de interactuar con las cinasas WNK en un dominio acídico altamente 

conservado (EPEEPEADQH) y promover su ubiquitinación y degradación a nivel del 

proteosoma[15]. Las mutaciones en KLHL3-CUL3 o en las cinasas WNK presentes en la 

HHF impiden que se lleve a cabo este proceso con el consecuente aumento en la cantidad de 

proteína de las cinasas WNK que conducen a activación de SPAK y de NCC. 

 

Además de ser reguladas por ubiquitinación, las WNK son reguladas por la 

concentración intracelular de Cl-. En 2014, Piala y colaboradores [16] reportaron mediante 

estudios de cristalografía que WNK1 posee un sitio de unión al ion Cl- (localizado en el 

dominio cinasa) y que la unión de este ión promueve la defosforilación de esta proteína con 

la consecuente inhibición de su función. En cambio, cuando la concentración extracelular de 

Cl- es baja, se pierde la unión del Cl- con la WNK1 lo que favorece la autofosforilación y 

consecuente activación. Posteriormente, nuestro grupo reportó que este mecanismo también 

ocurre en WNK4 [17] y que mutaciones en el sitio de unión a Cl- de WNK4 aumentan de 

manera importante la actividad de esta cinasa. El grupo de Ellison [18], demostró que los 

cambios en la concentración extracelular de potasio alteran la concentración intracelular de 

Cl- en el DCT, de tal manera que la hipercalemia promueve despolarización de la membrana 

plasmática y por tanto un aumento en la concentración intracelular de Cl-; esto permitió 

entender cómo es que los cambios en el potasio extracelular modulan la activad de NCC. Por 

último, nuestro grupo también ha publicado que la hormona angiotensina II (la cual se eleva 
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en respuesta a una disminución en el volumen extracelular) actúa en su receptor AT1R y 

promueve la activación de la cinasa WNK4 [19]. Con base en estos hallazgos, se ha generado 

un modelo de la regulación de NCC el cual se ilustra en la Figura 1. 

 

 

Figura 1 

 

Modelo actual sobre la regulación de NCC por las cinasas WNK. La imagen muestra una representación de las células del 

túbulo contorneado distal (DCT). La función de NCC está regulada por fosforilación mediante la cinasa SPAK. A su vez, las cinasas 

WNK fosforilan y activan a SPAK. Ambas cinasas son reguladas mediante ubiquitinación mediada por el complejo KLHL3-CUL3. 

Además la concentración intracelular de Cl- modula la actividad catalítica de las WNKs, principalmente WNK4 debido a su mayor 

sensibilidad por el Cl-. La presencia de hipercalemia (aumento en la concentración extracelular de potasio) genera despolarización de la 

membrana celular en el DCT y por lo tanto aumento en la concentración intracelular de Cl-, esto promueve la unión de Cl- con WNK4 

con su consecuente inhibición. La angiotensina a través de su receptor AT1 promueve la activación de WNK4. 

 

El modelo presentado en la Figura 1 permite explicar parcialmente el mecanismo de 

enfermedad en el síndrome de HHF. Las mutaciones en las cinasas WNK o en el complejo 

KLHL3-CUL3 alteran la interacción entre estas proteínas y por lo tanto existe un defecto en 

la ubiquitinación y degradación de las WNKs, el aumento consecuente en la cantidad de 

proteína de las WNKs promueve activación inapropiada de SPAK y NCC lo que genera 
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hipertensión, hipercalemia y acidosis metabólica[20]. Sin embargo algunos aspectos 

importantes sobre el mecanismo de esta enfermedad se encuentran aún sin resolver. En 

primer lugar, a pesar de que las WNKs y el complejo KLHL3-CUL3 se expresan en diversos 

tejidos, el fenotipo en la HHF es exclusivamente renal. Por otro lado, se esperaría que el 

estado fisiológico observado el síndrome de HHF promueva la inhibición de la función de 

las WNKs, ya que estos pacientes presentan hipercalemia e hipertensión. La hipercalemia 

promueve el aumento en la concentración intracelular de Cl-[18], mientras que la hipertensión 

promueve la disminución en la concentración de Angiotensina II[9]; Como se mencionó 

anteriormente ambos factores deberían producir menor función de las cinasas WNK. 

Actualmente la razón por la cual WNK4 permanece activa en la HHF a pesar de la 

hipertensión y la hipercalemia es una incógnita. 

 

Para tratar de resolver la incógnita anterior, nos enfocamos en estudiar una isoforma 

de WNK1 que se expresa exclusivamente en el DCT llamada KS-WNK1 (Kidney Specific 

WNK1)[21]. La isoforma KS-WNK1 carece de dominio cinasa debido a que su transcripción 

se encuentra regulada por un promotor localizado en el exón 4 y por ende carece de los 4 

primeros exones, y contiene un fragmento del exón 4 denominado exón 4A [21]. En el DCT 

existe 80 veces más cantidad de RNA mensajero de KS-WNK1 que de L-WNK[22], lo que 

sugiere que la isoforma KS-WNK1 juega un papel más importante que su isoforma larga en 

este segmento de la nefrona. La ausencia de dominio cinasa sugiere que esta isoforma no 

puede ser regulada por la concentración intracelular de Cl- (ya que el sitio de unión a Cl- se 

encuentra en el dominio cinasa)  y por lo tanto esta isoforma pudiera ser la clave para explicar 

la fisiopatología de la HHF, ya que a diferencia de las otras WNK, KS-WNK1 se expresa 
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exclusivamente en el riñón. En este estudio se llevó a cabo la caracterización de KS-WNK1 

sobre la función del NCC,  otros elementos de la vía de señalización como WNK4 y SPAK. 
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Planteamiento del Proyecto 

Justificación: 

El cotransportador de Na+:Cl- sensible a tiazidas expresado en el túbulo contorneado distal 

juega un papel esencial en el control fisiológico de la presión arterial. Entender los 

mecanismos moleculares que regulan su actividad es fundamental para comprender la 

fisiopatología de los estados hipertensivos. A pesar de ser la isoforma más abundante en el 

túbulo contorneado distal, no se conoce el efecto de la isoforma de WNK1 especifica de 

riñón sobre este cotransportador. 

 

Objetivo General: 

Estudiar la regulación del cotransportador de Na+:Cl-  sensible a tiazidas por la isoforma de 

WNK1 específica de riñón 

 

Objetivos Particulares: 

• Estudiar el efecto de la co-expresión de KS-WNK1 y NCC en un sistema de 

expresión heterlóloga 

• Estudiar el efecto de KS-WNK1 sobre la captación de 22Na+ sensible a tiazidas, la 

expresión proteica de NCC y la fosforilación de NCC 

• Estudiar el mecanismo mediante el cual KS-WNK1 aumenta la fosforilación de 

NCC 

• Estudiar el efecto de la interacción de KS-WNK1 con otras WNK y su efecto sobre 

la función de NCC 
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Materiales y Métodos 

Expresión heteróloga en ovocitos de Xenopus laevis 

 

El sistema de expresión de Xenopus laevis consiste en la inyección de uno o más RNA complementarios 

sintetizados in vitro para sobre expresar y estudiar las proteínas deseadas.  

La síntesis de RNAc se realizó a partir de un molde de DNAc de las proteínas que se sobre expresaron. 

Primero, los plásmidos se linearizaron (utilizando enzimas de restricción que cortan en el extremo 3 ́ del 

gen) para después sintetizar el RNAc con el sistema transcripción mMESSAGE mMACHINE de 

Ambion que funciona con una polimerasa de RNA T7. Tanto el DNA (después de la digestión), como el 

RNA producido, fueron purificados con la técnica de Fenol- Cloroformo-Alcohol Isomílico (45:45:1). 

La integridad y la cuantificación de cada uno de los RNAc se corroboró en geles desnaturalizantes de 

agarosa al 1 % en MOPS-Formaldehído y por la lectura en el espectrofotómetro en la absorbancia de 260 

nm. 

