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“When things go wrong as they sometimes will,
When the road you're trudging seems all up hill,
(...) When care is pressing you down a bit,

Rest if you must, but don't you quit.

(...) Don't give up though the pace seems slow,
You may succeed with another blow.

Success is failure turned inside out,

The silver tint of the clouds of doubt,

And you never can tell just how close you are,
It may be near when it seems so far;

So stick to the fight when you're hardest hit

It's when things seem worst that you must not quit.”

John Greenleaf Whittier
(1807 - 1892)
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Abstract

Glucose uptake is a key mechanism to maintain cell, tissue and body homeostasis.
Among others, glucose transporter proteins (GLUTS) are responsible for glucose
transport into the cell. Besides their expression level, the GLUT number present at the
plasma membrane (PM) is regulated by signaling mechanisms. Previously, protein kinase
WNK1 was found to phosphorylate TBC1D4, a Rab-GAP involved in membrane traffic
regulation, and to regulate the surface expression of the constitutive glucose transporter
GLUTL.

In this work the phosphorylation of either TBC1D4 or its paralogue TBC1D1 was
studied as a key step in regulatory cascades modulating glucose uptake. First, we showed
that downregulation of WNK1 through RNA interference translates in a 2-fold decrease
in PM GLUT1 expression and a 60% decrease in glucose uptake. Then, we compared by
mass spectrometry (MS) the in vitro phosphorylation of TBC1D1 and 4 by AKT1, WNK1
and SGK1 and 3. We identified two novel WNK1-specific phosphorylation sites at
TBC1D1-Ser565 and TBC1D4-Ser704 and showed that transfection of their
phosphomimetic or unphosphorylatable mutants affected cell surface abundance of
GLUTL.

To define new biological pathways regulated by WNK1, we determined the
interactome of WNK1 by MS. Interestingly, the bioinformatic and gene ontology analysis
pointed to a previously unrecognized function related to mRNA processing. Our studies
identified a novel function of WNK1 in alternative splicing using RAC1B in colorectal
HT29 cells as a model. In particular, WNKZ1 acts as a scaffolding protein through complex
formation with GSK3p. This complex protects GSK3B from an inhibitory
phosphorylation at Ser9. The active GSK3p allows the translocation of kinase SRPK1
and splicing factor SRSF1 to the nucleus, which is important for RAC1B generation.
Considering that RAC1B is known to be essential for cell survival and malignant

progression, the results establish a new link between WNK kinases and tumorigenesis.

Altogether, this work reinforced a role for WNK1 in cell metabolism and
uncovered a new function in regulation of alternative splicing, two events that can
contribute to tumor development. The data may provide new targets for pharmacological
modulation of RAC1B expression and cellular metabolism, with potential impact for the

treatment of cancer and type 2 diabetes.
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Resumo

A regulacéo da entrada de glucose para o interior da célula € um mecanismo chave
no que respeita a manutencdo da homeostase celular e do corpo como um todo. Esta
regulacdo passa pela localizacdo dos canais transportadores de glucose (GLUT) que, entre
outros canais, sao 0s principais responsaveis pela entrada de glucose. Além dos niveis de
expressdo dos transportadores GLUT, a sua insercdo na membrana plasmatica (PM) €
regulada por mecanismos de sinalizagcdo que determinam a translocacdo de vesiculas

intracelulares contendo estes transportadores.

O mecanismo regulatério da localizacdo do transportador GLUT4 melhor
caracterizado é o da resposta a insulina. Este envolve a ativacdo do recetor de insulina e
a cascata de sinalizacdo das cinases PI3K/AKT, levando a inativagdo da proteina
reguladora do trafego membranar TBC1D4 (do inglés: Tre-2/USP6, BUB2, Cdcl6
domain family member 4), que assim permite a ativacdo de GTPases da familia Rab (Rab-
GAP) que promovem a translocacdo de vesiculas e 0 aumento da expressao de GLUT4

na membrana.

A fosforilacdo de TBC1D4, bem como da proteina paraloga TBC1D1, € um passo
chave para a regulacdo da localizacdo dos canais GLUT na membrana. Trabalhos
anteriores do laboratério de acolhimento revelaram que a proteina cinase WNK1 [do
inglés: with no K (K=lysine) 1] modula a localizagédo do transportador GLUT1 na
membrana plasmética. WNK1 tem a capacidade de fosforilar a TBC1D4, inibindo a sua
atividade RAB-GAP o0 que permite a translocacdo de vesiculas de transportadores

GLUT1 para a membrana plasmatica através da ativacdo da proteina Rab8A.

O objetivo desta tese foi identificar novos locais de fosforilagdo nas proteinas
reguladoras da localizagdo de GLUT1, TBC1D1l e TBC1D4. Comparamos por
espetrometria de massa os locais de fosforilagdo em TBC1D1 e TBC1D4 reguladas in
vitro pelas cinases AKT, WNK1, SGK1 e SGK3. Encontrdmos dois novos locais de
fosforilacdo regulados pela cinase WNK1, uma serina na posicdo 565 (Ser565) em
TBC1D1 e uma serina na posigéo 704 (Ser704) em TBC1DA4.

Ao expressar mutantes dos residuos Ser565 em TBC1D1 e Ser704 em TBC1D4
foi possivel concluir que a fosforilacdo destes locais regula a prevaléncia de GLUTL1 a

superficie das células. O mutante que mimetiza o estado nao fosforilado causou, em
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ambos 0s casos (Ser565 em TBC1D1 e Ser704 em TBC1D4) uma reducéo significativa
da quantidade de GLUT1 na membrana plasmética. Esta diminuicéo foi comparéavel ao
nivel observado nas células aquando da deplecdo da cinase WNK1. Concordantemente,
a transfecdo dos mutantes que mimetizam o estado fosforilado dos locais mostrou, em
ambos 0s casos, que estes causam uma manutencdo da quantidade de transportador de
glucose GLUT1 na membrana, apesar da deplecdo da proteina cinase WNK1 que induz a
perda de expressdo de GLUT1 a superficie. Demonstrou-se entdo, que locais
especificamente fosforilados pela cinase WNKZ1 nas proteinas TBC1D regulam o
metabolismo de glucose, modulando a quantidade de canais transportadores de glucose

GLUT1 presentes a superficie das células HEK293.

Na pesquisa de locais especificos encontramos também o residuo de treonina 505
(Thr505) em TBC1D1 fosforilado especificamente pela cinase SGK1 (do inglés: serum
glucocorticoid-inducible protein kinase 1). Contudo, experimentalmente néo se verificou
uma relacdo direta entre a fosforilagdo do local e a quantidade de transportador GLUT1
presente na membrana plasmatica. S&o entdo necessarios mais estudos para entender de
que forma esta fosforilacdo especifica de TBC1D1 pode afetar a célula e quais os

mecanismos moleculares envolvidos.

Seguidamente, tivémos como objetivo encontrar novas proteinas que interagem
com WNKZ1, de forma a escrutinar novas vias de sinalizacdo reguladas por esta proteina
cinase. Para tal, isoldmos e identificAmos as proteinas que compdem os complexos
macromoleculares associados & WNKZ1, recorrendo novamente a técnicas de
espectrometria de massa. Os dados obtidos foram primeiro sujeitos a uma andlise
bioinformética do nivel de confianca (CCS do inglés: combined confidence score) de
forma a eliminar interacdes ndo especificas. A subsequente analise, por ontologia génica
das proteinas candidatas indicou uma relacéo da cinase WNKZ1 com o processamento de
RNA-mensageiro. De facto, a validacdo experimental dos candidatos confirmou a
existéncia de um complexo proteico entre WNK1 e trés proteinas cujas funcbes estdo
ligadas a regulacéo de splicing alternativo, em dois modelos celulares distintos (a linha
celular estabelecida de células embrionérias de rim, HEK293 e a de cancro colorretal,
HT29). Designadamente, as proteinas GSK3p (do inglés: glycogen synthase kinase 3
beta), SRPK1 (do inglés: SRFS protein kinase 1) e SRSF1 (do inglés: serine/arginine-
rich splicing factor 1).
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Dado que os alvos validados (GSK3p, SRPK1 e SRSF1) estdo envolvidos na
expressdo de RAC1B, um produto do processamento alternativo de RNA mensageiro,
testdmos qual a influéncia da expressdo da cinase WNK1 na expressdo de RAC1B.
VerificAmos que a deplecdo de WNK1 em células HT29, um modelo de carcinoma

colorretal, levou a uma significativa diminuicao da expressdo de RAC1B.

Tomando partido do conhecimento de que a droga anti-inflamatoria Ibuprofeno
(IBU) tem como um dos efeitos a diminui¢do da expressdo de RAC1B em células HT29,
fomos testar o envolvimento de WNKZ1 nesta diminui¢do. Os nossos resultados sugerem
que a interacdo com WNK1 protege a cinase GSK3p de ser inativada, atraves de
fosforilacdo da serina na posicao 9 (Ser9). VerificAmos que o tratamento com IBU altera
a capacidade de interacdo entre as proteinas WNK1, GSK3p e SRPK1. Apurdmos, ainda,
que quer o tratamento com IBU, quer a deplecdo de WNK1, em células HT29 causam
uma diminuicdo da expressdo de RAC1B associada a um aumento da fosforilacdo de
GSK3pB na Ser9. Atraves de tratamento com IBU ou deplecdo de WNK1 seguidos de
deplecdo da cinase AKT1 verificamos que a fosforilacdo de GSK3p na Ser9 €, pelo menos

em parte, levada a cabo pela AKTL1.

Quando no nucleo, SRSF1 promove a inclusao de um exdo adicional normalmente
excluido, o que leva a expressdo de RAC1B. Fomos, entdo, testar de que forma os
tratamentos 1BU e deplecdo de WNK1 levariam a uma alteracdo na localizagdo celular
das proteinas SRPK1 e SRSF1. Por imunofluorescéncia, observdmos que células tratadas
com IBU em que a expressdo de WNKZ1 foi silenciada, ocorre uma diminuicdo da

intensidade do sinal nuclear correspondente a SRPK1 e SRSF1.

De forma a verificar se esta alteracdo de localizacdo era dependente de GSK3,
repetimos os tratamentos IBU e deplecdo de WNK1 em células transfetadas com um
mutante ndo fosforilavel na Ser9 de GSK3p, proveniente da substituicdo de uma serina
por um residuo de alanina na posicdo 9 [GSK3B (S9A)]. Apuramos que as células
transfetadas com o mutante GSK3p (S9A) sdo resistentes ao efeito do tratamento com
IBU ou deplecdo de WNK1, levando a uma relocalizagdo de SRPK1 e SRSF1 para o
nacleo. Deste modo, verificAmos que a forma ativa de GSK3p é determinante na
localizagéo nuclear de SRPK1 e SRSF1.

Por fim, e de forma a verificar se ambos os efeitos de WNK1 estavam
relacionados, fomos comparar o efeito da deplecdo de WNK1 ou de RACI1B na
capacidade de absorcao de glucose em células HT29. Os nossos resultados indicam que
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apenas a deplecdo de WNK1 causa uma diminuicéo significativa na absorcao de glucose,
ao mesmo tempo que causa uma diminuigdo da expressdo de RAC1B. Por sua vez, o
silenciamento da expressdo de RAC1B parece ndo causar um efeito na absorcdo de
glucose nas células tumorais. Estes resultados indicam que os dois efeitos de WNK1

estudados neste trabalho sdo independentes.

Em conclusdo, os nossos resultados reforcam a importancia de WNK1 no
metabolismo de glucose e identificaram ainda uma nova via em que a cinase WNK1
regula processos de processamento alternativo de RNA. Ambos os efeitos podem ter um
papel no desenvolvimento tumoral. Estes resultados podem providenciar novos alvos de
modulacdo farmacoldgica da expressdo de RAC1B ou do metabolismo de glucose com
potencial impacto no combate de doengas como cancro e diabetes tipo 2.

Palavras-chave:

metabolismo celular; WNK1; fosforilacdo de proteinas; interacdo proteica; tumorigénese
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General Introduction

1.1 Cell-environment interaction

The evolution of a cell membrane permitted life by creating and maintaining an
internal environment within which genetic material exists and metabolic activities can
take place without being mixed with the environment. With this compartmentalization
the need to integrate information and respond to changes led to the evolution of tightly
regulated systems capable of sensing, transmitting, storing, and interpreting information
such that the regulatory machinery can endorse a coordinated and appropriate response
(Schrum et al. 2010; Humphrey et al. 2015; Day et al. 2016). Most of these responses
derive from post-translational modifications (PTMs). Over 200 protein PTMs have been
described, including phosphorylation (P), ubiquitination (Ub), methylation (Me) and
acetylation (Ac), that serve as elegant transducers of these signals. These protein
modifications are rapid, reversible and associated with relatively small metabolic cost,
and they profoundly modulate the function of the target protein. Phosphorylation is
perhaps the most prevalent and best-studied PTM, and is closely involved in almost every
cellular process (Cohen 2002).

1.2  Protein phosphorylation regulates signaling in multiple ways

A signaling pathway involves a group of molecules in a cell that work together to
control one or more cell functions or processes (e.g. cell division). The signal is received
by the first molecule in a pathway and transmitted in a cascade activating or inhibiting
another molecule. This process is repeated until the last molecule is activated and the cell

function is carried out.

Cells may integrate information from multiple signaling pathways to make
decisions. The control of cellular phenotypes by networks of protein phosphorylation
events, context-dependence of signaling, and signaling heterogeneity among cells are
regulated by the complex interplay between kinases and phosphatases. Kinase-mediated
signaling is a master regulator of cell signaling pathways involved in a high number of
cellular processes, including cell proliferation, cell death (apoptosis, necroptosis,
necrosis), metabolism, behavior and neurological function, development, and pathogen
resistance (Pawson and Scott 2005; Day et al. 2016). Protein phosphorylation is a PTM
which operates like a molecular switch mechanism, modulating diverse protein functions

such as enzymatic activity, protein localization, interactions with other proteins,
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conformational changes, protein turnover and even crosstalk with other PTMs (Figure
1.1) (Humphrey et al. 2015; Day et al. 2016). Examples of PTMs functioning as molecular
switches modulating protein functions are presented in Table 1.1.