 

Los ovocitos de la rana Xenopus laevis se extrajeron de ranas hembras adultas anestesiadas con tricaína 

al 0.17%. Para quitar la folícula de los ovocitos se realizaron dos lavados de 1.5 h cada uno, en una 

solución de colagenasa tipo II (SIGMA CAT) a 3 mg/mL disuelta en una solución fisiológica llamada 

ND96 sin cloro (NaCl 96 mM, KCl 2 mM, MgCl2 1 mM y Hepes 5 mM, pH7.4). Al cabo de las tres 

horas de lavados, los ovocitos se incubaron toda la noche a 16 oC con medio ND96 (NaCl 96 mM, KCl 

2 mM, CaCl2 1.8 mM, MgCl2 1 mM y Hepes 5 mM, pH7.4) adicionado con gentamicinia 5mg/mL. Al 

día siguiente, los ovocitos se inyectaran con ≈ 50 nL de RNAc con un micromanipulador y un 

microinyector. La concentración de cRNA que se inyectó fue de 0.025 μg/μl a 0.4 μg/μl. 48 h posterior a 

la inyección ( y de la incubación a 16 oC y cambios diarios de medio ND96) se evaluó la actividad del 

NCC al medir la captación del isótopo radiactivo 22Na+ (Perkin Elmer Life Sciences). Este ensayo de 

captación consiste de dos fases: un periodo de precaptación que consiste en una incubación de 25 min en 

Nd96, más una incubación 5 min en ND96 sin cloro (isetionato de sodio 96 mM, gluconato de potasio 2 

mM, gluconato de calcio 1.8 mM, gluconato de magnesio 1 mM y Hepes 5 mM, pH 7.4). La segunda 
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fase es un periodo de captación de 60 minutos a 32 oC en una solución isotónica sin potasio (NaCl 40 

mM, gluconato de sodio 56 mM, CaCl2 4 mM, MgCl2 1 mM y Hepes 5 mM, pH 7.4) con 1 uCi/ml de 

22Na+. En ambos periodos los ovocitos estuvieron expuestos a un inhibidor de la bomba de sodio 

potasio (ouabaina 1 mM), un inhibidor del ENaC (amiloride a 0.1 mM) y al inhibidor del NKCC 

(bumetanida 0.1 mM ); esto se realizó con el objetivo de minimizar la captación de sodio radioactivo por 

otras proteínas que no fueran el NCC. Como grupos control se expusieron ovocitos a una tiazida 

(hidroclorotiazida 0.1 mM) durante los periodos de precaptación y captación. Al terminar la captación, 

los ovocitos fueron lavados cinco veces en solución de captación (fría). Después, los ovocitos fueron 

lisados con SDS 1%, y la actividad del marcador fue medida para cada ovocito por β-centelleo. 

 

Para el análisis de los datos se tomaron de cada experimento 10 ovocitos y el valor del flujo de 22Na+ se 

representa como la actividad neta producto de restar el valor de la tiazida de cada grupo. En las gráficas 

de grupos, la actividad del NCC se expresa como el porcentaje que aumentó respecto al basal de NCC en 

esa condición (100%) y los otros valores fueron expresados como el porcentaje respecto a la actividad 

basal.  

 

Lisis de ovocitos inyectados. 

 

Los extractos de proteínas de ovocitos se obtuvieron con una solución de lisis (5 μl por ovocito) ( Tris-

HCl 50 mM pH 7.5, EGTA 1 mM, EDTA 1 mM, NaF 50 mM, Na4P207 5 mM, Na3VO4 1 mM, 

Nonidet P-40 1% (peso/volumen), sacarosa 0.27 mM, 2-mercaptoetanol 0.1% (volumen/volumen) e 

inhibidores de proteasas (tabletas de Complete; Roche). Los lisados se centrifugaron durante 10 min a 

8,000 g a 4 oC. Los sobrenadantes se transfirieron a nuevos tubos y se guardaron a -70 oC. Se agregó 

amortiguador de Laemli (BioRad) a 60 μg de proteína (el equivalente a un ovocito), posteriormente se 

hirvieron por 5 min y se corrieron en geles desnaturalizantes de poliacrilamida (SDS-PAGE) al 7.5%. 

Los geles fueron transferidos a una membrana de PVDF y sometidos a inmunoensayo tipo Western 

(Western Blot) como se explica a continuación.  
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Western Blot 

 

Los geles se transfirieron a membranas de PVDF con una cámara semihúmeda (BioRad) a 10 V durante 

1.5 h. Posteriormente las membranas se bloquearon durante 1.5 h a temperatura ambiente en una 

solución de leche al 5% (peso/volumen) en TBS-T (NaCl 150 mM, Tris-HCl 20 mM, Tween 0.1% 

(volumen/volumen), pH 7.5). Después del bloqueo las membranas se incubaron con anticuerpos 

primarios toda la noche a 4 oC disueltos en la misma solución 

de bloqueo y con anticuerpos secundarios acoplados a HRP durante 1.5 h a temperatura ambiente 

también disueltos en leche. La señal fue detectada por quimioluminiscencia utilizando el sustrato de la 

HRP Luminata Forte Western (Merck Millipore). Se utilizaron los siguientes anticuerpos comerciales: 

anti-beta actina (Santa-Cruz Biotechnology) 1:2500, anti-Flag (Santa-Cruz Biotechnology) 1:5000 y anti 

Myc (Santa-Cruz Biotechnology) 1:1000. Se utilizaron los siguientes anticuerpos no comerciales 

policlonales generados en oveja (producidos por el Medical Research Council de la Universidad de 

Dundee): anti-NCC (que reconoce los residuos 906-925 del NCC humano, 

[CHTKRFEDMIAPFRLNDGFKD], con el número de serieS965B), anti-NCC fosforilado en T46, T48 y 

T55, anti-WNK1 humana (carboxilo- terminal), anti WNK1 serina 382, el cual reconoce también a la 

serina 335 de WNK4, anticuerpos anti-SPAK (regalo de Eric Delpire). Los anticuerpos se utilizaron a 

una concentración de 1-3 μg/μl. Los datos fueron cuantificados por densitometría (se cuantificó la 

densidad óptica y el área de las bandas) con el software Li-COR.  

 

Inmunoprecipitación 

 

Para los ensayos de inmunoprecipitación se utilizó el kit de inmuniprecipitación anti c-Myc (sigma-

aldrich). Para la reacción de IP se utilizaron 2 miligramos de proteína disueltos en 600 Pl de buffer IP + 

20 Pl de anticuerpo anti c-Myc acoplado a perlas de agarosa. La incubación se realizó a 4 oC por 16 

horas y posteriormente se realizaron 2 lavados con PBS mediante microcentrifugación a 12,000 g. El 
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pelet se resuspendió en buffer laemmli 2x y se analizó mediante SDS-PAGE.  Al sobrenadante se le 

agregó 1/5 de buffer laemmli 5x con BME y se analizó mediante SDS-PAGE. 

 

Expresión heteróloga en Celulas COS-7 

 

Se realizó una transfección transitoria. Para lo cual se siembran 300, 000 células. Y se incuban a 37oC 

en una incubadora con 5% de CO2. La transfección se realiza una vez que las células presenten un 40% 

de confluencia. Para cada grupo experimental se preparan 250 μl de Medio DMEM + 2 μg de DNA 

plasmídico + 5 μl de polyethylenimina (PEI), esta mezcla se incuba 30 minutos para permitir la unión 

entre el PEI y el DNA plasmídico. Posteriormente el medio se añade por goteo a cada grupo 

experimental. Las células transfectadas se incuban por 48 horas a 37oC y se extraen proteinas proteínas 

con una solución de lisis (5 μl por ovocito) ( Tris-HCl 50 mM pH 7.5, EGTA 1 mM, EDTA 1 mM, NaF 

50 mM, Na4P207 5 mM, Na3VO4 1 mM, Nonidet P-40 1% (peso/volumen), sacarosa 0.27 mM, 2-

mercaptoetanol 0.1% (volumen/volumen) e inhibidores de proteasas (tabletas de Complete; Roche). Los 

lisados se centrifugaron durante 15 min a 18,000 g a 4 oC. Los sobrenadantes se transfirieron a nuevos 

tubos y se guardaron a -70 oC. 

 

Análisis estadísticos 

 

Todos los datos se presentan como el promedio ± el error estándar para un mínimo de 3 experimentos 

independientes. Los datos fueron analizados con pruebas de t cuando se comparan dos grupos y con 

pruebas de ANOVA con corrección de Bonferroni. Para todas las pruebas estadísticas, un p valor < 0.05 

se consideró como estadísticamente significativo. Todas las estadísticas fueron calculadas con el 

software GraphPad Prism versión 7.0 para Mac OS X. 
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Resultados: 

La mayoría de los resultados de esta tesis ya fueron publicados en un artículo original que 

se incluye a continuación. Los resultados no publicados que complementan la tesis se 

incluyen después del manuscrito. 
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Renal Physiol 315: F000–F000, 2018. First published May 30, 2018;
doi:10.1152/ajprenal.00145.2018.—Familial hyperkalemic hyperten-
sion (FHHt) can be mainly attributed to increased activity of the renal
Na!:Cl" cotransporter (NCC), which is caused by altered expression
and regulation of the with no lysine kinase 1 (WNK1) and WNK4
kinases. The WNK1 gene gives rise to a kidney-specific isoform that
lacks the kinase domain (KS-WNK1), the expression of which occurs
primarily in the distal convoluted tubule. The role played by KS-
WNK1 in the modulation of the WNK/STE20-proline-alanine rich
kinase (SPAK)/NCC pathway remains elusive. In the present study,
we assessed the effect of human KS-WNK1 on NCC activity and on
the WNK4-SPAK pathway. Microinjection of oocytes with human
KS-WNK1 cRNA induces remarkable activation and phosphorylation
of SPAK and NCC. The effect of KS-WNK1 was abrogated by
eliminating a WNK-WNK-interacting domain and by a specific WNK
inhibitor, WNK463, indicating that the activation of SPAK/NCC by
KS-WNK1 is due to interaction with another WNK kinase. Under
control conditions in oocytes, the activating serine 335 of the WNK4
T loop is not phosphorylated. In contrast, this serine becomes phos-
phorylated when the intracellular chloride concentration ([Cl"]i) is
reduced or when KS-WNK1 is coexpressed with WNK4. KS-WNK1-
mediated activation of WNK4 is not due to a decrease of the [Cl"]i.
Coimmunoprecipitation analysis revealed that KS-WNK1 and WNK4
interact with each other and that WNK4 becomes autophosphorylated
at serine 335 when it is associated with KS-WNK1. Together, these
observations suggest that WNK4 becomes active in the presence of
KS-WNK1, despite a constant [Cl"]i.

distal convoluted tubule; diuretics; Na!:Cl" cotransporter; salt trans-
port; STE20-proline-alanine rich kinase

INTRODUCTION

Familiar hyperkalemic hypertension (FHHt) (OMIM 145260)
is a monogenic disease caused by mutations in the with no lysine
kinase 1 (WNK1) or WNK4 or in the ubiquitin ligase complex
proteins KLHL3 or Cul3 (14). The phenotype is mainly the
result of increased activity of the renal thiazide-sensitive NaCl
cotransporter (NCC) in the distal convoluted tubule (DCT)
caused by WNKs. The effect of WNKs is transduced to NCC
by an intermediary kinase known as STE20-proline-alanine
rich kinase (SPAK) that is able to phosphorylate NCC only if
it has been previously phosphorylated by WNKs at a key
residue in the T-loop (34, 35).

In FHHt subtypes, deletions of the first intron of WNK1
upregulate the expression of the kinase (37), whereas muta-
tions in any of the other genes result in decreased ubiquitina-
tion of WNKs and, in turn, increased expression of WNK
kinases (22, 27), suggesting that the disease is caused by an
increase in the number of WNK copies. However, studies have
shown that WNK kinases, particularly WNK4, are very sensi-
tive to serum potassium and decreased activity of the renin
angiotensin system (4, 5, 8, 30). The mechanism by which the
WNK kinases remain active despite the fact that FHHt pheno-
type exhibits physiological parameters expected to inhibit
WNK kinases is not clear (14). Salt-sensitive arterial hyper-
tension with volume expansion, which reduces the activity of
the renin-angiotensin system, would be expected to reduce
WNK4 activity attributable to the absence of angiotensin II (5,
8); additionally, there is a significant inverse relationship
between serum potassium concentration and NCC activity (29,
30), and it has been shown that serum potassium acts as a
powerful modulator of NCC activity via the WNK4-SPAK
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pathway (10). Thus hyperkalemia would also be expected to
reduce WNK4 activity.

Initial studies of the WNK1 locus demonstrated that this
gene gives rise to two major isoforms (9, 21), a long variant
(L-WNK1) with a transcription site located in intron 1 and a
shorter isoform starting at exon 4a that lacks a functional
kinase domain and is only expressed in the kidney. This shorter
variant is known as kidney-specific (KS)-WNK1. Initial stud-
ies demonstrated that L-WNK1 transcripts are present at low
abundance in many regions of the kidney, whereas KS-WNK1
is highly expressed but only in renal cortex (9, 21). Vidal-
Pietot et al. (32) demonstrated that KS-WNK1 mRNA is
almost exclusively present in the DCT, where it is 80 times
more abundant than L-WNK1. Additionally, alternative splic-
ing of exons 9, 11, 12, and/or 26 produces a diverse array of
potential variants. The most abundant isoform in the kidney is
one lacking exon 11 (32). We have shown that L-WNK1
lacking exon 11 (L-WNK1-!11) activates NCC (7), but the
role of KS-WNK1 remains elusive.

A previous report proposed KS-WNK1 as a negative regu-
lator of NCC (28). This was based, however, on a previous
model of the effect of WNKs on NCC, in which WNK4
inhibits NCC and L-WNK1 has no direct effect on NCC but
prevents the inhibitory effect of WNK4 (11). The recent
cloning of human orthologs of WNK1 and WNK4 allowed us
to demonstrate that both kinases are activators of NCC (7) and
that this effect is modulated by intracellular Cl" concentration
(1), resulting in the current model in which both WNKs
activate NCC and the difference between them is their degree
of sensitivity to chloride (14). Thus the previously suggested
inhibitory role for KS-WNK1 does not fit the present model of
NCC modulation by WNKs.

We therefore decided to analyze the effect of KS-WNK1 on
NCC activity and phosphorylation using the kidney-enriched
variant of human KS-WNK1-!11. Here, we present evidence
that KS-WNK1 is an activator of NCC because it is able to
interact with and activate the WNK4 kinase, apparently by
decreasing the affinity of the resulting dimers to intracellular
chloride concentration ([Cl"]i).

METHODS

Mutagenesis and constructs. Rat NCC, human WNK4, WNK4-
L322F, the kinase death WNK4-KD, WNK4-S335A, human
L-WNK1-!11, and its different splicing variants have been previously
described (1, 6, 12, 16, 38). Human KS-WNK1-!11 was cloned from
human kidney using the same strategy as previously reported (7).
Other splicing variants of KS-WNK1 were generated by subcloning
into the L-WNK1 constructs. The QuikChange mutagenesis system
(Stratagene) and custom-made primers (Sigma) were used to prepare
the human KS-WNK1-!11 HQ/AA mutant construct. Fast-cloning
using GoTaq DNA Polymerase (Promega) and custom-made primers
(Sigma) were used to generate the KS 1-257 isoform. All mutations
and deletions were confirmed by sequencing, and the mutant fragment
was subcloned back into the appropriate expression constructs to
avoid unwanted mutations.

Functional expression of NCC. Adult female Xenopus laevis frogs
were Tricaine (0.17%) anesthetized. Oocytes were surgically ex-
tracted and incubated in the following Ca2#-free ND-96 solution (in
mM): 96.0 NaCl, 2.0 KCl, 1.0 MgCl2, and 5.0 HEPES/Tris, pH 7.4
with type B collagenase for 1.5 h. After four washes with ND-96
solution (in mM: 96.0 NaCl, 2.0 KCl, 1.8 CaCl2, 1.0 MgCl2, and 5.0
HEPES/Tris, pH 7.4), oocytes were incubated overnight at 16°C in

ND-96 supplemented with 5 mg/100 ml gentamicin. The next day
oocytes were injected with 50 nl of H2O alone or containing NCC
alone, wild-type KS-WNK1-!11 or other splicing variants, mutant
KS-WNK1-!11, wild-type L-WNK1-!11, wild-type WNK4, or
WNK4-KD. All transcripts were injected at 0.2 $g/$l, unless another
concentration is indicated for particular experiments. cRNA for injec-
tion was transcribed in vitro from cDNA linearized at the 3= using the
T7 RNA polymerase mMESSAGE kit (Ambion). Experiments were
performed after 48 h of injection in oocytes that were maintained at
16°C with daily changes of the ND-96 with gentamicin medium.

All experimental data are based on a minimum of three different
experiments. The committee on animal research of the Instituto
Nacional de Ciencias Médicas y Nutrición Salvador Zubirán approved
the use of Xenopus laevis frogs.

Transport assays. The NCC activity was assessed following our
protocol (23) utilizing the radioactive tracer [22Na#] (Perkin Elmer
Life Sciences) uptake. For uptake in control conditions, oocytes were
incubated the night before in ND-96. The next day, 10–15 oocytes per
well were preincubated for 10 min in Cl"-free ND-96 medium (in
mM: 96.0 Na# isethionate, 2.0 K# gluconate, 1.8 Ca2# gluconate, 1.0
Mg2#gluconate, 5.0 mM HEPES, pH 7.4) containing 1.0 mM
ouabain, 100.0 $M amiloride, 100.0 $M bumetanide, and the pres-
ence or absence of 100.0 $M metolazone. Oocytes were then trans-
ferred for uptake to a K#-free uptake medium (in mM: 40.0 NaCl,
56.0 sodium-gluconate, 4.0 CaCl2, 1.0 MgCl2, and 5.0 HEPES/Tris,
pH 7.4), containing ouabain, amiloride, and bumetanide, with or
without metolazone and with 1.0 $Ci of 22Na# for 60 min at 32°C. At
the end of the uptake period, oocytes were transferred to ice-cold
radioactive-free medium and washed five times to remove any excess
tracer from oocyte membranes, placed in individual tubes. and lysed
with SDS 1% solution, for tracer activity determination with the use
of %-scintillation counting. For uptake in low-chloride hypotonic
stress (LCHS), we followed our previously published protocol (23).
Oocytes were incubated overnight in a Cl"-free solution with an
osmolarity of 170 mOsm/Kg H2O (in mM: 70.0 Na# isethionate, 1.8
Ca2# gluconate, 1.0 Mg2# gluconate, and 5.0 mM HEPES, pH 7.4).
The next day, oocytes were incubated for 30 min in the same solution,
supplemented with 1.0 mM ouabain, 100.0 $M amiloride, and 100.0
$M bumetanide, in the presence or absence of 100.0 $M metolazone.
Uptake was then performed in hypotonic 170 mOsm/Kg H2O K#-free
uptake medium (in mM: 40.0 NaCl, 30.0 sodium-gluconate, 4.0
CaCl2, 1.0 MgCl2, and 5.0 HEPES/Tris, pH 7.4) containing ouabain,
amiloride, and bumetanide, with or without metolazone, and with 1.0
$Ci of 22Na# for 60 min at 32°C. At the end of uptake, oocytes were
washed and treated as above for tracer activity determination.