Localization

Signal input
v State ‘A’

Activity

\((\(( [ N
(%i% oo oK
Gobe oA & a’
PTM crosstalk =% Enzyme ) Turnover
State ‘B —" ®

Signal output

B e

Conformation .
Binding

Figure 1.1 — Protein phosphorylation as a molecular switch. Protein phosphorylation is a post-translational
modification (PTM) in which protein kinases reversibly transfer a phosphate from ATP (or other nucleoside
phosphates) to selected amino acids, by esterification. Phosphorylation serves as a molecular switch mechanism,
modulating diverse protein functions such as enzymatic activity, protein localization, interactions with other proteins,
conformational changes, protein turnover and even crosstalk with other PTMs Ac, acetylation; Me, methylation, P,
phosphorylation; Ub, ubiquitination. Image from Humphrey et al. 2015.

1.2.1 Protein kinases

In protein phosphorylation, protein kinases (PKs) reversibly transfer a phosphate
from ATP (or other nucleoside phosphates) to selected amino acids, by esterification
(Figure 1.1). Serine (Ser) and threonine (Thr) phosphorylation are the most common
phosphorylation events whereas tyrosine represents less than 1% of the total esterified
phosphate. PKs have conserved structural motifs including an activation loop, catalytic
domain, and ATP binding domain (Day et al. 2016).
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Table 1.1 — Examples of phosphorylation as molecular switches.

EVENT Example Reference

Activity Phosphorylation by AKT at Ser9 inhibits GSK3p activity. (Cross et al.
1995)

Protein Through protein complex formation and phosphorylation, kinase SRPK1 | (Koizumi et

localization regulates translocation of the splicing factor SRSF1 to the nucleus. al. 1999)

Protein interaction | Phosphorylation of TBC1D4 by WNK1 increases the binding of TBC1D4 | (Mendes et al.
to regulatory 14-3-3 proteins and this reduces its interaction with the | 2010)
exocytic small GTPase Rab8A.

Conformational AKTL1 exists in an inactive conformation due to an autoinhibitory | (Chu et al.
change interaction between its pleckstrin homology (PH) and kinase domains. | 2018)
Phosphorylation of Ser473 by mTORC2 can activate AKT1 via a
conformational change that relieves autoinhibition by the PH domain
exposing the kinase domain.

Protein turnover IKK-a can phosphorylate 1xB, causing degradation of IxB and nuclear | (Romashkova
translocation of transcription factor NF-xB. and Makarov

1999)
PTM crosstalk Phosphorylation of tumor suppressor protein p53 interferes with its | (Sakaguchi et

carboxy-terminal acetylation, increasing p53 protein stability and | al. 1998)

transcriptional activity.

Kinases are regulated in a variety of ways, but a major regulatory mode is by
phosphorylation, the same modification they catalyze. One critical regulatory
phosphorylation event common to most kinases is activation-loop phosphorylation, which
promotes an active kinase conformation and can occur from autophosphorylation,
implying that they are also self-activating enzymes, or by other kinases (Beenstock et al.
2016). An example of the first is protein kinase B (PKB/AKT) activation by
Phosphoinositide-dependent kinase-1 (PDK1) upon phosphoinositide 3-kinase (PI13K)
recruitment in insulin signaling (Burgering and Coffer 1995; Alessi et al. 1997). An
example for activation by autophosphorylation is serine 382 of WNK1 in the activation
loop , required for the kinase activity (Xu et al. 2002). However, some phosphorylation
events negatively regulate kinase activity, an example of it is the serine/threonine kinase
GSK3p phosphorylation on Ser 9 to render it inactive (Stambolic and Woodgett 1994).

Protein phosphorylation also creates binding sites for other proteins containing specific

5
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recognition motifs and so regulates complex formation between proteins. Therefore,

phosphorylation events regulate protein kinase activity in several layers, including protein

localization, activation of constituent proteins, and protein trafficking (Day et al. 2016).

1.2.2 Phosphatases

Protein phosphatases, which hydrolyze phosphate esters from phosphorylated

residues such as phosphotyrosine, phosphoserine or phosphothreonine are critical for

normal cell signaling regulation. Eukaryotic protein phosphatases are structurally and

functionally diverse enzymes represented by three distinct gene families according to the

phosphorylated residue they can dephosphorylate. Biochemical functions have been well

studied in phosphatases, however, the substrates of specific phosphatases remain largely

unknown (Barford et al. 2002; Day et al. 2016). In Table 1.2 we find some examples of

the importance of phosphatases regulating diverse signaling pathways.

Table 1.2 — Examples of phosphatases as antagonists in signalling

EVENT

Example

Reference

Glycogen synthesis

Dephosphorylation catalyzed by PP-1 activates the enzime glycogen
synthase (GS) promoting glycogen synthesis.

(Ragolia and
Begum 1998)

AKT inactivation

PTEN negatively regulates intracellular levels of phosphatidylinositol

(Stambolic et

thus acting as a tumor suppressor.

(3,4,5) trisphosphate (PIP3) in cells and dephosphorylates AKT in vitro, | al. 1998)
negatively regulating the PI3K/AKT signaling pathway.

SRSF1 Dephosphorylation of RNA splicing factor SRSF1 by PP-1 is required for | (Ma et al.

dephosphorylation | maturation of the spliceosome and other RNA processing events. 2010)

NFAT activation Dephosphorylation by calcineurin on an N-terminal regulatory domain | (Loh et al.
activates and promotes nuclear translocation of the transcription factor | 1996)
nuclear factor of activated T cells (NFAT).

EGFR inhibition PTPN12, tyrosine phosphatase interacts with and inhibits the epithelial | (Sun et al.
growth factor receptor (EGFR) signaling suppressing cell proliferation and | 2011)
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1.3 Human kinome

The human kinome comprises over 500 distinct protein kinase genes that form
one superfamily of proteins sharing the eukaryotic protein kinase (ePK) catalytic domain:
a sequence composed of 250-300 amino acids which can be subdivided into twelve
conserved subdomains containing highly conserved individual amino acids and motifs.
Although no residue is universal, the subdomains are is preserved in all protein kinases,
and the presence of a pattern of residue conservation has been used to determine the

grouping of kinases into families (Hanks and Hunter 1995; Manning et al. 2002).

The superfamily is subdivided into seven major ePK families : TK (tyrosine
kinases), AGC (containing PKA, PKG, PKC families), CAMK (calmodulin- dependent
kinases), CMGC (comprising the CDK, MAPK, GSK, and CLK families), TKL (tyrosine
kinase-like, phylogenetically close to the tyrosine kinases), STE (kinases that function in
the MAPK kinase cascades that were first described through characterization of yeast
sterile mutants) and CK1 (casein kinase 1 family and related enzymes) (Figurel.2). Apart
from the major subfamilies, some kinases do not fit in any of the categories above and
are considered as “other”. In addition, a group of kinases classified as atypical show low
sequence similarity to the main kinase superfamily but were shown to possess catalytic
activity (Manning et al. 2002; Hanks 2003).
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Figure 1.2 — Phylogenetic tree representing the superfamily of protein kinases. The superfamily is subdivided in
seven major PK families: TK (tyrosine kinases), AGC (containing PKA, PKG, PKC families), CAMK (calmodulin-
dependent kinases), CMGC (comprising the CDK, MAPK, GSK, and CLK families), TKL (tyrosine kinase-like), STE
(first described through characterization of yeast sterile mutants), CK1 (casein kinase 1 family and related enzymes).
The group of kinases classified as atypical have low sequence similarity in the protein kinase domain comparatively
to the main kinase superfamily (http://www.kinhub.org/kinmap/).

1.4  Tyrosine kinases

Tyrosine kinases form a distinct group inside the superfamily of protein kinases,
whose members phosphorylate proteins on tyrosine residues, whereas enzymes in all
other groups phosphorylate primarily serine and threonine residues. X-ray analysis
revealed a structural difference that determines the substrate preference for tyrosine (Tyr)
rather than for serine (Ser) or for threonine (Thr) (Hubbard et al. 1994).

Autoradiography measurements estimated Tyr phosphorylation to be less

representative in terms of phosphorylation events when compared with Ser or Thr


http://www.kinhub.org/kinmap/
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phosphorylation (ratio Ser:Thr:Tyr — 90:10:0.05) (Hunter et al. 1980). Tyr phosphosites
are frequently regulatory, most tyrosine kinases are activated under specific conditions,
highly downregulated and the phosphotyrosine residues have a very short half-life, unless
protected by binding domains which explains the low ratio of Tyr phosphorylation
observed (Hunter 2009). Furthermore, phosphorylation by protein tyrosine kinases
regulates cell-to-cell signals concerning growth, differentiation, adhesion, motility, and
death. Although initially associated with signal transduction by growth factor and
cytokine receptors at the plasma membrane through phosphorylation of transmembrane
receptors, tyrosine kinases are now subdivided in two main groups, receptor and non-

receptor tyrosine kinases (Robinson et al. 2000; Manning et al. 2002).

Receptor tyrosine kinases have an N-terminal extracellular domain, which can
bind activating ligands, a single transmembrane domain, and a C-terminal cytoplasmic
domain that includes the catalytic domain (e.g. epidermal growth factor receptor, EGFR).
The group of non-receptor tyrosine kinases lacks a transmembrane domain, most are
soluble intracellular proteins that regulate protein function in several cellular processes
including cell cycle, transcription and synaptic transmission among others (e.g. spleen
tyrosine kinase, SYK). Tyrosine phosphorylation acts by generating, exposing or masking
docking sites for other adaptor proteins containing modular Src-homology 2 (SH2) and-
or phosphotyrosine binding (PTB) domains. The binding of adaptor proteins promotes
the interaction with downstream effectors and multi-protein complex formation,
regulating their activity and cellular localization (Taylor et al. 1995; Manning et al. 2002;
Pawson and Nash 2003).

15 Serine/threonine kinases

Serine/threonine kinases share some features with tyrosine kinases in terms of
action, namely their ability to change their conformation, subcellular localization and
changes in protein-protein interaction upon serine/threonine phosphorylation, shifting
assembly of protein-protein complexes (Muslin et al. 1996; Yaffe and Elia 2001). Yaffe
and colleagues (2001) showed that specific adaptors proteins, including 14-3-3 proteins,
interact with phosphorylated targets similarly to the SH2-domain-mediated recognition

of phosphotyrosine-containing motifs (Yaffe and Elia 2001).
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The vast majority of cellular protein phosphorylation events reported in mass
spectrometry (MS)-based studies occurs on serine and threonine residues (Sharma et al.
2014). Thus, serine/threonine kinases represent the majority of protein kinases and are
distributed into several groups according to similarities in their kinase domain (e.g. AGC,
CMGC and CAMK) (Manning et al. 2002).

1.5.1 AGC group

The AGC group includes kinases related to cAMP-dependent protein kinase 1
(PKA), cGMP-dependent protein kinase (PKG) and protein kinase C (PKC). Members of
this group are conserved throughout several species and share aspects of their
mechanisms of inhibition and activation (Arencibia et al. 2013; Leroux et al. 2018) AGC
kinases are involved in diverse and important cellular functions, and mutations or
dysregulation of kinases from this group contribute to the pathogenesis of many human

diseases, including cancer and diabetes (Pearce et al. 2010).

The AKT serine/threonine kinase, also known as protein kinase B (PKB) is one
of the members of AGC group and is a component of intracellular signaling pathways
promoting cell survival (Datta et al. 1999) cell proliferation, apoptosis, transcription, cell
migration (Brazil and Hemmings 2001) glucose metabolism (Thong et al. 2007; Zaid et
al. 2008) and inflammatory processes (Tang et al. 2016). AKT is activated downstream
of PI3K by being recruited to the membrane by the lipid phosphatidylinositol (3,4,5)-
trisphosphate (P1P3), followed by phosphorylation at Thr 309 (activation segment) and
Ser 474 (hydrophobic motif) (Yang et al. 2002) by kinase PDK1. AKT signal transduction
occurs through downstream effectors such as mTOR, glycogen synthase kinase 3 beta
(GSK3p), or forkhead box protein O1 (FOXO1). Overexpression or abnormal activation
of AKT has been associated with increased cancer cell proliferation and survival in many
cancers types, including ovarian, lung, and pancreatic cancers and has been studied as a
target for cancer therapy (Song et al. 2019).

The SGK (serum and glucocorticoid-inducible kinase) family belong to the AGC
group and consists of three distinct but highly homologous isoforms (SGK1, SGK2, and
SGK3) that are encoded from three distinct genes localized on different chromosomes
(Webster et al. 1993; Lang and Cohen 2001). SGKs share similarities with AKT,

including great sequence homology, being activated in response to a variety of

10
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extracellular stimuli (e.g. PI3K) and upon growth factor stimulation translocate to the
nucleus (Brunet et al. 2002; Pearce et al. 2010). Moreover, SGK1 is involved in cell
metabolism by modulating GLUTL1 transporter membrane expression (Palmada et al.
2006). However, although they have some substrates in common, SGKs and AKT have
different roles. SGK1 plays an important role in the regulation of processes such as cell
survival, neuronal excitability, and renal sodium excretion. Additionally, SGK has
pathophysiological significance upon dysregulated expression and activity in
hypertension, cancer, obesity, neuronal diseases and diabetic nephropathy (Lang and
Cohen 2001; Lang et al. 2006).

1.5.2 CMGC group

CMGC kinases are mostly serine/threonine kinases and include the CDK family
(cyclin-dependent kinase), the MAPK family (mitogen-activated protein kinase), the
GSK family (glycogen synthase kinase), the DYRK family (dual specificity tyrosine
regulated kinase), and the dual specificity CLK family (CDC2-Like Kinase) (Hanks and
Hunter 1995; Manning et al. 2002). Kinases in this group have impact in alternative
splicing (Ngo et al. 2005; Qian et al. 2011; Zhou et al. 2012) and metabolism control
regulation throughout several of the families represented in the group

GSK is a small family of kinases from the CMGC group. GSK3, initially
described as one of the kinases that phosphorylates and inhibits glycogen synthase (GS),
decreasing its affinity to allosteric activation by glucose-6-phosphate (Embi et al. 1980).
GSK3 is a known regulator of glycogen metabolism, the Wnt signaling pathway, involved
in protein synthesis and cell proliferation and differentiation (Doble and Woodgett 2003;
Ciaraldi et al. 2010; Wu and Pan 2010). In humans, GSK3 exists as two isoforms, GSK3a
and GSK3p, encoded by two distinct genes. The major structural differences include an
N-terminal extension in GSK3a and variability in the C-terminal region. (Doble and
Woodgett 2003). GSK3 is regulated by a variety of means including phosphorylation,
protein complex formation, subcellular localization, priming-substrate specificity and
regulation by proteolytic cleavage (Medina and Wandosell 2011). Inactivation of these
kinases is associated with a specific serine residue phosphorylation, Ser21 and Ser9 in
GSK3 a and B, respectively creating a pseudo substrate/autoinhibitory domain that
mimics these primed phosphorylation sites (Cross et al. 1995; Frame et al. 2001). Insulin
stimulation of cells leads to GSK3 inactivation upon PI3K activation and probably occurs

11
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through AKT (Halse et al. 1999). GSK3pB also regulates alternative splicing by
phosphorylation of several splicing factors and regulators of RNA biosynthesis
(Hernandez et al. 2004; Liu and Klein 2018).

GSKa3 acts as a key regulator of diverse processes, and when dysregulated, has
been implicated in diseases such as diabetes, Alzheimer’s disease, bipolar disorder and
cancer (MacAulay and Woodgett 2008; Hernandez et al. 2009; Luo 2009; Jope and Roh
2012).

SRPK (SR protein kinase) family is also part of the CMGC group and is composed
of serine/threonine Kkinases that specifically phosphorylate serine residues in
serine/arginine dipeptide motifs (arginine/serine (RS)-rich domains) and facilitate the
nuclear import of the targets (Gui et al. 1994; Hanks and Hunter 1995). The presence of
a domain interrupting the kinase catalytic site into two structural entities, “the spacer
domain”, is a distinctive feature of the SRPK family (Ding et al. 2006). SRPKs are mostly
related with RNA processing due to their targets contain RS domains. Most of RS
domain-containing proteins are serine/arginine-rich (SR) proteins that contain an RNA
recognition motif and act as splicing factors when translocated to the nucleus. Moreover,
SPRKs are involved in cell cycle progression, chromatin reorganization and in metabolic

signaling (Giannakouros et al. 2011).

SRPK1, one of the members of the family regulates splicing by phosphorylating
SR-rich proteins and plays an important role in constitutive and alternative pre-mRNA
splicing (see 1.7.1) (Zhou et al. 2012; Zhou and Fu 2013).

1.5.3 “Other” group

The “other” kinase group consists of many diverse families, most of which are
serine/threonine protein kinases. These conserved families differ in some highly
conserved sequence features from any of the other kinase groups, and therefore are
classified together in the irregular “other” group. (Hanks and Hunter 1995). One of the
families in this group is the WNKZ1 family described in the following (see 1.6).

12
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1.6  WNK family

The small family of WNK [with no K (K=lysine)] kinases includes proteins
characterized by a substitution of a highly conserved lysine (hence their name) in the
subdomain Il of the catalytic domain by a cysteine. Although in most Ser/Thr kinases, the
conserved lysine residue usually mediates ATP binding and the catalysis of phosphoryl
transfer, WNKs use an alternative lysine from subdomain | which confers catalytic
activity (Figure 1.3A) (Xu et al. 2000; Verissimo and Jordan 2001; Kostich et al. 2002;
Xu et al. 2002). This feature confers an alteration in the 3D structure of the kinase
conferring a unique conformation in the activation loop which might help in the design

of specific inhibitor molecules (Min et al. 2004).

Four members of the WNK kinase family have been identified in the human
genome: WNK1, WNK2, WNK3 and WNK4, exhibiting about only 40% amino acid
identity but containing the same structure and the conserved autoinhibitory domain and
two coiled-coil domains (Figure 1.3B) (Verissimo and Jordan 2001; Xu et al. 2002;
Gamba 2005). WNKs are regulated by their autoinhibitory domain, which keeps them
inactive until activated by yet poorly characterized signals. Autoinhibition of WNK1 is
dependent on highly conserved phenylalanine residues (Phe522/524), since mutation of
these residues to alanine eliminates the autoinhibition. One example of an activation
signal is autophosphorylation at two serine residues (Ser378/382) in the kinase domain in

response to osmotic stress conditions (Xu et al. 2002).
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Shortly after the discovery of this family of kinases they were associated with
regulation of ion transport in the kidney. Mutations in WNK1 and WNK4 cause the
human monogenic disease familiar hyperkalemic hypertension (FHHt also known as
pseudohypoaldosteronism type 2 or Gordon syndrome), a human disease characterized
by excessive renal sodium and potassium retention (Wilson et al. 2001). Because this
disease phenotype is associated with renal function and balance of Na*, CI" and K*
electrolytes, the study of this signaling pathway revealed WNKSs as important regulators

of solute transport and arterial pressure.

WNK1, WNK3 and WNK4 act as multifunctional regulators of renal ion transport
and use different mechanisms to control a variety of channels and transporters,
responsible for ion reabsorption and excretion in different segments of the nephron, which
are accountable for electrolyte and fluid balance maintenance. This ion transport
regulation depends on the electrochemical gradient established by the ATP-dependent
Na+/K+-ATPase in the different nephron structures (Gamba 2005; Kahle et al. 2008b).
Both WNK1 and WNK4 are expressed in the distal convoluted tubule (DCT), connecting
tubule (CNT) and collecting duct (CD) of the nephron, suggesting that WNKs are part of

a signaling pathway that modulates renal solute transport (Figure 1.4).

1.6.1 WNK1

WNKT1 is the most studied member of this subfamily and was the first to be
identified in a search for new MAP kinases (Xu et al. 2000; Verissimo and Jordan 2001).
The human WNKZ1 gene is located on chromosome 12, and its transcription is regulated
by three alternative promoters, generating several WNKZ1 isoforms with a tissue-specific
distribution. The two most important isoforms are long WNK1 (L-WNK1) and kidney-
specific or KS-WNK1. L-WNK1 codes for a protein of 2382 amino acids that is
ubiquitously expressed with highest levels in skeletal muscle, heart, and brain (Verissimo
and Jordan 2001). KS-WNKZ1 is a shorter transcript expressed from an internal promoter
that lacks the kinase domain and is expressed exclusively in the kidney, more precisely
in the DCT and CNT of the nephron (Delaloy et al. 2003; Vidal-Petiot et al. 2012).

The majority of studies conducted to date on WNKZ1 have focused on its role in

ion transport regulation in the kidney (Kahle et al. 2008a), mainly through
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phosphorylation of intermediate proteins controlling ion channels and cotransporters (see
1.6.5).
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Figure 1.4 — Differential expression of WNK family members and ion transporters in the kidney. (A) Differential
expression pattern of major ion transport proteins and regulatory kinases in the distal nephron (adapted from: Hoorn et
al. 2011). (B) Schematic representation of the role of WNK1 in the regulation of the indicated ion channels and
cotransporters (ENaC: Epithelial sodium channel; ROMK: Renal outer medullary potassium channel; NKCC2: Na*-
K*-CI" cotransporter 2; ATPase ATP-dependent Na+/K+-ATPase)

1.6.2 WNK?2

WNK?2 is the least studied member of the WNK subfamily. In humans the WNK2
gene is present at chromosome 9, position q22.31 (Verissimo and Jordan 2001), encoding
a 2297 amino acid protein. The WNK2 expression profile is unique among the WNK
kinases because it is almost exclusively expressed in the brain, heart muscle, small
intestine and colon, with no detectable expression in kidney (Moniz et al. 2007). The
expression is predominant in developing and mature brain neurons and associated with
regional and temporal differential expression during brain development (Rinehart et al.
2011). The expression of WNK2 has a tumor suppressor role in gliomas (Moniz et al.
2007) and is further described in section 1.8.

16



General Introduction

1.6.3 WNK3

The human gene for WNKS is located on chromosome X position p11.22 and
encodes a 1743 amino acid protein expressed in secreting epithelial tissues, with higher
expression in brain and kidney. Unlike WNK1 and WNK4, WNK3 can be found in all
nephron segments with the protein being localized in the tight junctions (Rinehart et al.
2005). Similar to WNK2, WNK3 brain expression is regional and temporally regulated
during embryonic development. WNKS3 has been shown to function as an ion transport
regulator, and it also plays a role in the increase of cell survival by interacting with
procaspase-3 and delaying apoptosis (Verissimo et al. 2006). WNK3 kinase promotes the
entry of chloride into the cell during cell volume regulation, by activating Na™-K*-CI-
cotransporter 1 (NKCC1) and 2 (NKCC2) and Na™-ClI cotransporters (NCC) and
simultaneously preventing chloride exit from the cell by inhibiting all four K*-CI
cotransporters (KCC) (Kahle et al. 2005a; Rinehart et al. 2005; de los Heros et al. 2006).

1.6.4 WNK4

The human WNK4 gene is located on chromosome 17 and encodes for a 1243
amino acid protein expressed predominantly in the kidney. It is also expressed in
secretory epithelia from brain, colon, pancreas, biliary ducts, and epididymis. In the
kidney its expression is restricted to the DCT and CD, distal nephron segments known to
be crucial in the homeostasis of electrolytes (Wilson et al. 2001; Verissimo and Jordan
2001; Kahle et al. 2005b).

WNK4 regulates the balance between NaCl reabsorption and K* secretion by
inhibiting and activating several types of ion channels, like activating CI- channel, cystic
fibrosis transmembrane conductance regulator (CFTR) and inhibiting epithelial sodium
channel (ENaC) (Ring et al. 2007; Mendes et al. 2011). WNK4 also regulates several
cotransporters like NCC, NKCC1 (Hadchouel et al. 2016) and appears to be the
predominant regulator of NCC in the DCT, being particularly sensitive to changes in
chloride concentration (Terker et al. 2016). Interestingly the effect of WNK4 on NCC is
inconsistent, with in vitro and in vivo studies indicating that WNK4 could be either an
inhibitor or an activator of this cotransporter (Bazua-Valenti et al. 2014; Shekarabi et al.
2017). As previously mentioned, mutations in WNK4 cause the human monogenic
disease FHHt.
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1.6.5 lon transport regulation by WNK1

Based on the disease phenotype resulting from WNK kinase mutations, it is clear
that WNKSs play important roles in regulating ion channels and transporters. Some

examples of WNK1 ion transport regulation are resumed in Figure 1.4B.

It has been shown that WNK1 inhibited renal outer medullary potassium channel
1 (ROMKY1). This inhibition is exerted by the L-WNKZ1, which stimulates the endocytosis
of the channel synergistic with, but not dependent, on WNK4. Moreover, KS-WNK1 is
highly expressed in the kidney and reverses the inhibition of ROMK1 caused by L-WNK1
(Lazrak et al. 2006). WNK1 also regulates ENaC through activation of SGK1 (Xu et al.
2005a).

WNK1 is a powerful upstream activator of the cotransporter NCC by
phosphorylating and activating two homologous kinases, STE20/SPS1-related proline-
alanine-rich kinase (SPAK) and oxidative-stress-responsive kinase (OSR1). These, in
turn, directly phosphorylate NCC on two threonine residues in the amino terminal
cytoplasmic domain activating the cotransporter. The regulation of this process is
antagonized by WNK4 (Chavez-Canales et al. 2014). WNKU1 is also a positive regulator
of the cotransporter (NKCC2) in a SPAK and OSR1-dependent pathway activated in
hypotonic low-chloride conditions (Richardson et al. 2011). WNK1 can act as a chloride
sensor since chloride binds to the WNK1 catalytic domain, thereby inhibiting
autophosphorylation and kinase activity (Piala et al. 2014). The phosphorylation of NCC
and NKCC2 through the WNK/SPAK/ORSL1 pathway leads to increased solute transport,
in part by increasing cotransporter retention in the PM (Rosenbaek et al. 2014) (Figure
1.4B).

1.6.6 Role of WNKSs in cancer

Several studies have suggested a possible role for WNK kinases in cell growth,
differentiation and apoptosis, processes linked to cancer upon dysregulation. For
example, large-scale genomic studies that have analyzed the coding sequences of the 518
protein kinases in the human genome for somatic mutations in several types of cancers,
including those of the kidney, breast, lung, and colon, have revealed missense, insertion,
and other types of mutations in the genes encoding all WNK family members (Davies et
al. 2005; Stephens et al. 2005; Sjoblom et al. 2006; Greenman et al. 2007). The functional
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effects and the biological significance of these mutations for cancer phenotypes need
further studies. However, there is evidence for a relationship between the WNKs and cell
growth, differentiation, migration and apoptosis (Moniz and Jordan 2010).

WNKSs share sequence homology with MAPKSs, kinases linked to the transition
from quiescent to proliferative state in epithelial cells and deregulated in approximately
one-third of all human cancer (Moniz and Jordan 2010). WNKSs directly affect MAPK
signaling, for example WNKZ1 is required for EGF-dependent stimulation, acting by
protein—protein interaction to activate extracellular signal-regulated kinase 5 (ERKS5).
Accordingly, WNKZ1 depletion in mouse neural progenitor cells suppressed activation of
ERKS and greatly reduced cell growth and migration (Xu et al. 2004; Sun et al. 2006).

Other studies demonstrate that WNK2 negatively regulates the EGF-induced
proliferation pathway of MEK1/ERK1 in a RHOA-mediated crosstalk mechanism in
cancer cells, functioning as an antiproliferative tumor suppressor (Moniz et al. 2007,
2008). WNK?2 controls the activation of the small GTPase RHOA, which in a reciprocal
way regulates activation of RACL1, controlling the dynamics of the actin cytoskeleton,
important for cell migration and invasiveness (Moniz et al. 2008). WNK2 levels are
significantly reduced in human glioma and meningioma due to epigenetic silencing of the
WNK?2 promoter and this correlated with increased tumor cell proliferation, migration,
and motility (Moniz et al. 2013).

WNK:Ss also regulate growth factor receptor turnover by affecting vesicular traffic
and therefore modulate cellular signaling intensity. WNK1 and WNK4 have been shown
to stimulate clathrin-dependent endocytosis of the ROMK1, thus inhibiting potassium
secretion (Lazrak et al. 2006). In the same manner, WNK4 stimulates NCC internalization
and lysosomal degradation (Subramanya et al. 2009) and a similar mechanism may be
able to modulate the ratio of degradation of endocytosed growth factor receptors (Moniz
and Jordan 2010).

Transforming growth factor - B (TGF-B) demonstrates both tumor suppressing and
tumor promoting activities, although initial actions are often anti-proliferative,
transmitting inhibitory growth signals in many cell types. WNKs interact with TGF-
signaling, namely, siRNA-mediated knockdown of WNK1 increased Smad2/3-dependent
transcriptional responses suggesting that WNK1 inhibits Smad2 and TGF-p signaling
(Lee et al. 2007). It is also known that TGF-p signaling is related to epithelial-
mesenchymal transition (EMT), a process related to tumor invasion and metastasis
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formation. WNKZ1 inhibition of Smad?2 regulates transcription of factors involved in E-
cadherin expression required for cell adhesion. WNK1 decreased expression or
inactivating mutations could promote EMT of epithelial tumor cells (Kankanamalage et
al. 2018).