Western blotting of Xenopus laevis oocyte proteins. Total protein
samples were extracted from groups of 10 oocytes per condition using
lysis buffer containing 50.00 mM Tris·HCl (pH 7.5), 1.00 mM EGTA,
1.00 mM EDTA, 50.00 mM sodium fluoride, 5.00 mM sodium
pyrophosphate, 1.00 mM sodium orthovanadate, 1% (wt/vol) Nonidet
P-40, 0.27 M sucrose, 0.10% (vol/vol) 2-mercaptoethanol, and pro-
tease inhibitors (Complete tablets; Roche). Proteins were quantified,
and 60 $g of total protein was subjected to SDS-PAGE and trans-
ferred to a PVDF membrane. The membranes were blocked for 1.5 h
in 5% (wt/vol) nonfat milk dissolved in Tris-buffered saline with
Tween (TBS-T) solution (in mM: 2.0 Tris·HCl, 150.0 NaCl and 0.2%
Tween-20, pH 7.5). The membranes were then immunoblotted with
the indicated antibodies in TBS-T containing 5% (wt/vol) nonfat milk
(blocking solution) for 16 h at 4°C. The following sheep antibodies
were used at a concentration of 1–2 $g/ml: anti-NCC (recognizing
residues 906–925 of human NCC, CHTKRFEDMIAPFRLNDG-
FKD), anti-phosphorylated NCC at threonine 45, threonine 50, and
threonine 55 (T44, 48, and 53 in rats), and anti-phosphorylated WNK1
S382. This antibody recognizes S335 of WNK4 when phosphorylated,
which is a conserved serine in the four WNKs. Incubation with the
phospho-specific antibodies was performed with the addition of 10
$g/ml of the nonphosphopeptide antigen used to raise the antibody.
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These antibodies were produced at the Medical Research Council
phosphorylation unit at Dundee University and were previously char-
acterized (25, 31). The blots performed with sheep antibodies were
washed four times with TBS-T and incubated for 1.5 h at room
temperature with secondary anti-sheep horseradish peroxidase (HRP)-
conjugated antibody diluted 1:5,000 (Santa Cruz Biotechnology) in
blocking solution. The membranes were washed six times before
signal detection by chemiluminescence using the Luminata Forte
Western HRP substrate (Merck Millipore). The following commercial
HRP-conjugated antibodies were used: anti-Flag 1:5,000 (Sigma),
anti-Myc 1:1,000 (Sigma), and anti-!-actin 1:2,500 (Santa Cruz
Biotechnology).

Band analysis. Immunoblots were scanned using the C-Digit (Li-
Cor) blot scanner. Densitometric analysis was performed using Im-
ageStudioLite software. Figures were generated using Illustrator
(Adobe).

Intracellular chloride concentration. Ion-selective microelectrodes
(ISMs) were fabricated using borosilicate glass (TW1450-4, WPI)
pulled in one step by a laser device (P-2000, Sutter Instruments). The
micrometric tip was filled by PVC membrane containing chloride
ionophore II [4,5-dimethyl-3,6-dioctyloxy-O-phenylene bis(mer-
curytrifluoroacetate)] and tridodecylmethylammonium chloride. ISMs
were dried and conditioned overnight and were then backfilled with an
inner reference solution (0.1 M KCl). Microreference ("-Ref) elec-
trodes were prepared similar to ISMs but without a polymeric matrix
and were backfilled with KCl (1 M). "-Ref performance was evalu-
ated by potentiometric titration, and its accuracy, instantaneous re-
sponse, and stability were similar to bulk AgCl/Ag electrodes. A
high-input impedance potentiometer was used to measure the poten-
tial. Oocytes were impaled with the help of a stereoscopic microscope
(Stereozoom7, Bausch and Lomb) and xyz micromanipulators
(MM33, Marzhauser). All measurements were performed in a Faraday
cage to avoid electromagnetic interference. Each electrode was cali-
brated with 10#5 to 10#1 M KCl standard solutions exhibiting
Nernstian behavior (20).

Biotinylation of membrane proteins in Xenopus laevis oocytes.
Groups of 20 oocytes per condition were incubated with 0.5 ml of
EZ-Link sulfo-NHS L-C biotin (Thermo Scientific) containing 1.0
mg/mL ND-96-triethylamine (100.0 mM) at pH 8.0. After 1 h of
incubation, each group was washed five times with 3 ml ice-cold
ND96-triethylamine (100.0 mM) at pH 8.0. Oocytes were lysed with
lysis buffer as described above and were centrifuged at 4,000 revo-
lutions/min for 15 min at 4°C. The supernatants were collected, and
protein quantification was performed by Bradford assay. Two hundred
microliters of protein was incubated overnight with streptavidin aga-
rose beads (Thermo Scientific). The mixture was then centrifuged, and
supernatant was collected. Agarose beads were suspended in 100 "l

Laemmli sample buffer and heated at 95°C for 10 min. The proteins
were resolved on an SDS-PAGE, and immunodetection was per-
formed by Western blotting as described above.

Immunoprecipitation. Immunoprecipitation studies were per-
formed using an Anti-c-Myc Immunoprecipitation Kit according to
the manufacturer’s recommendations (Sigma-Aldrich). Four milli-
grams of protein from Xenopus laevis oocyte total protein lysate was
incubated with 20 "l anti-c-Myc agarose suspension in a total volume
of 700 "l attained using 1$ immunoprecipitation buffer (catalog
number I5779, Sigma-Aldrich). The mixture was incubated overnight
as instructed by the manufacturer. The beads were washed one time
with PBS buffer on spin columns, and the proteins were suspended in
80 "l Laemmli sample buffer and heated at 95°C for 5 min. Ten
microliters of 2$ Laemmli sample buffer was added to 20 "l
flowthrough for a total volume of 30 "l. SDS-PAGE gels were then
loaded with 30 "l of the immunoprecipitated fraction or 30 "l of the
flowthrough fraction. Proteins were then transferred to PVDF mem-
branes, and Western blotting was performed as detailed above.

Statistical analysis. Statistical significance is defined as two-tailed
P % 0.05, and the results are presented as means & SE. The signifi-
cance of the differences between two groups was tested with t-test and
for three or more groups by one-way ANOVA with multiple compar-
isons with Bonferroni correction using GraphPad Prism version 6.00
for Mac (GraphPad Software).

RESULTS

The KS-WNK1 isoform is a powerful activator of NCC. The
most abundant variant of WNK1 produced in the kidney is the
one lacking the exon 11 (32). Thus, in the present study, with
the exception of those presented in Fig. 1B, all experiments
were performed using L-WNK1 and/or KS-WNK1 variants
that lack exon 11.

We previously demonstrated that the injection of human
L-WNK1-'11 cRNA into Xenopus laevis oocytes induces
significant increases in NCC activity and phosphorylation (7).
In the present study, we first assessed the effect of KS-WNK1-
'11 on the functional activity of NCC using the same system.
As shown in Fig. 1A, the coinjection of NCC with KS-WNK1-
'11 resulted in a remarkable increase in NCC activity. This
positive effect of KS-WNK1 on NCC was consistently ob-
served in more than 30 independent experiments. Because a
previous study described the KS-WNK1 isoform lacking exons
11 and 12 as having no effect on NCC (28), we assessed
whether potential variants of KS-WNK1, including full-length
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Fig. 1. Kidney-specific with no lysine kinase 1 (KS-WNK1) is a powerful activator of Na(:Cl# cotransporter (NCC). A: functional expression assay reveals NCC
activity in groups of oocytes injected with NCC cRNA alone or together with human KS-WNK1 lacking exon 11 (KS-WNK1-'11) cRNA, as stated. *P %
0.00001 vs. no KS-WNK1; n ) 30. B: NCC activity in oocytes injected with NCC cRNA (solid bar), NCC ( KS-WNK1 Full, KS-WNK1-'11,
KS-WNK1-'11-12, '-9-12, KS-WNK1-'11-HQ/AA, or KS-WNK1-'11-'4a cRNA (open bars), as stated. *P % 0.001 vs. NCC; n ) 3. For both figures,
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KS-WNK1 (containing all exons from 4 to 26) and isoforms
lacking exon 11, exons 11 and 12, or exons 9 and 11, exerted
the same effect. We found that all of the KS-WNK1 variants
tested increased the activity of NCC (Fig. 1B), indicating that
the effect of KS-WNK1 on NCC prevails regardless of variat-
ion at the carboxyl-terminal domain. Note in the last two bars
of Fig. 1B that two mutant variants lost the positive effect on
NCC. One is the mutant in which we eliminated the so-called
HQ motif within the coiled-coil domain at the COOH terminus
by substituting H and Q for alanine residues. The HQ motif is
known to be required for WNK-WNK interaction and activa-
tion (7, 31). In addition, elimination of the initial 30 amino-
terminal domain residues that are unique to KS-WNK1 (i.e.,
not present in L-WNK1) prevented the effect of KS-WNK1 on
NCC, suggesting that this segment is critical for the proper
folding and function of KS-WNK1.