Another example of WNKZ1 effect in EMT is the study of miR-93 in breast cancer
cells. The expression of this miRNA decreased WNK1 expression leading to decreased
cell migratory capability and invasive potential, as well as increased adhesion.
(Shyamasundar et al. 2016).

Apart from the cell-cycle examples demonstrated so far, WNKs also shown a
relationship with apoptosis regulation, namely WNK3, which has been shown to promote
cell survival by acting as an adaptor or scaffold protein in the complex that controls
procaspase-3 activation and thus inhibiting caspase-3, permitting cells to evade apoptosis
(Verissimo et al. 2006)

AKT phosphorylates WNK1 at Thr60 in vivo not affecting WNK1 kinase activity
directly nor its cellular localization, suggesting it influences protein-protein interactions
(Vitari etal. 2004). Also, there is an interplay between WNK1, AKT and SGK1 regulating
glucose channels (further explored in 1.8), which provide a connection between the
PIBK/AKT pathway and WNK1 that may influence cell migration, invasion and
angiogenesis (Kankanamalage et al. 2018).

Thus, WNKSs are involved in several cancer-associated signaling networks
(Figure 1.5) such as MAPK cascades, PI3K-AKT and TGF-f and thus affect cell-cycle
progression, metabolic tumor cell adaptation, evasion of apoptosis and metastasis (Moniz
and Jordan 2010; Kankanamalage et al. 2018).
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Figure 1.5 -WNKSs regulate several cancer-associated signaling networks. Overview of the WNK pathway and its

connection to major cancer-associated signaling pathways which affect cell-cycle progression, evasion of apoptosis,
metabolic tumor regulation, migration and invasiveness. Green arrows represent activation, red arrows represent

repression.

1.7  Protein kinases in the regulation of other cellular processes
In the human proteome up to 30% of proteins may be modified by kinase activity,
and kinases are known to regulate the majority of cellular pathways, especially those
involved in signal transduction (McCance and Huether 2014). Thus, signaling by protein

phosphorylation is present in a wide range of cellular processes and we will focus on

some examples in the following sections.

1.7.1 Kinases regulating gene expression and alternative splicing
In eukaryotes, the regulation of gene expression has multiple and complex levels
of regulation which include multiple PTMs, such as phosphorylation, methylation and

acetylation of proteins. Phosphorylation and hence, protein kinases play a role in several
layers of gene expression regulation. First, activation of transcription through

transcription factor phosphorylation followed by nuclear translocation and docking at
promoter sequences is regulated by signaling pathways mediated by PK (Hunter and
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Karin 1992). Second, after transcription, the mRNA sequence is target of a process of
maturation and processing in which alternative splicing might occur. This process
increases the complexity of the proteome encoded by higher eukaryotic genomes
synthesizing different products from a single gene. The decision as to whether an exon is
excluded or included involves RNA sequence elements and protein regulators in a multi-
protein complex, the spliceosome. Depending on the position and function of the cis-
regulatory elements, they are divided into four categories: exonic splicing enhancers
(ESEs), exonic splicing silencers (ESSs), intronic splicing enhancers (ISEs) and intronic
splicing silencers (ISSs). ESEs are usually bound by members of the SR protein family
of splicing factors, which promote the insertion of a certain exon in the final product
(Chen and Manley 2009).

SR proteins are regulated upstream by phosphorylation, which regulates their
activity and localization (Goncalves et al. 2018). An example of kinases regulating
alternative splicing is SRPK1 during RAC1 pre-mRNA processing. Upon activation,
SRPK1 leads to activation of SRSF1 (SR splicing factor 1, formerly designated as
ASF/SF2). Through protein complex formation and phosphorylation, SRPK1 regulates
SRSF1 translocation to the nucleus (Koizumi et al. 1999). Here, SRSF1 binds to and
promotes inclusion of RAC1 exon 3b into the mature mRNA. The inclusion of the extra
exon leads to the expression of alternative splicing variant RAC1B in colorectal cancer
cells (Goncalves et al. 2009, 2014), essential for cell cycle progression, cell survival
(Matos and Jordan 2005, 2008; Matos et al. 2008) and tumor progression via senescence

overcome (Henriques et al. 2015).

1.7.2 Kinases regulating glucose metabolism

Cell metabolism is complex and all the processes required for maintaining
essential functions, from producing the structural elements of cellular structures to the
energy production and storage, are tightly regulated. Kinases are involved throughout the
regulation processes of cell metabolism, from the regulation of glucose uptake to the fine-
tuning of energy storage processes (e.g. glycogen storage). In the following sections, we
will describe in some detail the relevance of kinases regulating metabolism, namely
GSKa3 regulating glycogen and protein synthesis (see 1.7.2.1) and the PISK/AKT axis
regulating glucose uptake upon insulin receptor activation (see 1.7.2.2)
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1.7.2.1 Role of GSK3 in glucose metabolism

Insulin promotes the conversion of glucose to glycogen, a branched polymer of
glucose that serves as energy and carbon repository in skeletal muscle and this involves
stimulating glucose uptake and activating glycogen synthase (GS) (Roach 2002; Ferrer et
al. 2003).

The activation by insulin of GS in the skeletal muscle (Figure 1.6) (Halse et al.
1999; McManus et al. 2005) requires GSK3p inactivation, by phosphorylation at Ser9,
catalyzed by AKT (Cross et al. 1995). GSK3p inactivation allows GS dephosphorylation
at a C-terminal cluster of serine residues (641, 645, 649 and 653) through the action of
protein phosphatases, activating it and leading to glycogen synthesis (Cohen and Frame
2001).

1.7.2.2 Role of insulin signaling in glucose metabolism

Control of circulating glucose is a key task for the homeostasis of the body. In
normal physiology, glucose uptake from the blood is mainly regulated in two ways,
insulin-regulated or stimulated by physical exercise in an insulin-independent absorption
by muscle cells. The increased levels of circulating glucose in the blood after a meal
induce the pancreas to release insulin so that glucose is rapidly absorbed by insulin-
sensitive muscle and adipose tissues to lower the blood glucose level. These cell types
rapidly respond to insulin with the translocation of glucose transporter storage vesicles
(GSVs) from intracellular storage compartments to the PM, thereby delivering glucose
transporters GLUT (Bogan 2012).

GLUT are glucose carriers that have 12 transmembrane helixes and provide
bidirectional facilitated glucose transport through the PM (Hall 2015). These proteins use
the concentration gradient of glucose across the cell membrane and therefore operate
without energy consumption. There are at least 14 known members, encoded by the
human genome as GLUT1 to GLUT14, the most important in terms of glucose
homeostasis being GLUT1 - GLUT4 (Huang and Czech 2007; Thorens and Mueckler
2009; Hall 2015).

Regulation of GLUT localization is best established for GLUT4 in insulin
responsive cells. These cell types rapidly respond to insulin with the translocation of

GSVs, from intracellular storage compartments, to the PM, thereby delivering glucose
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transporter GLUT4 (SLC2A4). In adipocytes, for example, this results in a 10-20 fold
increase in glucose uptake mediated by GLUT4.

The underlying molecular mechanism (Figure 1.6) involves insulin binding to its
receptor, stimulation of the PI3K pathway and activation of protein kinase AKT, which
then phosphorylates the protein Tre-2/Bub2/Cdcl6 (TBC) domain family member 4
[TBC1D4, also known as AKT substrate 160 kDa (AS160)] (Kane et al. 2002; Zaid et al.
2008; Sakamoto and Holman 2008). TBC1D4 contains a GTPase-activating domain for
Rab proteins (Rab-GAP), a family of small GTPases required for membrane trafficking
(Kane et al. 2002; Sano et al. 2003; Chen and Lippincott-Schwartz 2013). Experimental
suppression of TBC1D4 leads to insulin-independent GLUT4 release to the PM (Eguez
et al. 2005) and a functional GAP domain in TBC1D4 is required for insulin-stimulated
GLUT4 translocation. In the absence of insulin signaling, the GAP domain of TBC1D4
keeps a critical Rab protein inactive, acting as a brake on Rab-GTPase activation. The
GDP bound state prevents GLUT4 vesicle translocation until inhibitory phosphorylation
of TBC1D4 occurs (Klip et al. 2014).

Recently, the closely related Rab-GAP TBC1D1 was also found to participate in
the insulin-induced GLUT4 translocation (Roach et al. 2007; Taylor et al. 2008; Peck et
al. 2009; An et al. 2010). TBC1D1 and TBC1D4 have high sequence homology and hold
similar domain structures, including two PTB domains, a calmodulin- binding domain
(CBD), the GAP domain and also share multiple phosphorylation sites (Cartee 2015).
TBC1D1 and TBC1D4 are also part of an additional signaling mechanism regulated
through physical exercise (Figure 1.6) and TBC1D1 was found to be the predominantly
expressed GAP in the second crucial insulin-sensitive cell type, muscle cells. Physical
exercise of muscles stimulates activation of the AMP-activated protein kinase (AMPK),
which then phosphorylates TBC1D1 and TBC1D4 to promote GLUT4 translocation in
an insulin-independent manner (Deshmukh et al. 2006; Chavez et al. 2008; Taylor et al.
2008; An et al. 2010). Moreover, TBC1D1 has been reported to increase the GLUT1
expression levels in adipocytes (Zhou et al. 2008) and mutations in the TBC1D1 gene are
linked with obesity (Stone et al. 2006; Chadt et al. 2008; Meyre et al. 2008).
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1.8 WNKI and signaling crosstalk in glucose metabolism

Mendes and colleagues (2010) showed that WNKZ1, although mainly linked to ion
transport regulation (see 1.6.5), also has a role in regulating the cell surface expression of
GLUTL1. WNK1 forms a protein complex with TBC1D4 in human embryonic Kidney
(HEK?293) cells and phosphorylates it in vitro. Phosphorylation by WNK1 was found to
increase the binding of TBC1D4 to regulatory 14-3-3 proteins and to reduce its interaction
with the exocytic small GTPase Rab8A. This novel pathway was able to modulate the

cell surface expression of GLUTL1 (Figure 1.6).

AKT is the most-studied regulatory protein kinase of TBC1D Rab-GAP proteins,
however, two additional protein kinases, WNK1 and SGK1 are also able to participate in
the regulation of TBC1D4 and thus may represent pathways to modulate the insulin
response. SGK1, upon activation by PI3K, was found to phosphorylate TBC1D4
increasing the cell surface expression of GLUT1 (Palmada et al. 2006). Also, the SGK1
phosphorylation upon TBC1D4 regulates the endocytosis of ENaC (Liang et al. 2010).

Besides sharing TBC1D4 as a common substrate, the three protein kinases AKT,
SGK1 and WNK1 were found to share functional interactions. AKT and SGK1 can
phosphorylate WNKZ1 on Thr60 in IGF1-treated cells (Vitari et al. 2004; Xu et al. 2005b)
but the resulting phenotypic consequences remain unclear, because they did not affect
WNKT1 kinase activity or its cellular localization, probably influencing protein-protein
interactions (Vitari et al. 2004).

Moreover, AKT1 and SGK1 can phosphorylate WNK1 synergistically inhibiting
ROMK by promoting its endocytosis (Cheng and Huang 2011). On the other hand,
WNKTU interacts through its N-terminus with, but does not phosphorylate, SGK1 and acts
as a scaffold required for efficient SGK1 activation (Xu et al. 2005b; Heise et al. 2010).
These examples show an interplay between AKT, SGK and WNK kinases for which a
role in GLUT transporter regulation is not understood.
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Figure 1.6 Kinases regulating glucose uptake. Activation of insulin signaling stimulates PI3K and leads to
phosphorylation of AKT. Activated AKT inhibits GSK3p by phosphorylation on Ser9. GSK3p inactivation allows
glycogen synthase (GS) dephosphorylation and activation, leading to glycogen synthesis. AKT, WNK1 and SGK1 all
phosphorylate the Rab-GAPs TBC1D1 and TBC1D4, inactivating them. TBC1D inhibit Rab-GTPases responsible for
vesicle trafficking and their inactivation allows activation of the Rab proteins, GLUT storage vesicle (GSV)
translocation and delivery of glucose transporters to the plasma membrane resulting in increased glucose uptake. An
alternative insulin-independent signaling pathway regulating glucose transporters is mediated through muscle

contraction and AMP-activated protein kinase (AMPK) activation.

1.9  Objectives
The work described in this thesis had the following objectives:

1) Determine the effect of WNK1 kinase in GLUT1 PM expression and function, and
determine specific phosphosites regulated by WNK1, AKT1 or SGK kinases;

2) Isolate and identify WNK1-interacting proteins

3) Validate hit proteins and determine their role in WNK1-mediated cellular effects
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Material and Methods

2.1  Invitro protein Kinase assays

For each condition of the kinase assays, 0.5 ug of the recombinant protein kinase
Flag/His-WNK1 (1111-0000-1), GST-AKT1 (0132-0000-1), GST-AKT2 (0276-0000-2),
GST-SGK1 (0199-0000-2) or GST-SGK3 (0198-0000-2) (all from ProQuinase) were
incubated in 20 uL Kkinase reaction buffer (30 mM Tris/HCI pH 7.5, 10% glycerol, 1 mM
DTT, 1 mM NasVOs, 10 mM MgClz, 100 uM ATP), mixed with their recombinant
substrate [0.5 pg of either rMyc-TBC1D1, rMyc-TBC1D4 (Origene Technologies) or
recombinant kinase-dead OSR1 (Mendes et al. 2011)], and incubated in the presence of
5 uCi -y32P ATP at 30°C for 30 min. Finally, 2x SDS sample buffer (100 mM Tris/HCI
pH 6.8, 10% glycerol, 4% SDS, 130 mM DTT, 0.5 mg bromophenol blue) was added,
samples boiled and separated by SDS-PAGE followed by Western blot (WB).
Membranes were exposed to X-ray films, and subsequently incubated with the indicated

antibodies in order to document protein quantities.

2.2  TBC1D phosphopeptide identification

The protein kinase assays were repeated under non-radioactive conditions and
samples prepared for mass spectrometric determination of the phosphorylation sites as
follows (collaboration with Rune Matthiesen, Ana Sofia Carvalho and the CIC bioGUNE

center in Derio, Spain).