The effect of the KS-WNK1 and L-WNK1 isoforms on NCC
is synergistic. Because L-WNK1 also activates NCC (7), we
compared the dose-dependent effects of L-WNK1 and KS-
WNK1 and found that the positive effect of KS-WNK1-!11 on
NCC was observed with significantly lower amounts of in-
jected cRNA, compared with L-WNK1-!11 (Fig. 2A). Micro-
injection of low concentrations of L-WNK1 (0.025 and 0.050
"g/"l) had no effect on NCC activity, whereas the same
concentrations of KS-WNK1 induced NCC activation that was
similar to that observed with 0.200 "g/"l of L-WNNK1. Note
in Fig. 2B that the expression of L-WNK1 and KS-WNK1 in
oocytes was similar across the different quantities of cRNA
injected.

To elucidate the mechanism by which KS-WNK1 increases
NCC activity, we assessed whether the effect of L-WNK1 and
KS-WNK1 is additive. As shown in Fig. 2C, when KS-WNK1
cRNA was coinjected with L-WNK1 cRNA, we observed a
significant increase in the effect on NCC.

The observations presented in Fig. 2 suggest that L-WNK1
and KS-WNK1 may differ in their mechanisms of activation of
NCC. WNKs must dimerize to be active and thus to activate
SPAK (31). It is therefore likely that L-WNK1 forms ho-
modimers that activate SPAK and then NCC and that KS-
WNK1 likely forms the heterodimers with endogenously ex-
pressed WNKs in the oocyte, thereby increasing its activity
toward SPAK and NCC. This could explain why the effect of
KS-WNK1 is observed with a much lower quantity of injected
cRNA; interaction with an endogenous WNK requires very
few copies of KS-WNK1. In this case, the synergistic effect of
L-WNK1 and KS-WNK1 could be explained because KS-
WNK1 activates an endogenous pathway that is not affected by
L-WNK1, thereby adding to the activation of SPAK and NCC.

The effect of KS-WNK1 on NCC is associated with SPAK
phosphorylation and increased accumulation of NCC in the
plasma membrane. Western blot analysis of oocytes injected
with NCC alone or together with L-WNK1 or KS-WNK1
revealed that the positive effect of L-WNK1-!11 or KS-
WNK1-!11 on NCC activity is associated with increased NCC
and SPAK phosphorylation (Fig. 3, A and B) and with in-
creased accumulation of NCC at the plasma membrane (Fig. 3,
C and D). Thus, although the major difference between L-
WNK1 and KS-WNK1 is the lack of a kinase domain in the
latter, they are both able to induce an increase in NCC and
SPAK phosphorylation.

Because KS-WNK1 lacks the kinase domain, it cannot
phosphorylate and activate the intermediary kinases SPAK and
protein odd-skipped related 1 directly. Instead, NCC activation
might result from interaction with, and activation of, endoge-
nous WNK in the oocyte. This is supported by the observation
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that elimination of the HQ motif blocked the effect of KS-
WNK1 on NCC (Fig. 2B). To test this possibility, we assessed
the ability of a specific inhibitor of WNK kinases, WNK463
(40), to modulate the effect of L-WNK1 and KS-WNK1 on
NCC. WNK463 exhibits selectivity for the WNK kinase family
because it binds to a particular ATP-binding site in WNKs that
is the result of the unusual placement of a catalytic lysine in
subdomain I (Lys233 of WNK1), which is a unique feature of
the WNK kinase family. In most kinases, the catalytic lysine is
located in subdomain II, thereby forming a completely differ-
ent pocket. Thus WNK463 completely inhibits all four WNKs
with an IC50 of ~4 nM. In contrast, at 10 !M (2,500-fold
greater than 4 nM), WNK463 inhibits only 50% of the activity
of only 2 out of 442 human kinases tested (40). In addition,
WNK463 is not expected to bind to KS-WNK1, which lacks
the kinase domain. Thus the inhibitory effect of WNK463
would occur only if KS-WNK1 induces the activation of
another WNK kinase.

As shown in Fig. 4, WNK463 prevented the stimulation of
NCC by both L-WNK1 and KS-WNK1-"11. Although the
inhibitory effect was significant in all groups, it was more
marked in oocytes injected with water or KS-WNK1 that in
those injected with L-WNK1. This is probably because in the
water- or KS-WNK1-injected oocytes the WNK463 effect is
due to inhibition of the endogenous WNK that should be less
abundant than the L-WNK1 that was overexpressed by the
injection of L-WNK1 cRNA. This observation, together with
the loss of the effect of KS-WNK1-"11 upon ablation of the
WNK-WNK interaction by HQ motif mutation (Fig. 1B),
strongly suggests that KS-WNK1 induces SPAK/NCC activa-
tion by interacting with and activating an endogenous WNK.
This could explain why the effect of KS-WNK1 is observed

upon coinjection of very low concentrations of KS-WNK1
cRNA (Fig. 2A); to activate an endogenous WNK, only a
miniscule amount of KS-WNK1 protein would be required.

We have previously shown that Xenopus oocytes express
transcripts of all four WNKs (26). Thus KS-WNK1 could be
interacting with any of them. It is most likely that the effect on
the endogenous WNK could be in the paralogs of WNK1 or
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WNK4, which are the most chloride-sensitive WNKs (2).
Supporting this, analysis of the genome project of Xenopus
(Xenbase; http://www.xenbase.org) shows that at stages V–VI
of Xenopus laevis oocytes the most abundant RNA corresponds
to WNK1.

KS-WNK1 induces WNK4 activation. We and others have
previously reported that exposing cells to LCHS, which pro-
motes chloride efflux and thus decreases [Cl!]i, results in the
activation of NCC in oocytes and mammalian cells (2, 23, 25).
This phenomenon occurs because WNKs are sensitive to
[Cl!]I; the higher the [Cl!]i, the lower the activity of WNKs.
This is due to the presence of a chloride-binding site within the
kinase domain of WNKs that when occupied by chloride
prevents the autophosphorylation of the kinase in a key serine
of the T-loop that is required for activation (24). The chloride-
binding site has been localized to lysine residue 379 in WNK1
and lysine 322 in WNK4. Substitution of this lysine by phe-
nylalanine renders the kinase constitutively active (1, 24).

We have suggested that the sensitivity of WNKs to [Cl!]i

ranks as follows: WNK4 " WNK1 " WNK3. This is based on
the following observations: 1) functional experiments involv-
ing NCC under control conditions show that relative NCC
activation by WNK3 is approximately threefold, by WNK1 is
approximately half-fold, and by WNK4 is near zero. In the
same experiment, however, after the decrease of [Cl!]i using
LCHS, activation by either WNK3, WNK1, or WNK4 was
threefold, suggesting that, at the [Cl!]i in control conditions,
WNK3 is fully active, WNK1 is partially active, and WNK4 is
not active, whereas, after the decrease in [Cl!]i, all three
kinases become fully activated (2). 2) Under control condi-
tions, WNK3 is phosphorylated at the activating serine in the
T-loop and does not change upon decreasing [Cl!]i, whereas
WNK4 under control conditions is not phosphorylated at the
homologous serine and becomes phosphorylated under condi-
tions of decreasing [Cl!]i (1). 3) In vitro assessment of the
effect of WNK on its target kinase SPAK reveals that WNK4
activity is affected by chloride concentration, with an IC50 that
is significantly lower than that of WNK1 or WNK3 (29).

We thus reasoned that KS-WNK1 activates NCC because
this isoform likely interacts with endogenous WNK, thereby
reducing its affinity for chloride and activating the kinase
without changing [Cl!]i. In support of this possibility, note in
Fig. 3A that SPAK phosphorylation is higher in oocytes in-
jected with KS-WNK1 than in those injected with L-WNK1.
Because both isoforms activate NCC to promote chloride
influx into the oocyte, it is possible that L-WNK1 is partially
inhibited by the influx of chloride, whereas KS-WNK1 is not,
and that this is reflected in their effect on SPAK phosphoryla-
tion. If KS-WNK1 activates NCC by changing the chloride
affinity of endogenous WNK, we hypothesized that this could
also occur with WNK4, which is the WNK kinase with the
highest affinity for chloride (1, 2, 29).