In vitro phosphorylation of 0.5 pug recombinant substrate with 0.5 pg recombinant
kinase in duplicate standard 20 pL reactions for 1 h at 30°C. Then, 20 pl iodoacetamide
(IAA) for cysteine alkylation were added for 1 h at 21°C ( protected from light ), followed
by quenching of remaining IAA with 20 uL DTT for 15 min at 21°C. Duplicates were
incubated with either trypsin [cuts after arginin (R) or lysine (K)] or enteropeptidase (also
called enterokinase — cuts only after K) and digested overnight at 37°C. Digested peptides
were purified by retention on C12 hydrophobic reverse phase porous resin filled into
previously activated and washed small columns. Resin columns were then shipped to the
mass spectrometry (MS) center. Peptide separation was performed on a nanoACQUITY
UPLC System (Waters) on-line connected to an LTQ Orbitrap XL mass spectrometer
(Thermo Electron). An aliquot of each sample was loaded onto a Symmetry 300 C18
UPLC Trap column (180 um % 20 mm, 5 um, Waters).
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2.3 Cell culture, treatment and transfections

HEK293 (human embryonic kidney 293) cells, DLD-1 and SW480 colorectal
cells were maintained in Dulbecco’s modified minimal essential medium (DMEM), while
HT29 colorectal cells were cultured in RPMI (, all supplemented with 10% (v/v) of heat
inactivated fetal bovine serum (FBS) (all reagents from Gibco, Life Technologies). Cells
were maintained at 37°C with 5% CO., and regularly checked for absence of mycoplasm

infection.

For ectopic expression of plasmid cDNAs, HEK293 cells were transfected at 80-
90% confluence using Metafectene (Biontex) according to the manufacturer’s
instructions. Transfection efficiencies were found to be around 90%, as determined
microscopically using a GFP expression vector. Total amounts of transfected plasmid
DNA were kept constant at 6 pg per 60 mm dish or 2 pg per 35 mm dish and adjusted

with empty vector, if required. Cells were analyzed after 20 h for biochemical assays.

For gene silencing HEK293 at 30% confluence were transfected with 200 pmol of
small interfering RNA oligonucleotides (siRNAs) per 35 mm dish or 400 pmol per
60 mm dish using Metafectene. Cells transfected with siRNAs were analyzed after 48 h,
and the determination of target gene expression depletion was determined in each
experiment by removing a 40 pL aliquot from the cell lysate prepared for the
immunoprecipitation protocol (see below). All results were confirmed in at least three

independent experiments.

For gene silencing, HT29, DLD-1 and SW480 cells were used at 30%-40%
confluence and transfected with Lipofectamine 2000 (Invitrogen). Transfection of 24-
well plates or 35 mm dishes was performed with 100 pmol or 250 pmol respectively, of
the indicated siRNAs, using a ratio of 4 uL of Lipofectamine 2000 per 100 pmol of siRNA
in a solution of 100 or 250 pL of Optimem (Gibco, Life Technologies) and analyzed after
48 h.

For plasmid transfection, cells were grown in 24-well plates or 35 mm dishes to
60%-80% confluence or transfected 20 to 24 h after siRNA transfection. Cells were
transfected using Lipofectamine 2000 (Invitrogen), according to the manufacturer’s
instructions and analyzed 20—24 h later. Total amounts of transfected DNA were 0.75 pg
per well of 24-well plates, or 2.5 ug DNA for 35 mm dishes. If required, the amount of
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DNA was adjusted with empty vector. Plasmid transfection efficiencies were judged

microscopically by expression of GFP and reached 40%—60%.

For drug treatment assays, cells were seeded in 24- or 6-well plates and treated
with either vehicle (DMSO) or 500 uM of ibuprofen (IBU from Sigma-Aldrich), from a
100 mM stock solution prepared in DMSO.

The siRNA oligos were ordered from Eurofins Genomics with the following
sequences: control siLuc, 5'-CGU ACG CGG AAU ACU UCG ATT; siRACIB, 5'-CAG
UUG GAG AAA CGU ACG GTT; siSRPK1, 5'-UUA UUC AGC AAGUGU UACATT;
siWNK1: 5’-GCA GGA GUG UCU AGU UAU A. For AKT1, we used siAKT1 (sc-
29195) ordered from Santa Cruz Biotechnology.

2.4 Glucose uptake assays

Cells were treated as described and glucose uptake was measured using Glucose
Uptake-Glo™ Assay (Promega), according to the manufacturer’s instructions. Briefly,
this assay is a fluorescence-based method measuring the amount 2-deoxyglucose (2DG)
transported into cells for 10 min. 2DG is transported into cells and phosphorylated to
produce 2-deoxyglucose-6-phosphate (2DG6P). The addition of Stop Buffer stops 2DG
transport, lyses cells, destroys any NADPH within the cells and inactivates proteins. The
addition of Neutralization Buffer neutralizes the solution before addition of the 2DG6P
Detection Reagent. The glucose-6-phosphate dehydrogenase (G6PDH) within the reagent
oxidizes 2DG6P to 6-phosphodeoxygluconate (6PDG) and reduces NADP* to NADPH.
The reductase uses the NADPH to convert the proluciferin to luciferin, which is then used
by luciferase to produce light measured in the luminometer — Anthos Lucy-2 (ASYS
Hitech). The RLUs (relative light units) were then normalized to the total protein levels
measured by PCNA levels through WB.
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2.5 Expression constructs

TBC1D1 was amplified from pBluescript with the primers KpnTBD1-F and
KpnTBD1-R (Table 2.1), cloned into pCR2.1 TOPO-TA vector (Invitrogen) and
subcloned as a Kpnl fragment into expression plasmid pcDNAs-Myc. This construct will
be referred to as Myc-TBC1D1. To introduce the unphosphorylatable alanine (A) or
phosphomimetic aspartate (D) codons, the plasmid was mutated at codon 505 from ACA
to GCA or GCT to obtain Myc-TBC1D1 T505A/D and at codon 565 and from TCC to
GCC or GAC to obtain the constructs Myc-TBC1D1 S565A/D, using the QuickChange
Site-Directed Mutagenesis kit (Stratagene) according to the manufacturer’s instructions

and the primers listed in Table 2.1.

Several previously published constructs were used in this study. pCR3.1/AS160-
2myc (Peck et al. 2006) will be from now on referenced as Myc-TBC1D4. To introduce
the unphosphorylatable alanine (A) or phosphomimetic aspartate (D) codons, the plasmid
was mutated at codon 704 from TCT to GCT or GAT to obtain the constructs Myc-
TBC1D4 S704A/D, using the QuickChange Site-Directed Mutagenesis kit (Stratagene)
according to the manufacturer’s instructions and the primers listed in Table 2.1. pIRES2-
EGFP-SGK1 CA and KD, gifts from Florian Lang (University of Tubingen, Germany
(Feng et al. 2005), were amplified with Eco-SGK1-F and Kpn-SGK1-R (Table 2.1)
cloned into pCR2.1 TOPO-TA and subcloned as EcoRI/Kpnl fragments into pEGFP-C2
expression plasmids. Vectors pEGFP-AKT CA and KD were a gift from B. M. Burgering
(Utrecht University, The Netherlands) (Burgering and Coffer 1995), recloned as
Bglll/EcoRI fragments into pEGFP-C1 expression plasmids as described (Gongalves et
al. 2009). HA-GSK3p (S9A) pcDNAS3 was a gift from Jim Woodgett (University of
Toronto, Canada) (Addgene plasmid # 14754) (Stambolic and Woodgett 1994).

All constructs were verified by automated DNA sequencing.
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Table 2.1 — Table of the primers used for cloning and site directed mutagenesis.

Primer Sequence
pcDNA3-Myc KpnTBD1-F 5’ GGTACCGAACCAATAACATTCACAGCAA
TBC1D1

KpnTBD1-R 5’ GGT ACC TCA GTC GCC CGT GGG CT

MYC-TBC1D1 site
directed
mutagenesis

Thdl mut T505-A_F

5" GCAAAGAGATCTTTAGCAGAGTCTTTAG

Thdl mut T505-A_R

5" CTAAAGACTCTGCTAAAGATCTCTTTGC

Thdl mut T505-D_F

5" GCAAAGAGATCTTTAGCTGAGTCTTTAG

Thdl mut T505-D_R

5" CTAAAGACTCAGCTAAAGATCTCTTTGC

Thdl mut S565-A_F

5" CTTTAAGCTCCTCGGCGCCTCGGAGGAC

Thdl mut S565-A_R

5" GTCCTCCGAGGCGCCGAGGAGCTTAAAG

Thdl mut S565-D_F

5" CTTTAAGCTCCTCGGCGACTCGGAGGAC

Thdl mut S565-D_R

5" GTCCTCCGAGTCGCCGAGGAGCTTAAAG

MYC-TBC1D4 site
directed
mutagenesis

Thd4 mut S704-A_F

5" GTCTTCACACTTCCTTCGCTGCCCCTTCCTTCAC

Thd4 mut S704-A_R

5" GTGAAGGAAGGGGCAGCGAAGGAAGTGTGAAGAC

Thd4 mut S704-D_F

5 GTCTTCACACTTCCTTCGATGCCCCTTCCTTCACTG

Thd4 mut S704-D_R

5 CAGTGAAGGAAGGGGCATCGAAGGAAGTGTGAAGAC

pEGFP SGK1 CA /
KD

Eco-SGK1-F

5" GAATTC ACG GTG AAA ACT GAG GCT G

Kpn-SGK1-R

5" GGT ACC TCA GAG GAA AGA GTC CGT G)

2.6

Biotinylation of cell surface proteins

HEK?293 cells were first transfected with either siwNK21 or siLuc and incubated

for 24 h. In a second transfection, the Myc-TBC1D1/4 A mutants described above were

transfected into the control (siLuc) dishes, whereas the Myc-TBC1D1/4 D mutants into

the siWNKZ1 dishes. For all conditions, cells were placed on ice, washed three times with
ice cold PBS-CM (PBS pH 8.0 containing 1 mM CaClzand 1 mM MgClI») and left 5 min
in cold PBS-CM. Cells were then incubated for 45 min with 0.5 mg of EZ-Link Sulfo-
NHS-SS-Biotin (Santa Cruz Biotechnology) to label all cell surface proteins. Cells were
rinsed twice and left for 15 min on ice with ice-cold Tris-Q [100 mM Tris/HCI pH 8.0,
150 mM NaCl, 0.1 mM CaClz, 1 mM MgCl;, 10 mM glycine, 1% (w/v) BSA] to quench
the reaction. Cells were again washed three times with cold PBS-CM and lysed in 250 pL
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of pull-down buffer [50 mM Tris/HCI pH 7.5, 100 mM NaCl, 10% (v/v) glycerol, 1%
(v/v) NP40, supplemented with a protease inhibitor cocktail composed of 1 mM PMSF,
1 mM 1,10-phenanthroline, 1 mM EGTA, 10 uM E64, and 10 pg/mL of each aprotinin,
leupeptin, and pepstatin A (all from Sigma-Aldrich)]. Cell lysates were cleared at
9000x g for 5 min at 4°C. An aliquot of 40 uL, representing total protein levels, was
removed and added to 2x SDS modified sample buffer (62.5 mM Tris/HCI pH 6.8, 3%
SDS, 10% glycerol, 0.02% bromophenol blue, 196.4 mM DTT), while 200 pL lysate were
added to 15 pL of G-protein agarose beads (Roche), rotated for 1 h at 4°C and centrifuged
for 1 min at 3000x g, to perform a pre-clearing of the lysates. The pre-cleared lysates
were recovered, added to 20 pL streptavidin-agarose beads (Sigma-Aldrich), previously
incubated for 1 h in 1 mL cold pull-down buffer containing 2% (w/v) milk, and washed
three times in pull-down buffer. Lysate and beads were rotated for 1 h at 4°C, centrifuged
for 1 min at 3000x g, and washed five times in cold wash buffer (100 mM Tris/HCI pH
7.5, 300 mM NaCl, 1% (v/v) Triton X-100). Captured proteins were recovered in 20 uL
of 2x SDS modified sample buffer with 100 mM DTT and analyzed by WB with specific

antibodies, as described below.

2.7  Immunoprecipitation (IP) and mass spectrometry preparation

HEK?293 or HT29 cells were seeded and incubated for 48 h. For each condition
cells near 100% confluence in 100 mm culture dishes were placed on ice and washed
three times with ice cold PBS-CM (PBS pH 8.0 containing 1 mM CaCl; and 1 mM
MgCly). Except if otherwise referred, cells were then incubated with the crosslink solution
DSP+SPSP (1:1 0,2 mM; Thermo Scientific) for 2 h. To quench the reaction 50 mM
Tris/HCI pH 8.0 was added to the dishes and incubated for 15 min. In all IP procedures,
cells were again washed 3x with cold PBS-CM and lysed in 750 uL lysis buffer (50 mM
Tris/HCI pH 7.5, 2 mM MgClz, 100 mM NaCl, 10% (v/v) glycerol, 1% (v/v) NP40),
supplemented with a protease inhibitor cocktail composed of 1 mM PMSF, 1 mM 1,10-
phenanthroline, 1 mM EGTA, 10 uM E64, and 10 pg/mL of each aprotinin, leupeptin,
and pepstatin A (all from Sigma-Aldrich). Cell lysates were cleared at 3000x g for 5 min
at 4°C. To perform a pre-clearing of the lysates, the lysate was added to 45 pL
streptavidin-agarose beads (Sigma-Aldrich), rotated for 1 h at 4°C and centrifuged for 1
min at 3000x g. About 700 uL of the pre-cleared lysates were recovered and added to the

beads prepared as described in the following section (see 2.8) and rotated overnight at
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4°C. After incubation, the tubes were centrifuged for 1 min at 3000x g and washed 6x in
cold wash buffer [50 mM Tris/HCI pH 7.5, 2 mM MgCl,, 150 mM NaCl, 10% (v/v)
glycerol, 1% (v/v) NP40]. Captured proteins were recovered in 50 uL. 2x SDS modified
sample buffer with extra DTT (100 mM). For MS analysis captured proteins were
separated on 9% (w/v) 1.5 mm SDS-PAGE gels with 1% (v/v) glycerol and were run at
4°C for 1 cm. The obtained gel was silver-stained as described below (see 2.11) and the
entire stained area was excised as one sample and sent to nano-LC MS analysis using
SCIEX TripleTOF 6000 system ITQB institute, Oeiras, Portugal (UniMs). For validation

of MS results, co-immunoprecipitate samples were analyzed by WB as described in 2.9.

2.8 Beads preparation

60 pl of dry G-protein agarose beads (Roche) were incubated with 1.5 pg of sheep
anti-WNKZ1 antibody (Dundee University) diluted in PBS for 1 h at 4°C. Beads were
washed 3x with PBS and crosslinked to the antibody with 4% (v/v) formaldehyde in PBS
for 1 h at 4°C. After crosslink, beads were washed 3x with PBS and blocked with 2%
BSA in PBS solution rotating for 1 h at 4°C, washed 3x with PBS and added to the pre-

cleared lysate recovered (see 2.7).

2.9  Western blot (WB) procedures

Membrane protein lysates and IP lysates were separated on 9% (w/v) SDS-PAGE
with 1% (v/v) glycerol gels and were run at 4°C. Total lysates from depletion experiments
in HT29 cells were separated in 10 or 12% (w/v) SDS-PAGE gels. For detection of
specific proteins, SDS-PAGE gels were transferred onto PVDF membranes (Bio-Rad).
WB membranes were blocked in 5% (w/v) milk powder in TBS with 0.1% (v/v) Triton
X-100 and probed using the indicated primary antibodies (Table 2.2) followed by a
secondary peroxidase-conjugated antibody. For densitometric analysis of WB bands, X-
rays films were digitalized, and images analyzed with ImageJ software (NIH).
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Table 2.2 — Table of the used antibodies.

Primary antibody

Clone/Catalog
Number

Brand/Supplier

Secondary antibody

mouse a-p21

C-19; sc-397

Santa Cruz Biotechnology

mouse o-PTBP1

SH54; sc-56701

Santa Cruz Biotechnology

mouse a-Shc

PG-797; sc-967

Santa Cruz Biotechnology

mouse a-Ezrin 610602 BD Transduction Laboratories
mouse a-HIS 37-2900 Invitrogen

mouse a-MYC 9E10; M5546 Sigma-Aldrich

mouse a-NCK 108; 610099 BD Transduction Laboratories
mouse a-PCNA PC10; NAO3 MerckBiosciences

mouse a-RAC1

23A8; #05-389

Millipore

Goat a-mouse 1gG
horseradish peroxidase
(HRP) conjugate (Bio-Rad)

rabbit a-pan 14-3-3

(K-19); sc-629

Santa Cruz Biotechnology

rabbit a-PARP

#9542

Cell Signaling

rabbit a-RAC1B

#09-271

Millipore

rabbit a-ZO-1

H-300; sc-10804

Santa Cruz Biotechnology

mouse a-SRPK1 12; 611072 BD Transduction Laboratories

mouse 0-SRSF1 96; sc-33652 Santa Cruz Biotechnology

mouse o-Transferrin H68.4; #13-6800 | Invitrogen

mouse a-Tubulin B-5-1-2; T5168 Sigma-Aldrich

mouse o-B-catenin 14; 610154 BD Transduction Laboratories

rabbit a-Cyclin-D1 M20; sc-718 Santa Cruz Biotechnology

rabbit a-GLUT1 ab652 Abcam

rabbit a-GSK3p 27C10; #9315 Cell Signaling

rabbir a-GFP ab290 Abcam

rabbit a-GST AB3282 Chemicon " Oggf;d"i‘;rhaggirg)'g?as .
rabbit a-HA H6908 Sigma-Aldrich (HRP) conjugate (Bio-Rad)
rabbit a-Ki67 sc-15402 Santa Cruz Biotechnology

rabbit a-AKT #9272 Cell Signaling

rabbit a-p-GSK3p (S9) D3A4; #9322 Cell Signaling
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Primary antibody | Clone/Catalog Brand/Supplier Secondary antibody
Number
sheep a-p-TBC1D4 Dundee University
(T642) Rabbit o-sheep 1gG HRP
Conjugate (Invitrogen)
sheep a-WNK1 S062B Dundee University

2.10 Bioinformatic analysis of MS data

Qualitative nanoLC MS/MS analysis of IP samples generated a set of data in
which each MS spectra protein hit was characterized by a protein confidence score (PCS)
given by the SCIEX proprietary ProteinPilot™ Software. For PCS>1.3, the confidence in
the identification of that particular peptide is equal or higher than 95%. Given that all the
experiments were performed in triplicate, we created an algorithm to generate a combined
confidence score (CCS), producing five additional integrated confidence levels for the
proteins detected among the different replicates: level 5 are proteins detected with PCS >
1.3 in more than one replicate and not in the controls; level 4 are proteins detected in one
replicate with an PCS > 1.3 and not in the controls; level 3 are proteins detected in more
replicates than in controls, and with an average PCS higher than their respective the
controls; level 2 are proteins detected in more replicates than in controls, and with an
average PCS lower than their respective the controls; and level 1 are proteins detected in
the same number of replicates and controls, with a replicate average PCS higher than the
corresponding controls. Additionally, distance to WNK (d2WNK) was calculated for
candidate proteins by the search in public databases for described interactions with
WNK1.

Gene ontology-based functional annotation analysis of hit proteins was performed
using DAVID (Database for Annotation, Visualization and Integrated Discovery at
“https://david.ncifcrf.gov/”).

2.11 Silver staining of SDS-PAGE gels

SDS-PAGE gels intended for MS analysis were silver stained as described (Mortz
etal. 2001). Gels were transferred to a glass tray and fixed for 1 h at room temperature in
fixer solution [40% ethanol, 10% acetic acid (glacial), 50% ddH20], and washed
overnight in ddH20O. Gels were sensitized in 0.02% sodium thiosulfate (0.04 g Na2S.03,
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200 mL ddH0) for 1 min and washed tree times with ddH.O. Gels were then incubated
in cold 0.1% silver nitrate solution (0.2 g AgNOs3, 200 mL ddH20, 0.02% formaldehyde)
for 20 min and washed twice with ddH20. Gels were transferred to a new tray and washed
for 1 min before developing in 3% sodium carbonate solution (7.5 g Na2COs in 250 mL
ddH.0, 0.05% formaldehyde) until distinct bands were visible. After ddH>O washing,
staining was completed in 5% acetic acid (glacial) for 5 min and gels were stored at 4°C

in 1% acetic acid (glacial) until MS analysis.

2.12 Confocal immunofluorescence microscopy

Cells were grown on 10 mm glass coverslips, transfected, and incubated as
indicated above, then washed twice in PBS, immediately fixed with 4% (v/v)
formaldehyde in PBS for 20 min at room temperature, and subsequently permeabilized
with 0.5% (v/v) Triton X-100 in PBS for 30 min at room temperature. Cells were then
labeled for 60 min with either mouse a-SRPK1 antibody (1:500) or mouse a-SRSF1
(1:100), combined with rabbit a-HA (1:250) for HA-EV/HA-GSK3p (S9A) transfected
cells, washed 3% in PBS-T (PBS + 0.01% Tween) for 5 min with gentle shaking, followed
by 30 min incubation with a 1:250 dilution of mouse Alexa Fluor 488 and rabbit Alexa
Fluor 546 (both from Invitrogen). Coverslips were washed 3x in PBS, briefly stained with
1.25 pg/mL DAPI (Sigma-Aldrich), washed again, post-fixed with 4% (v/v)
formaldehyde in PBS for 10 min at room temperature and then mounted in VectaShield
(Vector Laboratories) and sealed with nail polish. Images were recorded with the 405 nm,
488 nm, and 546 nm laser lines of a Leica TCS-SPE confocal microscope and processed

with Adobe Photoshop software.

2.13 ROI analysis

A region of interest (ROI) was analyzed along optical sections across several cells
crossing nucleus and cytoplasm in the confocal microscopy images. The section was
analyzed by pixel intensity measurement of the three fluorescent signals (green:
SRSF1/SRPK1; blue: nucleus; red: HA) with ImageJ software (NIH).
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2.14 Statistical analysis

Data were analyzed using Student’s t-tests, with P < 0.05 accepted as the statistical
significance level. Shown data reflect the mean + SEM from at least three independent

experiments.
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3.1  WNK1 modulates glucose uptake in HEK293 cells

WNKT1 regulates the retention or insertion of various transmembrane transporter
proteins at the PM and this can involve different downstream effector mechanisms
(Hadchouel et al. 2016). Mendes et al. (2010) described a role for WNK1 in regulating
glucose transporter GLUT1 (SLC2AL gene) expression at the PM in HEK293 cells. The
mechanism occurs through WNKZ1-mediated phosphorylation of TBC1D4, a Rab
GTPase-activating protein (Rab-GAP) that is also involved in insulin-regulated
exocytosis of glucose transporter GLUT4. WNKZ1 expression promoted GLUT1 surface

expression while depletion of WNK1 led to a decrease in PM expression of GLUT1.

In order to determine whether the expression of GLUT1 at the PM would indeed
lead to an increase in glucose uptake, we used siRNA-mediated depletion of WNKZ1 in
HEK?293 cells followed by a glucose uptake assay. Cells were transfected with sSiWNK1
and incubated for 48 h, after which the glucose uptake was measured using Glucose
Uptake-Glo™ Assay (Promega). The efficiency of depletion was confirmed by WB
(Figure 3.1A) and determined to be around 80% (Figure 3.1B). Considering the glucose
uptake, we experimentally determined a significant reduction of 40% (Figure 3.1C) in
glucose uptake levels associated with the depletion of WNK1 in HEK293 cells. Thus, we
were able to confirm that WNKL1 expression affects glucose uptake, consistent with

previous results for GLUT1 PM expression.
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Figure 3.1 — WNK1 modulates glucose uptake in HEK293 cells. Cells were transfected with either siLuc (control)
or siWNK1 and incubated for 48 h. (A-B) Analysis and quantification of WNK1 depletion. Part of the lysate was
denatured, separated by SDS-PAGE and transferred to PVDF blotting membranes. Membranes were then analyzed by
WB and WNK1 depletion and total protein amount were determined using anti-WNKZ1 and anti-PCNA antibodies
(loading control). (C) Quantification of glucose uptake levels. The glucose uptake assay was performed using the
Glucose Uptake-Glo™ Assay (Promega) following the manufacturer’s instructions and glucose values determined by

relative light units (RLUs) normalized to total protein values. Normalization to total protein was performed through
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analysis of relative intensities of PCNA bands using ImageJ (NIH). All shown data represent means + SEM, **P <
0.01.

3.2 ldentification of regulatory protein Kinases involved in the phosphorylation
of TBC1D proteins in vitro - WNK1, AKT1, AKT2, SGK1 and SGK3

Phosphorylation of either the TBC1D1 or TBC1D4 homologs is a key regulatory
step in the kinase cascades leading to changes in glucose uptake (Sakamoto and Holman
2008; Zaid et al. 2008). AKT was the first protein kinase described to phosphorylate the
Rab-GAPs TBC1D1 and TBC1D4 in response to insulin stimulation (Kane et al. 2002;
Zaid et al. 2008). The resulting phosphorylated TBC1D proteins are inactivated, allowing
the translocation of GLUT to the PM (Eguez et al. 2005). Nonetheless, multiple kinases
were reported to phosphorylate TBC1D proteins, indicating a complex network of
regulator kinases in this process, including SGK1 (Palmada et al. 2006) and WNK1,
previously described by the host lab (Mendes et al. 2010).

We selected the kinases WNK1, AKT1, AKT2, SGK1 and SGK3 and compared
their capability to phosphorylate the Rab-GAP proteins TBC1D1 and TBC1D4 in in vitro
protein kinase assays. Each recombinant kinase was incubated in the presence of y32P-
ATP alone, or together with purified human Myc-tagged TBC1D1 or TBC1D4. The
kinase assay was followed by electrophoretic protein separation and transfer to PVDF
membranes. Posterior WB analysis of the radioactive membranes were performed to

confirm protein quantities in the different assays.

As shown in Figure 3.2A and B, both AKT kinases autophosphorylated and
phosphorylated TBC1D1 and TBC1D4. The results also indicated that both TBC1D
proteins were not radioactively labelled in the presence of y32P-ATP alone. For specific
validation of AKT1 activity a phospho-specific antibody for TBC1D4 threonine 642 (Thr
642) was used, one of the first phosphosites described for AKT phosphorylation of
TBC1D4 (Kane et al. 2002). Using this antibody, we were able to confirm that the in vitro
kinase assay reproduced the specific phosphorylation of TBC1D4 by AKT1 at an already
described phosphosite (Figure 3.2A).

For the in vitro WNKT1 kinase assay (Figure 3.2C), recombinant OSR1 (oxidative
stress-responsive kinase 1) was included as a well-known positive control (Zagérska et

al. 2007). Again, we were able to observe autophosphorylation of the FLAG/HIS-tagged
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WNKI in the presence of y32P-ATP alone and phosphorylation of both TBC1D proteins

in vitro.

Based on the previously described role of SGK1 in regulating GLUT translocation
to the PM (Palmada et al. 2006), we tested GST-SGK1 and GST-SGK3 for their ability
to phosphorylate TBC1Ds in vitro. As shown in Figure 3.2D both isoforms of SGK
autophosphorylated and phosphorylated TBC1D1 and TBC1D4 in vitro.

A B
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rMyc-TBC1D4 > rMyc-TBC1D4 > -—
rMyc-TBC1D1 > - rMyc-TBC1D1 > -
Kinase |
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o
GST-AKT1 + | + + - - GST-AKT2 + + | + - -
rMyc-TBC1D4 S I I R rMyc-TBC1D4 NN E
rMyc-TBC1D1 - + - + - rMyc-TBC1D1 - + - +
Myc-TBC1D4 Myc-TBC1D4 >
:Mzimmmj — - - W o-Myc Myc-TBC1D1 > - " am = | -Myc
GST-AKTL - | s i a-GST GST-AKT2 = | S - - a-GST
(Thr642)
C D
rMyc-TBC1D4 - o
rMyc-TBC1D1 - - rMyc-TBC1D4 >
rMyc-TBC1ID1 >
. GST-SGK3 >
Kinase _J HIS-OSRT > aa GST-SGK1 >
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Figure 3.2 - WNK1, AKT1, AKT2, SGK1 and SGK3 phosphorylate TBC1D1 and TBC1D4 in vitro. (A-B) AKT1
and AKT2 kinase assays. (C) WNKZ1 kinase assay. (D) SGK1 and SGK3 kinase assays. Recombinant tagged kinases
were incubated in kinase buffer containing y32P-ATP, for 30 min at 30°C, alone or with the indicated Myc-tagged
recombinant TBC1D1 and TBC1D4 substrates. For the WNKZ1 kinase assay, recombinant OSR1 (HIS-OSR1), a

45



Results

previously described physiological substrate (Zagérska et al. 2007), was used as a positive control. After incubation
with the radiolabeled ATP, the samples were separated by SDS-PAGE and transferred to PVDF blotting membranes.
Incorporated radioactive y32P-phosphate was detected by exposing the membranes for 8 or 24 h to X-ray films (Kinase
assay). Subsequently, the amounts of recombinant proteins were documented by WB using anti-GST, anti-Myc and
anti-HIS, and then reprobed with anti-p-TBC1D4(Thr642) for the WNK1 assay. Note that all studied kinases
autophosphorylate and phosphorylated the substrates TBC1D1 and TBC1D4, whereas the Rab-GAPs alone did not
autophosphorylate.