WNK4 is the dominant activator of NCC in vivo; its genetic
inactivation leads to a strong reduction in the expression and
phosphorylation of the cotransporter (5). WNK4 and NCC are
coexpressed in DCT1 (17, 18, 41), in which KS-WNK1 is
heavily expressed (32) and WNK4 is highly sensitive to [Cl!]i.
We therefore tested whether KS-WNK1-#11 activates WNK4.
As previously shown (1, 7), under control conditions in oocytes
([Cl!]i 45 mM), WNK4 remains inactive, as evidenced here by
the absence of T-loop phosphorylation (Fig. 5A). We showed
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Fig. 5. Kidney-specific with no lysine kinase 1 (KS-WNK1) induces WNK4
T-loop phosphorylation despite no change in [Cl!]i. A: representative Western
blot showing the effect of KS-WNK1 lacking exon 11 (KS-WNK1-#11) and
WNK4 coexpression on WNK4 T-loop phosphorylation. The blot shows total
WNK4 expression and pWNK4 S335, in the absence or presence of KS-
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experiments. The ratio of phosphorylated WNK4/total WNK4 in the absence
of KS-WNK1-#11 was arbitrarily set to 100%, and the ratio of phosphorylated
WNK4/total WNK4 in the presence of KS-WNK1-#11 was normalized ac-
cordingly. *P $ 0.01 vs. control. C: [Cl!]i in oocytes was assessed with
custom-made glass capillary ion-selective microelectrodes 48 h after the
injection of water, Na%:Cl! cotransporter (NCC), or NCC % KS-WNK1-#11
cRNA, as stated, under control conditions (open bars) or after 2 h of low-
chloride hypotonic stress (LCHS) (shaded bars); n & 3 (6 oocytes per group,
per experiment). No statistically significant difference was found between the
groups.
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previously that, under this condition, WNK4 has no effect on
NCC and can even behave as an inhibitory kinase, most likely
by reducing the effect of endogenous WNK on SPAK/NCC
(7). As shown in Fig. 5A, coinjection of WNK4 with KS-
WNK1-!11 resulted in increased WNK4 T-loop phosphoryla-
tion. We consistently observed this result in six independent
experiments (Fig. 5B). Thus the presence of KS-WNK1 in-
duces the T-loop phosphorylation and activation of WNK4.
These observations suggest that KS-WNK1-!11 either reduces
[Cl"]i or facilitates WNK4 activation, despite the lack of
change in [Cl"]i. Figure 5C demonstrates that [Cl"]i was not
modified in oocytes injected with KS-WNK1-!11 cRNA,
strongly supporting the model that WNK4 activation by KS-
WNK1-!11 is not secondary to a reduction in [Cl"]i.

Figure 6A shows a representative Western blot of the effect
of L-WNK1 or KS-WNK1 on WNK4 and NCC phosphoryla-
tion in oocytes under control conditions and after LCHS
exposure. Densitometric analysis from four different experi-
ments is shown in Fig. 6B. Under control conditions, the
presence of L-WNK1 had no effect on WNK4 phosphorylation
and induced a slight increase in NCC phosphorylation, as
reported previously (and in Fig. 2A), which results in NCC
activation (7). Under these conditions, KS-WNK1 induced
both WNK4 and NCC phosphorylation. In contrast, in oocytes
exposed to LCHS, a condition in which [Cl"]i is reduced (1),
WNK4 phosphorylation and NCC phosphorylation were ob-
served in all groups. Thus the presence of KS-WNK1-!11

mimics the effect of reducing [Cl"]i on WNK4. Interestingly,
in LCHS WNK4 phosphorylation was significantly increased
in the presence of L-WNK1, supporting previous work that
suggested trans-phosphorylation between WNKs (31), which is
probably promoted by intracellular chloride depletion.

WNK4 activation in the presence of KS-WNK1-!11 is also
supported by the following observation. As previously shown
(7), under control conditions, wild-type WNK4 or inactive
WNK4-KD inhibits the effect of L-WNK1 overexpression on
NCC (Fig. 6B). This can be secondary to a WNK4-induced
dominant-negative effect resulting from either the formation of
inactive WNK4 dimers that sequester SPAK and NCC or by
the formation of heterodimers between inactive WNK4 and
L-WNK1 that are inactive at the oocyte [Cl"]i. Figure 6B
shows that, in similar circumstances, wild-type WNK4 did not
inhibit the KS-WNK1-!11-induced activation of NCC, sug-
gesting that WNK4-KS-WNK1 dimers are active. Indeed, in
contrast to what was observed with wild-type WNK4, catalyt-
ically inactive WNK4-KD inhibited the effect of KS-WNK1 on
NCC (Fig. 6B). If KS-WNK1 induces the activation of WNK4,
the coinjection of KS-WNK1 and WNK4 would result in the
synergic activation of NCC, further increasing the activity of
the cotransporter. As shown in Fig. 6B, this effect was not
evident. However, under control conditions, WNK4 inhibits
the activity of NCC; we therefore analyzed the effect of
KS-WNK1 compared with the NCC alone or NCC # WNK4
conditions. As shown in Fig. 6C, coinjection with KS-WNK1
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increased the activity by 253 ! 14% compared with the NCC
baseline (P " 0.05). In contrast, when NCC # WNK4 was
taken as 100%, the activation induced by adding KS-WNK1
increased by 595 ! 53%. Thus, in the presence of WNK4,
KS-WNK1 exerts a more powerful effect on NCC activity.

WNK4 activation by KS-WNK1 requires interaction between
the variants. To explore whether WNK4 activation by KS-
WNK1-$11 is dependent on physical interaction, we used
coimmunoprecipitation to show that KS-WNK1-$11 and
WNK4 interact (Fig. 7A). We also observed that fraction of
WNK4 in the flowthrough (Fig. 7A), indicating that some of
the WNK4 peptides interact with KS-WNK1-$11, whereas
others do not. Importantly, phosphorylated WNK4 was only
detected in the immunoprecipitated fraction, suggesting that
only the copies of WNK4 that interact with KS-WNK1 become
phosphorylated. In addition, coinjection of WNK4 with KS-
WNK1-$11-HQ/AA did not result in WNK4 immunoprecipi-
tation or phosphorylation (Fig. 7A). These data suggest that the
interaction of KS-WNK1-$11 with WNK4 is responsible for
the increased WNK4 T-loop phosphorylation. However, it
remains possible that, in the presence of KS-WNK1-$11,
WNK4 becomes indirectly phosphorylated via an unknown
mechanism and that KS-WNK1-$11 binds only phosphory-

lated WNK4. To eliminate this possibility, we performed a
similar immunoprecipitation experiment using WNK4-S335A
cDNA, which cannot be phosphorylated, and WNK4-L322F
cDNA, which is constitutively phosphorylated. As shown in
Fig. 7B, both clones bound KS-WNK1-$11, but only the
L322F clone displayed increased phosphorylation. These re-
sults suggest that WNK4 phosphorylation status does not
modulate its binding to KS-WNK1-$11 and support our pro-
posal that binding to KS-WNK1-$11 is required for WNK4
phosphorylation. Furthermore, we tested the effect of KS-
WNK1-$11-$4a. As shown in Fig. 1B, KS-WNK1-$11-$4a
lacks a positive effect on NCC. Consistent with this, KS-
WNK1-$11-$4a did not induce WNK4 phosphorylation, even
though both proteins interacted as evidenced by coprecipitation
(Fig. 7C).

The observations presented in this report appear to contra-
dict previously published data obtained using genetically al-
tered animals. Huang and coworkers (19) have shown that
transgenic mice overexpressing the 1-257-amino-terminal res-
idues of KS-WNK1 exhibited decreased NCC phosphoryla-
tion. The authors thus suggested an inhibitory role for KS-
WNK1 in the regulation of NCC. However, in contrast to
full-length KS-WNK1-$11, which activates NCC (Fig. 1A),
the 1-257 fragment, when coexpressed with L-WNK1 or
WNK4, exerts a dominant-negative effect as a WNK1 inhibitor
(Fig. 8). Thus it is possible that the inhibition of NCC observed
in 1-257-overexpressing mice is a reflection of the inhibitory
property of this fragment of KS-WNK1 on L-WNK1 and/or
WNK4.
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Fig. 7. Kidney-specific with no lysine kinase 1 (KS-WNK1) promotes WNK4
S335 phosphorylation through heterodimer formation. A: representative West-
ern blot of the total lysate and KS-WNK1 lacking exon 11 (KS-WNK1-$11)
immunoprecipitation (IP) from oocytes injected with WNK4 cRNA alone or
together with KS-WNK1-$11 cRNA or KS-WNK1-$11 HQ/AA, as stated. IP
was performed using the c-Myc tag antibody, which exclusively recognizes
KS-WNK1-$11. Left: blot from total lysate shows total WNK4 and pWNK4
expression, as stated. Lanes were loaded as follows: lane 1: H20-injected
oocytes; lane 2: WNK4-injected oocytes; lane 3: WNK4-injected oocytes
exposed to low-chloride hypotonic stress (LCHS) conditions; lane 4: WNK4 #
KS-WNK1-$11-injected oocytes; lane 5: WNK4 # KS-WNK1-$11 HQ/AA-
injected oocytes. Right: blot from the IP assay. IP was performed against the
c-Myc tag, which recognizes KS-WNK1-$11 and revealed against WNK4 or
pWNK4, as stated. Lanes were loaded as follows: lane 1: IP from WNK4 #
KS-WNK1-$11-injected oocytes; lane 2: flowthrough of WNK4 # KS-
WNK1-$11-injected oocytes; lane 3: IP from WNK4 # KS-WNK1-$11
HQ/AA-injected oocytes (the absence of WNK4 in the IP confirms the
specificity of the c-Myc IP); lane 4: flowthrough from WNK4 # KS-WNK1-
$11 HQ/AA-injected oocytes. Identical results were observed in 3 independent
experiments. B: representative Western blot of the total lysate and KS-WNK1-
$11 IP from oocytes injected with WNK4 L322F cRNA or WNK4 S335A
alone or together with KS-WNK1-$11 cRNA, as stated. Left: blot from total
lysate shows total WNK4 and pWNK4, as stated. Right: blot from the IP assay.
Lanes 1 and 3 were loaded with proteins from the IP fraction, whereas lanes
2 and 4 were loaded with proteins from the flowthrough, as stated. The blot
shows pWNK4 and WNK4 expression, as stated. Identical results were
observed in 3 different experiments. C: representative Western blot of the total
lysate and KS-WNK1-$11 IP from oocytes injected with WNK4 S335A
cRNA together with KS-WNK1-$11 or KS-WNK1-$11-$4a cRNA, as stated.
Blot from the IP assay is shown. Lanes 1, 3, and 5 were loaded with proteins
from the flowthrough, whereas lanes 2, 4, and 6 were loaded with proteins
from the IP fraction, as stated. The blot shows total WNK4 and pWNK4
expression, as stated. Identical results were obtained from 3 independent
experiments.
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DISCUSSION

The results in the present study suggest that, when expressed
alone, WNK4 is inhibited by the high [Cl!]i present in oocytes
(1) and thus is unable to activate SPAK and NCC; however, in
the presence of KS-WNK1, WNK4 exhibits reduced sensitivity

to [Cl!]i, resulting in the activation of this kinase and thus
SPAK/NCC, despite no change in [Cl!]i (illustrated in Fig. 9).
Given that KS-WNK1 possesses no kinase domain and thus no
chloride-binding sites (21), it is possible that, if one component
of the dimer is insensitive to chloride, the entire dimer becomes
active despite no change in chloride concentration. Thus, by
interacting with other WNKs, KS-WNK1 is able to induce
activation of NCC. The observation that KS-WNK1 effect on
NCC is completely abrogated by the specific WNK inhibitor
WNK463 strongly supports the hypothesis that activation of
NCC by KS-WNK1 is due to KS-WNK1-induced activation of
an endogenous WNK kinase.

The observations in the present study were all done using the
Xenopus laevis expression system. This is not a mammalian
cell, and results observed in this system are not necessarily
translated to mammalian cells or to in vivo models. However,
many observations in oocytes have been corroborated in mam-
malian systems over the years. In addition, observations in
oocytes have been used in many occasions as a starting point
of enlightening observations that are worth exploring with
more detail using mammalian cells or in vivo models. This
could be the case of KS-WNK1 whose role in DCT physi-
ology remains elusive. In this regard, previous reports have
proposed that KS-WNK1 might act as a dominant-negative
regulator of L-WNK1. However, we observed that coexpres-
sion of L-WNK1-"11 with KS-WNK1-"11 did not result in
the inhibition of L-WNK1-"11 (Fig. 2B). In this regard, a
recent study at the cellular level strongly suggests that in DCT
KS-WNK1 is required for WNK activation. In this work,
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Fig. 8. Kidney-specific with no lysine kinase 1 (KS-WNK1)-1-257 reduces the
effect of long-variant (L)-WNK1 and WNK4 on Na#:Cl! cotransporter
(NCC). Functional expression assay shows the NCC activity in groups of
oocytes injected with NCC cRNA alone (open bars), NCC # L-WNK1 lacking
exon 11 (L-WNK1-"11) cRNA (shaded bars), or NCC # WNK4 cRNA
(shaded bars) in the absence or presence of KS-1-257 cRNA, as stated. The
level of uptake in oocytes injected with NCC alone, NCC # L-WNK1-"11, or
NCC # WNK4 was taken as 100%, and the groups coinjected with KS-1-257
were normalized accordingly. *P $ 0.05; n % 3.

Fig. 9. A schematic illustrating the role of kidney-specific with no lysine kinase 1 (KS-WNK1) in the activation of WNK4. Left: in the absence of KS-WNK1,
WNK4-WNK4 dimers are highly sensitive to chloride, which binds to WNK4 in the chloride motif of the kinase domain, thereby precluding the
autophosphorylation and thus activation of WNK4. Right: in the presence of KS-WNK1, WNK4 is able to form dimers with KS-WNK1, which are likely unable
to bind chloride ions because of the absence of the kinase domain (KD) and thus the absence of the chloride-binding site in KS-WNK1. The resulting
KS-WNK1-WNK4 heterodimer is thus insensitive to chloride, allowing WNK4 to become phosphorylated and thus to gain activity toward STE20-proline-alanine
rich kinase-Na#:Cl! cotransporter (SPAK-NCC).
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Boyd-Shiwarski et al. (3) showed that stimuli known to acti-
vate the WNK-SPAK-NCC pathway, such as hypokalemia,
promote the fact that WNKs concentrate in small punctate that
are referred to as WNK bodies and that formation of these
bodies is a hallmark of WNK activation. The authors show that
the presence of KS-WNK1 is critical for WNK body forma-
tion, suggesting that it is involved in WNK activation.

The observations presented in the present study also appear
counterintuitive in light of previous work showing that KS-
WNK1 knockout mice exhibit increased expression/phosphor-
ylation of NCC (15). Although we cannot yet offer an expla-
nation for this finding, we believe that the increased abundance
of NCC in KS-WNK1 knockout mice might not be directly
related to the absence of KS-WNK1 and could represent a
compensatory mechanism. It is well documented that an in-
crease in NCC activity leads to the development of hyperten-
sion and hyperkalemia. It is believed that increased blood
pressure and hyperkalemia in patients with FHHt are due to
increased activity of NCC associated with decreased degrada-
tion of WNKs. Transgenic mice expressing WNK4 or WNK1
FHHt-type mutations exhibit increased NCC activity (phos-
phorylation), which is associated with hypertension and hyper-
kalemia (17, 33, 41). In support of this finding, Grimm et al.
(13) recently reported that constitutive activation of SPAK
exclusively in DCT1 results in increased activation/phosphor-
ylation of NCC, with the consequent development of arterial
hypertension and hyperkalemia. These phenotypes were re-
solved by inhibiting NCC with thiazide-type diuretics. Thus it
is clear that a primary activation of NCC results in hyperten-
sion and hyperkalemia. In this regard, it is interesting to note
that, in addition to increased NCC expression/phosphorylation
exhibited by KS-WNK1 knockout mice, these mice also dis-
play a reduction in epithelial Na channel abundance and
function, a physiological state that leads to decreased potas-
sium loss in the urine (15). The fact that hypertension and
hyperkalemia are not observed in these animals supports the
possibility that the observed increase in NCC is not the primary
phenotypic alteration because it is not accompanied by hyper-
tension and hyperkalemia. Instead, it is possible that a potas-
sium loss phenotype caused by the absence of KS-WNK1 is
compensated by a secondary increase of NCC activity. Several
similar conditions are consistently observed in physiology,
including, for instance, primary vs. secondary aldosteronism or
hyperparathyroidism. In light of our evidence that KS-WNK1
is a powerful activator of NCC, further studies are necessary to
reevaluate the phenotype of KS-WNK1 knockout mice and
fully characterize the physiological role of KS-WNK1.

Our observations could help to explain the mechanism of
FHHt disease caused by mutations in WNK4. The hyperten-
sion and hyperkalemia present in this disease result in reduced
angiotensin II levels and increased [Cl!]i in DCT. These
changes would in turn be expected to inactivate WNK4.
KS-WNK1 is highly expressed in DCT cells. Thus any inter-
ference with WNK4 degradation that upregulates the expres-
sion of the kinase, as has been postulated to occur with WNK4,
KLHL3, or CUL3 mutations (22, 27, 36, 39), increases the
amount of WNK4 in the cells and thus the probability that
KS-WNK1-WNK4 dimers will remain active regardless of
hypertensive and hyperkalemic state. This could also help to
explain the exquisite phenotype observed in FHHt upon in-
creased WNK4 in DCT1, even though the kinase is expressed

in many other tissues without producing clinical consequences.
Perhaps the absence of KS-WNK1 outside the DCT renders
WNK4 highly sensitive to hyperkalemia, thereby inhibiting an
effect in other tissues.