3.3  Determination of the specific phosphosites of each kinase in TBC1D1 and
TBC1D4

Having established the in vitro phosphorylation of both TBC1D1 and TBC1D4
proteins by the above studied kinases, we next determined the specific phosphorylated
residues in either of these Rab-GAPs. For AKT, several sites of phosphorylation of these
TBC1Ds were already known (Kane et al. 2002; Kramer et al. 2006; Zaid et al. 2008),
however the less studied kinases WNK1, SGK1 and SGK3 could act either on the same
or on unigue phosphosites. Phosphorylation sites were determined by mass spectrometry
(MS) of the kinase assays (see 3.2) repeated under non-radioactive conditions (see
materials and methods) and the obtained results are summarized in the following tables.

Table 3.1 — Summary table of the in vitro phosphorylation sites in human TBC1D1 obtained through MS analysis of
the in vitro kinase assays (S = serine; T = threonine)

Human TBC1D1 identified phosphosites

AKT1 S237 S585 T596
WNK1 S237 S565 S585

SGK1 S237 T505 T596
SGK3 T596
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Table 3.2 — Summary table of the in vitro phosphorylation sites in human TBC1D4 obtained through MS analysis of
the in vitro kinase assays.

Human TBC1D4 identified phosphosites

AKT1 T568 S588 S609 S725 | S750 | T752
WNK1 S588 S704
SGK1 S588 S673 S704 T752
SGK3 T568 S588 S704

The data shown in Tables 3.1 and 3.2 presents some already identified
phosphosites for AKT1, such as serine 237 (S237) and threonine 596 (T596) from
TBC1D1 (Cheng et al. 2014), and serine 588 (S588) from TBC1D4 (Kane et al. 2002).
However, threonine 642, which is a known AKT-specific TBC1D4 phosphosite that we
detected by WB in Figure 3.2 was not identified. Interestingly, two new TBC1D1
phosphosites were identified: threonine 505 (T505) as a SGK1-specific phosphosite, and
serine 565 (S565) as a WNK1-specific phosphosite (Table 3.1). In the case of TBC1D4
(Table 3.2), we were able to identify serine 704 (S704) as a new non-AKT regulated
phosphosite, which can be phosphorylated by kinases WNK1, SGK1 and SGKaS.
Additional new unique phosphosites were identified: serine 609 (S609) and serine 725
(S725), both specifically phosphorylated by AKT1, and serine 673 (S673) only
phosphorylated by SGK1.

In order to study unique and previously unrecognized phosphosites for their
relevance in the activity of these Rab-GAPs, we selected for further studies threonine 505
(T505) and serine 565 (S565) in TBC1D1, and serine 704 (S704) in TBC1DA4.
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3.4  Study of SGK1-specific phosphosite Thr505 in TBC1D1 as a GLUT1 PM

expression modulator

The specific SGK1 phosphorylated TBC1D1 residue Thr505 was mutated by site-
directed mutagenesis into a phosphomimetic aspartate (D) or an unphosphorylatable
alanine (A) residue. The resulting constructs were transfected into HEK293 cells and the
cell surface proteins labelled by biotinylation. Cells were lysed and the amount of GLUT1
present in whole-cell lysates or at the PM quantified by WB.

The constructs were transfected as depicted in Figure 3.3 and neither the
unphosphorylatable TBC1D1 mutant (T505A) nor the phosphomimetic mutant T505D
did not cause any significant change in the expression of GLUT1 at PM. According to
these results, although TBC1D1 Thr505 residue is specifically phosphorylated in vitro by
SGK1 in kinase assays (as demonstrated in 3.2 and 3.3), does not seem to play a role in
GLUTL1 PM regulation.

Considering that SGK1 was described to regulate GLUT1 by Palmada and
colleagues (2006), we complemented these studies by testing the effect of a constitutively
active (SGK1 CA) and kinase-dead (SGK1 KD) mutants of this kinase. The results
depicted in Figure 3.3 revealed that SGK1 KD did not cause a decrease in the amount of
GLUT1 present at PM, however, the constitutively active mutant of SGK1 caused an
increase in GLUT1. The results confirm published data that SGK1 plays a role in GLUT1
PM expression. The fact that expression of the kinase-dead mutant did not cause any
decrease in PM GLUT1 expression suggests a compensation by other kinases when SGK1
IS inactive and unable to phosphorylate the TBC1Ds. For comparison, we also used
kinase-dead and constitutively active mutants of AKT1, since AKT is the main regulator
of these TBC1Ds (Kane et al. 2002; Sano et al. 2003). As expected, both mutants of AKT
modulated the expression of GLUT1: AKT KD led to a decrease in GLUT1 PM
expression, whereas constitutively active AKT promoted the PM localization.
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Figure 3.3 — Evaluation of SGK1-specific phosphosite Thr505
in TBC1D1 as a regulator of GLUT1 PM expression. (A)
Effect of Thr505 phosphorylation in GLUT1 PM expression.
HEK293 cells were transfected with empty-vector (EV — control),
TBC1D1 T505A (non-phosphorylatable mutant), kinase-dead
SKG1 (SGK1 KD) or SGK1 KD and TBC1D1 T505D
(phosphomimetic mutant) constructs. After 48 h, cell surface
proteins were biotinylated, cells were lysed and proteins analyzed
by SDS-PAGE and WB. Proteins were detected with the
indicated antibodies in the whole-cell lysates (WCL) or in the
biotinylated protein fraction (Surface). The PCNA protein served
as a loading and contamination control, respectively. Transferrin
receptor (TfR) was used as a control of surface proteins The
control of the assay, in which cells were not incubated with biotin
is designated (w/o Biotin). (B) Corresponding quantification of
GLUTL1 detection in the biotinylated cell surface fraction,
obtained from at least three independent experiments. Data is
shown as fold change relative to EV (control). All shown data
represent means + SEM. (C) Validation of SGK1 as GLUT1 PM
expression regulator. HEK 293 cells were transfected with the
constructs EV (control), SGK1 CA, SGK1 KD, AKT CA, AKT
KD. After 48 h, cell surface proteins were biotinylated, cells were
lysed and proteins analyzed by SDS-PAGE and WB. Proteins
were detected with the indicated antibodies in the whole-cell
lysates (WCL) or in the biotinylated protein fraction (Surface).
The nuclear SRSF1 and cytoplasmic RAC1 proteins served as

contamination controls.
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3.5  Validation of the WNKI1-regulated phosphosites as modulators of PM
expression of GLUT1

Following identification of the WNKZ1-specific phosphosites TBC1D1-Ser565
and TBC1D4-Ser704, site-directed mutagenesis was used to introduce the respective
phosphomimetic aspartate (D) or unphosphorylatable alanine (A) codons. As described
above, constructs were transfected into HEK293 cells, followed by biotinylation of cell
surface proteins and WB. The mutants for both residues were analyzed under the
following conditions: unphosphorylatable mutant (A) alone (expected to decrease the
amount of PM GLUT1 expression), WNKZ1 depletion (positive control for decreased PM
GLUTL1 expression, see Figure 3.1), and double transfection with siWwNK1 and the
phosphomimetic mutant (expected to rescue the loss PM GLUTL1 expression induced by
WNK1 depletion alone).

3.5.1 Validation of the TBC1D1 Ser565 phosphosite

When HEK?293 cells were transfected with a non-phosphorylatable TBC1D1
mutant S565A, a decrease in GLUT1 PM expression was observed (Figure 3.4). This
effect was comparable to the one caused by the depletion of WNKZ1, used as a positive
control. Importantly, the inhibitory effect of sSiWNK1 on GLUT1 PM expression was
abrogated by the transfection of the phosphomimetic mutant TBC1D1 S565D. Thus,
TBC1D1 Ser565 was clearly identified as an important phosphosite in the regulation of
this Rab-GAP protein and in the consequent GLUT1 PM expression regulation.
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Figure 3.4 — Validation of WNKZ1 phosphosite Ser565 in TBC1D1 as a regulator of GLUT1 PM expression. HEK
293 cells were transfected with siLuc and empty-vector (EV) as control, siLuc and TBC1D1 S565A (non-
phosphorylatable mutant), sSiwNK1 and EV or siWNK1 and TBC1D1 S565D (phosphomimetic mutant). After 48 h,
cell surface proteins were biotinylated, cells were lysed and proteins analyzed by SDS-PAGE and WB. (A) Detection
of the indicated proteins in the whole-cell lysates (WCL) or in the biotinylated protein fraction (Surface). The control
of the assay, in which cells were not incubated with biotin is designated (w/o biotin). The PCNA protein served as a
loading and contamination control, respectively. Transferrin receptor (TfR) was used as a surface protein control. (B)
Corresponding quantification of GLUT1 detection in the biotinylated cell surface fraction, obtained from at least three
independent experiments. Data is shown as fold change relative to siLuc + EV (control). All shown data represent
means + SEM * P < 0.05 compared to control.

3.5.2 Validation of the TBC1D4 Ser704 phosphosite

Under the same experimental conditions as above, TBC1D4 Ser704 mutants were
transfected. As shown in Figure 3.5 the S704A (non-phosphorylatable) mutant decreased
PM GLUT1 expression, whereas the phosphomimetic mutant TBC1D4 S704D was able
to counteract the effect of WNKZ1 depletion by restoring and even increasing the levels of
GLUT1 at the PM. Therefore, TBC1D4 Ser704 was also validated as a relevant
phosphosite of this Rab-GAP, playing a role in regulation of GLUT1 PM expression
levels.
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Figure 3.5 — Validation of WNKZ1 phosphosite Ser704 in TBC1D4 as a regulator of GLUT1 PM expression. HEK
293 cells were transfected with the constructs siLuc and empty-vector (EV — control), siLuc and TBC1D4 S704A (non-
phosphorylatable mutant), siWNK1 and EV or siwNK1 and TBC1D4 S704D (phosphomimetic mutant). After the
treatments described above, cell surface proteins were biotinylated, cells were lysed and proteins analyzed by SDS-
PAGE and WB. (A) Detection of the indicated proteins in the whole-cell lysates (WCL) or in the biotinylated protein
fraction (Surface). Note the successful downregulation of WNKZ1 expression. The lysate corresponding to without
biotin (w/o Biotin) is a control of the assay, in which cells were not incubated with biotin. The PCNA protein served
as a loading and contamination control, respectively. Transferrin receptor (TfR) was used as a control of surface
proteins. (B) Corresponding quantification of GLUT1 detection in the biotinylated cell surface fraction, obtained from
at least three independent experiments. Data is shown as fold change relative to siLuc (control). All shown data

represent means = SEM, * P < 0.05 compared to control.

3.6 Determination of WNK1 interactome

Following the validation of WNKZ1 as a modulator of GLUTL1 localization by
phosphorylation of TBC1Ds, we set-out to identify WNKZ1-interacting proteins which
participate in this process. To do so, we isolated the WNKZ1 interactome by co-
immunoprecipitation in the presence of crosslinkers in order to stabilize proteins
associated with WNKZ1. For this, HEK293 cells were incubated with DSP (short spacer)
and SPDP (long spacer), lysed and incubated with a specific antibody against WNK1
previously crosslinked to agarose beads (see Material and Methods). The recovered

proteins were first analyzed by SDS-PAGE followed by MS-compatible silver staining
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(Mortz et al. 2001). Noticeably, a particular band profile was observed for each condition.
These profiles were reproducible between experimental replicates (Figure 3.6) and
therefore, the whole samples from each of the three individual assays were run in gels for

1 cm, excised as one gel slice and then sent to MS analysis.

Gel 1 control samples Gel 2 IP samples

Figure 3.6 — Protein patterns detected in WNKZ1 co-immunoprecipitation. Band profiles of the WNK1 co-
precipitates from each experimental condition from three different assays. HEK293 cells were crosslinked with DSP
and SPDP lysed and WNK1 was specifically pulled-down with anti-WNK1 antibody crosslinked to agarose beads with
PFA 4%. Pulled-down lysates were de-crosslinked with 100 mM DTT, separated on a 9% (w/v) SDS-PAGE gel, and
silver stained before sending for MS analysis. Left panel: Control samples. Right panel: Co-immunoprecipitation (IP)

samples.

3.7  Bioinformatic analysis of MS data highlighted candidate interactors

Qualitative nanoLC MS/MS analysis of our samples generated a set of data in
which each MS spectra protein hit was characterized by a protein confidence score (PCS)
given by the SCIEX proprietary ProteinPilot™ Software. For PCS >1.3, the confidence
in the identification of that particular peptide is equal or higher than 95%. Given that all
the experiments were performed in triplicate, we created an algorithm to generate a
combined confidence score (CCS), producing five additional integrated confidence levels
for the proteins detected among the different replicates: level 5 are proteins detected with
PCS > 1.3 in more than one replicate and not in the controls; level 4 are proteins detected
in one replicate with an PCS > 1.3 and not in the controls; level 3 are proteins detected in
more replicates than in controls, and with an average PCS higher than their respective
controls; level 2 are proteins detected in more replicates than in controls, and with an
average PCS lower than their respective controls; and level 1 are proteins detected in the
same number of replicates and controls, with a replicate average PCS higher than the
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corresponding controls. Altogether, we found 825 WNKZ1 putative interactors (Figure
3.7A), which were sorted through CCS and resulted in 391 proteins with a CCS of 5, 15
of those proteins had already protein-protein interactions described in public databases
(Figure 3.7C), 262 were considered to be CCS level 4, 130 protein in CCS level 3, 18 in
level 2 and 24 in the lowest confidence level 1 (Figure 3.7B) (see also Supplemental
Table).