Perspectives

The results in the present study show that KS-WNK1 is an
activator of the WNK-SPAK-NCC pathway. In addition to our
observations, a recent study suggests that formation of WNK
bodies in DCT is associated with WNK activation and that
KS-WNK1 seems to be part of the WNK bodies. These studies
together suggest a previously unsuspected role for KS-WNK1
in the modulation of other WNK kinases and thus the SPAK-
NCC pathway. Given that KS-WNK1 is expressed almost
exclusively in DCT, this protein could play an important role to
explain the fact that most if not all the clinical consequences of
FHHt are due to NCC activation. The existence of several
genetically altered mice of the WNK-SPAK-NCC pathway
could be used in the near future to elucidate the role of
KS-WNK1 in DCT physiology.
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KS-WNK1 es más sensible a la degradación mediada por el complejo de ubiquitin-ligasa 

KLHL3-CUL3 que L-WNK1. 

 

 

Figura 2 

KS-WNK1 es regulada principalmente por el complejo de ubiquitin-ligasa KLHL3-CUL3, mientras que L-WNK1 es regulado principalmente por 

la ubiquitin-ligasa Nedd 4-2. A, Izquierda: Inmunoblot de proteínas extraídas de ovocitos de Xenopus inyectadas con cRNA de L-WNK1 o KS-

WNK1 en combinación con KLHL3 o Nedd 4-2. Las proteínas se identificaron con los anticuerpos señalados. Derecha: Análisis densitométrico de 

al menos 7 experimentos independientes. Las barras representan la intensidad de la banda de L-WNK1 o KS-WNK1 en presencia de KLHL3 o 

Nedd 4-2 (barras negras) o en su ausencia (barras blancas). La barras se normalizaron asignando un valor arbitrario de 1.0 a la densidad de la 

banda obtenida en condiciones control (barras blancas). B, Arriba: Inmunoblot de proteínas extraídas de lisados de células COS-7 transfectadas de 

manera transitoria con el cDNA de KS-WNK1 y diferentes concentraciones de KLHL3 como se indica. Abajo: Análisis densitométrico (n=1) 

normalizado por la cantidad de tubulina. 

 

Debido a que KS-WNK1 carece de región cinasa, esta isoforma carece también del sitio de 

unión a Cl- presente en L-WNK1 y WNK4, por lo que KS-WNK1 no puede ser modulada 

por el Cl- intracelular. Sin embargo, la secuencia de KS-WNK1 sí contiene el dominio 

acídico (EPEEPEADQH) mediante el cual se facilita la interacción de las WNKs con la 

proteína adaptadora KLHL3[27]. Debido a esto, es posible que KS-WNK1 sea regulada por 

KLHL3-CUL3. Decidimos evaluar el efecto de la inyección de cRNA de KLHL3 (CUL3 se 

expresa de manera endógena en todas la células) sobre la expresión de KS-WNK1 y L-
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WNK (Figura 2A). De manera sorprendente, a pesar de que el dominio acídico se encuentra 

presente en ambas isoformas, el efecto de KLHL3 se observó principalmente sobre la 

isoforma KS-WNK1, la cual se degrado un 100% (n=10 p<0.0001), mientras que L-WNK1 

solamente presentó un 20% de degradación (n=9 p<0.5). Además el efecto de KLHL3 

sobre KS-WNK1 es muy potente ya que en células COS-7, la transfección de cantidades 

mínimas de DNA de KLHL3 (10 ng) es suficiente para poducir degradación total de KS-

WNK1 (Figura 2B). Debido a estos resultados, decidimos evaluar el efecto de otra ligasa de 

ubiquitina Nedd 4-2. En una publicación reciente se demostró que Nedd 4-2 se une a L-

WNK1 en dominios “PY” presentes en los exones 11 y 12 [28], la interacción entre Nedd 

4-2 y L-WNK1 promueve la ubiquitinación y degradación de WNK1. Esta publicación 

concluyó que debido a la presencia de los dominios “PY” en ambas isoformas (L-WNK1 y 

KS-WNK1) el efecto de Nedd 4-2 sobre KS-WNK1 debe ser similar al observado en L-

WNK1; sin embargo no proporcionó evidencia experimental. Para nuestra sorpresa (Figura 

2A) la presencia de Nedd 4-2 indujo una degradación importante de L-WNK1  (88%, n=10, 

p<0.001) mas no de KS-WNK1 (n=7). Estos resultados son muy interesantes ya que 

sugieren que ambas isoformas se regulan por diferentes ligasas de ubiquitina. De manera 

importante, es bien sabido que Nedd 4-2 es regulada por  la hormona aldosterona[29] y 

estos datos sugieren que la aldosterona solamente podría regular a L-WNK1 mas no a KS-

WNK1. 
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Discusión y Conclusiones: 

Los resultados aquí mostrados revelan la importancia de una isoforma poco estudiada de 

WNK1. KS-WNK1, a pesar de carecer de dominio cinasa, es un potente activador del NCC 

y de SPAK. El mecanismo responsable de este efecto pudiera ser secundario a interacción 

con WNK4 la cual promueve la autofosforilación y activación de esta cinasa. Nuestra 

propuesta es que la interacción de KS-WNK1 con WNK4 disminuye la sensibilidad de 

WNK4 por la [Cl-]i. Es decir, en presencia de KS-WNK1, WNK4 podría permanecer activa 

aún en condiciones en las que la [Cl-]i se encuentra elevada. Este hallazgo pudiera 

representar la clave para entender el mecanismo de enfermedad en la HHF. Como se 

mencionó en la introducción, está enfermedad es el resultado de un aumento en la cantidad 

de WNKs debido a que las mutaciones afectan la ubiquitinación y consecuente degradación 

de estas cinasas. Sin embargo el aumento en la cantidad de proteína de las WNKs es 

insuficiente para explicar los datos clínicos de la enfermedad ya que los pacientes con HHF 

presentan hipertensión (con la conscuente disminución en la angiotensina II) e hipercalemia 

(con la consecuente elevación de la [Cl-]i), lo que generaría inhibición de la función de 

estas cinasas independientemente del aumento en su cantidad. Además, la expresión de las 

WNKs y el complejo KLHL3-CUL3 se observa en una gran variedad de tejidos además del 

riñón[30]; mientras que el fenotipo de la HHF es exclusivamente renal. El efecto de KS-

WNK1 sobre WNK4, SPAK y NCC proporciona un modelo unificador que responde a 

estas incógnitas. Primero, la expresión de KS-WNK1 se observa exclusivamente en el riñón 

y específicamente en el DCT. Segundo, KS-WNK1 interactúa con WNK4, (y 

probablemente otras WNKs) y promueve su activación independiente de la [Cl-]i. Entonces 

las mutaciones que generan HHF además de promover el aumento en la cantidad de 

proteína de las WNKs también generarían una mayor interacción entre estas cinasas y KS-
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WNK1. Esto podría generar un aumento en la actividad de estas cinasas, pero de manera 

importante, solamente en el DCT, ya que en otros tejidos la ausencia de KS-WNK1 

favorecería la inhibición de estas cinasas (secundario al incremento en la [Cl-]i).  

 

En este estudio también se demostró que la regulación de KS-WNK1 por ligasas de 

ubiquitina es muy diferente comparada con su isoforma larga L-WNK1. Mientras que L-

WNK1 es regulada principalmente por la ligasa Nedd 4-2, KS-WNK1 es regulada 

principalmente por KLHL3-CUL3. Estos datos son altamente relevantes ya que los 

pacientes con HHF que presentan mutaciones en KLHL3 o CUL3, demuestran un fenotipo 

más grave con hipertensión arterial desde la infancia y alteraciones electrolíticas más 

graves [7]. Ya que la L-WNK1 no parece ser regulada de manera importante por KLHL3-

CUL3, la explicación del fenotipo más grave observado en estos pacientes pudiera ser 

secundario a la menor degradación de KS-WNK1 y de WNK4 con la consecuente 

formación de heterodímeros constitutivamente activos. Por último, las implicaciones 

fisiológicas de la regulación diferencial de L-WNK1 y KS-WNK1 por Nedd 4-2 aún no 

están claras, sin embargo Nedd4-2 es regulada por aldosterona en las células principales del 

conducto colector más no en el DCT[31]. Esto sugiere que el papel de L-WNK1 pudiera ser 

el de regular el transporte de iones en las células del conducto colector, mientras que el de 

KS-WNK1 es específico en el DCT. 
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