Gene ontology (GO)-based functional annotation analysis of these 825 hit proteins
using DAVID (Database for Annotation, Visualization and Integrated Discovery at
https://david.ncifcrf.gov/) revealed 155 annotation clusters and the top three GO-term
clusters were cell adhesion, ribosomal protein and splicing/mRNA processing. Although
we were interested in hits related with glucose metabolism, the first cluster related with
this function was in position 46, associated with low significance of the hits. Considering
that the low confidence proteins included in this analysis could introduce a bias, we
performed a second analysis restricted to the 391 proteins classified with CCS level 5.
The functional clustering revealed that cell adhesion and splicing/mRNA processing were
maintained as the first and third clusters, respectively. Moreover, this analysis removed
the ribosome related proteins from the second position of relevant clustering groups,
which was substituted by actin-binding proteins, suggesting that ribosomal proteins were
mainly associated with low CCS and thus were not further considered in this study. Again,
the glucose metabolism-related proteins represented the 54" cluster with no significant
hit proteins from the corrected Benjamini adjusted p-value (P < 0,05). Hence, we started
by analyzing hit proteins from the top three clustering groups cell adhesion, actin binding
and splicing/mRNA processing, selecting targets for which suitable commercial

antibodies were available.
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Figure 3.7 — Proteins detected in WNK1 interactome (A) Graph representing the number of WNK1 interactors
detected by Qualitative nanoLC MS/MS analysis. (B) Graph representing the distribution of WNKZ1 interactors detected
by combined confidence score (CCS). (C) Graph representing the number of WNK1 interactors detected with a high
confidence score (CCS=5) and the number of already described protein-protein interactions in public databases.

3.8  Validation of candidate WNKZ1-interacting proteins

To proceed with the validation of putative WNKZ1 interactors, we selected proteins
from the target list associated with the top three clustering groups cell adhesion, actin
binding and splicing/mRNA processing (Table 3.3). To assess the robustness of the
interaction between WNK1 and the selected targets, we prepared a pool of
immunoprecipitated WNK1 and used specific antibodies to detect the target proteins by
WB (Figure 3.8).
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Table 3.3 — Summary table of the tested candidate proteins and obtained bioinformatic CCS of MS identified
WNKTU interactors. UNIPROT is the accession number in the UniProt database (https://www.uniprot.org); name of
the identified protein; cscore is the PCS in the control triplicates if applicable; tscore is the PCS of the IP triplicates if
applicable; CCS is the confidence level conferred by the bioinformatic analysis described above (see 3.7); d2wnk is

the calculated distance to WNKZ1 from protein-protein interactions described in public databases. Bioinformatic

analysis performed by Francisco Pinto Faculty of Sciences, University of Lisbon.

UNIPROT | NAME § % 2 g
8 2 O S

QOHA4A3 \S/mr}f{t?xﬁln}iae)'prowi” kinase 4379141742293 | 5

P63104 (1\‘;\/‘?’/3 Aprzo)tem zeta/delta 10.77]15.49[1005 5

P62258 14-3-3 protein épsilon (YWHAE) 8.2/9.94/14.11 5

P27348 14-3-3 protein theta (YWHAQ) 6.36/10.27|8 5

P35222 Catenin beta-1 (CTNNB1) 5.67]2.17 5

P31946 14-3-3 protein beta/alfa (YWHAB) 2.01/6/8.28 5

Q07157 Tight junction protein ZO-1 (TJP1) 34.83|10.84 5

P15311 Ezrin (EZR) 14.67|2.94)2.9 5

P26599 gf(:%;ﬁzril”z:ﬂ%ept{)m’bi“di“g 7.33/10.19/8.89 5

P12004 (PFEc():IIi\T%ating cell nuclear antigen 4.17(7.93 5

poony bt 3 et ‘

29353 FF)%rlz}[/(;‘liEans(ESI?_|?:I1|)C:-transforming 159 4

Q96SB4 SRSF protein kinase 1 (SRPK1) 2 4

Q07955 Serine/arginine-rich splicing factor 8.42 1.97.79[5.14 5

1 (SRSF1)
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Figure 3.8 — Validation of hit proteins interacting with WNK1 in HEK293 cells. WB analysis of proteins co-
immunoprecipitating with WNK1. HEK293 cells were seeded and after 48 h were incubated with a solution of the
crosslinkers DSP (short spacer) and SPDP (long spacer) for 2 h in order to bind the network of proteins interacting with
each other. After crosslink, WNK1 was immunoprecipitated with anti-WNK1 antibody crosslinked to agarose beads
with PFA 4%. Pulled-down lysates were de-crosslinked with 100 mM DTT, separated on a 9% (w/v) SDS-PAGE gel
and transferred to PVDF membranes followed by WB with the indicated antibodies. Note that GSK3p, SRPK1 and
SRSF1 co-immunoprecipitated with WNK1 suggesting an interaction between these proteins in HEK293 cells. INPUT:

whole-cell lysates; IP: Immunoprecipitation; Ctrl: without antibody.

According to the availability of specific antibodies we tested ZO-1 (Q07157) and
[B-catenin (P35222) from the cell adhesion cluster, ezrin (P15311), RAC1 (P63000) and
SHC1 (P29353) from the actin binding group. Furthermore, we tested 14-3-3 proteins
identified in multiple isoforms in the MS analysis (P63104, P62258, P27348 and
P31946), which were described in one report to interact directly with WNKZ1 (Jin et al.
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2004). In this case, a pan-14-3-3 antibody was used. Also, we used PCNA (P12004), a
general signaling protein identified in the MS but not related to the selected clusters. None
of the above-mentioned candidate proteins co-immunoprecipitated with WNK1 in
HEK?293 cells in the conditions tested. The fact that we have used crosslinking agents to
stabilize the interactions of all the proteins with short and long spacers might have
interfered with some interactions, this can explain why we did not identify previously
described WNKT1 interactors such as 14-3-3. Moreover, we used two proteins as negative
controls, NCK (P16333) and tubulin (Q71U36), proteins that were not identified by MS.

As expected, the proteins NCK and tubulin were not detected in the co-IP.

Considering the mRNA processing-related proteins, we tested SRPK1 (Q96SB4),
SRSF1 (Q07955) and PTBP1 (P26599). Moreover, we decided to include as a positive
control, the glycogen synthase kinase-3 beta (GSK3p) protein (P49841), an already
described interactor of WNK1 (Sato and Shibuya 2018) that is related with both
metabolism and mMRNA processing (Gongalves et al. 2014). As we can perceive in Figure
3.8, we confirmed that GSK3f, SRPK1 and SRSF1 co-immunoprecipitated with WNK1,
in HEK293 cells.

3.9  Validation of a role for WNKL in cell viability and proliferation of colon

cancer cells

Together, the three WNK1-validated interactors, GSK3f, SRPK1 and SRSF1 are
at first sight not related with glucose metabolism. However, these mMRNA processing
related proteins are profusely studied in the host lab and are known to be involved in the
regulation of the expression of the splicing variant RAC1B that is required for survival
and cell cycle progression in some colorectal cancer (CRC) cells (Matos and Jordan 2008;
Gongcalves et al. 2009, 2014). So far, no evidence has been reported that WNK1
knockdown would have an effect on CRC cell viability and proliferation. We thus tested
the effect of WNKZ1 depletion in several CRC models available in the host lab — SW480,
DLD-1and HT29 cell lines. To do so, we analyzed proliferation and cell viability markers
such as Ki-67, cyclin-D1 and p21 by WB (Figure 3.9) and observed that HT29 was the
cell line were WNKZ1 depletion had more pronounced effects after 48 h. In this cell line,
WNKT1 depletion promoted a decrease in Ki-67 and cyclin-D1 expression, which is
associated with decreased cell-cycle progression, accompanied by an increase in p21
expression, related with cell-cycle arrest. Considering these results, we were able to select
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HT29 as the CRC cell model to proceed our studies and identify in which way WNK1 is

relevant for the proliferation and survival of this cell line.
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Figure 3.9 — CRC cell model screening for cell viability and proliferation markers upon WNK1 depletion.
SW480, DLD-1 and HT29 cells were transfected with either siLuc (control) or siwNK1 for 48 h. WB analysis of cell-
cycle markers after WNKZ1 depletion. Note the efficient downregulation of WNK1.

3.10 WNKT1 depletion leads to a decrease in RAC1B expression in HT29 cells

Previous studies from the host lab have shown that HT29 cells rely on RAC1B
expression to sustain cell-cycle progression, survival and proliferation (Matos and Jordan
2008; Matos et al. 2008). Considering the observed decrease in cell-cycle progression and
survival upon WNK1 depletion in HT29 cells, we hypothesized a relationship between
WNK1 and RAC1B expression. To test this hypothesis, we performed WNK1 depletion
in HT29 cells and studied its effect on RAC1B expression levels.

In Figure 3.10, a significant decrease in RAC1B expression (around 40% — Figure
3.10C) can be observed in HT29 cells upon WNKZ1 depletion, the efficacy of which
reached about 85% when compared to control cells (siLuc) (Figure 3.10B). Considering
that WNK1 affected expression levels of RAC1B and of typical cell-cycle arrest and cell
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death markers, and that WNK1 interacted with RAC1B expression regulators, we intend

to understand in which way, these events are related.
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Figure 3.10 — WNK1 depletion leads to a decrease in RAC1B expression in HT29 cells. (A) WB of a representative
WNK?1 depletion experiment and associated RAC1B downregulation. (B) Assessment of WNK1 siRNA-mediated
knockdown efficiency. (C) RAC1B expression upon WNK1 depletion in HT29 cells. Data is shown as fold change

relative to siLuc (control). All shown data represent means + SEM, **P < 0.01.

3.11 Validation of interaction between WNK1 and mRNA splicing-related protein
hits in HT29 cells

After identifying the effect of WNK1 on RAC1B levels in HT29 cells, we
intended to validate the WNK1-interacting proteins GSK3, SRPK1 and SRSF1 in this
cell line because they were previously shown to regulate RAC1B levels. In particular,
Gongalves et al. (2014) reported that the two protein kinases GSK3f and SRPK1 act
upstream of the splicing factor SRSF1 and are required to sustain RAC1B levels in HT29
cells (Gongalves et al. 2014). We performed the WNKL1 IP protocol in HT29 cells using
crosslinkers as described above (see 3.6) and used protein-specific antibodies to detect
their presence in the co-precipitates by WB. As depicted in Figure 3.11, we were able to
validate that the three candidate interacting proteins, GSK3p, SRPK1 and SRSF1, co-
immunoprecipitated with WNKZ1.
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Figure 3.11 — Validation of hit proteins interacting with WNK1 in HT29 cells. WB analysis of proteins co-
immunoprecipitating with WNK1. HT29 cells were seeded and after 48 h were incubated with a solution of the
crosslinkers DSP (short spacer) and SPDP (long spacer) for 2 h, in order to bind the network of proteins interacting
with each other. After crosslink, WNK1 was immunoprecipitated with anti-WNKZ1 antibody crosslinked to agarose
beads with PFA 4%. Pulled-down lysates were de-crosslinked with 100 mM DTT, proteins then separated on a 9%
(w/v) SDS-PAGE gel and transferred to PVDF membranes followed by WB with the indicated antibodies. Note that
GSK3p, SRPK1 and SRSF1 co-immunoprecipitated with WNKZ1 suggesting an interaction between these proteins in

colorectal cancer HT29 cells. INPUT: whole-cell lysates; IP: Immunoprecipitation; Ctrl: without antibody.

3.12 Ibuprofen treatment prevents the interaction of WNK1 with GSK3p and
SRPK1

Previous studies from the host lab had shown that the non-steroidal, anti-
inflammatory drug ibuprofen (IBU), causes a decrease in RAC1B expression in cultured
HT29 colorectal tumor cells and in an in vivo mouse model (Matos et al. 2013).

To understand if IBU has any effect on the interaction between WNK1 and
GSK3p, SRPK1 or SRSFI, we performed a co-immunoprecipitation experiment of
endogenous WNKZ1, without crosslinking agents, in HT29 cells cultured for 48 h in the
presence of IBU (500 uM) or DMSO (vehicle). The results presented in Figure 3.12 show
that IBU treatment caused a decrease of around 65% and 50%, for co-immunoprecipitated

SRPK1 and GSK3, respectively, although we observed it had no effect on the amount
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of WNKI captured in the IP. The fact that we were able to detect GSK3f3 and SRPK1 co-
immunoprecipitating with WNK1 even in the absence of crosslinking agents, supports
the strength and specificity of this interaction. Whereas for SRSF1, it was not possible to
detect co-precipitation, in agreement with the CCS classification (see table 3.3 and section
3.7), indicating that the interaction is weaker or the protein merely associated to a WNK1-

multi-protein complex.
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Figure 3.12 — Ibuprofen treatment interferes with the interaction of WNK1 with GSK3p and SRPK1. HT29 cells
were incubated for 48 h with either DMSO (control) or 500 pM I1BU. WNK1 was immunoprecipitated with anti-WNK1
antibody crosslinked to agarose beads with PFA 4%. Pulled-down lysates were separated on a 9% (w/v) SDS-PAGE
gel and transferred to PVDF membranes. (A) WB analysis of proteins co-immunoprecipitating with WNK1. Co-
precipitated proteins were identified with the indicated antibodies. Note that in the absence of crosslinkers SRSF1 no
longer co-immunoprecipitated with WNK1. (B) Quantitative analysis of the WB shown in (A) of the amount of GSK3f3
and SRPK1 co-immunoprecipitated with WNK1 in three independent experiments. Note that GSK3p and SRPK1 co-
immunoprecipitated with WNK1 in control conditions and that the amount of co-precipitated GSK3p and SPRK1
decreased in IBU-treated cells. All shown data represent means = SEM.: *P < 0.05. INPUT: whole-cell lysates; IP:

Immunoprecipitation; w/o: without antibody.

3.13 The effect of WNKI1 on RACI1B levels involves GSK3p inhibition by Ser9
phosphorylation

In addition to identifying that the two protein kinases GSK3p3 and SRPK1 were
required to sustain RAC1B levels (Gongalves et al. 2014), work from the host lab revealed
that IBU treatment of HT29 cells led to an increase in the inhibitory phosphorylation of
GSK3p that occurs at the N-terminal Ser9 (unpublished data). When phosphorylated
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GSK3p N-terminus acts as a pseudo-substrate, occupying the same phosphate binding

site used by primed substrates, blocking GSK3p kinase activity (Frame et al. 2001).

Considering the results described above on the role of WNK1 depletion in RAC1B
downregulation (see 3.10) and in the formation of a complex with GSK3p (see 3.12), we
tested if the presence of WNK 1 might protect GSK3p from being phosphorylated at Ser9.
For this, we compared three parallel conditions known to decrease RAC1B expression
(IBU treatment, WNKZ1 depletion, and SRPK1 depletion) and tested for their association
with Ser9 phosphorylation in GSK3p. For this, HT29 cells were transfected with siL.uc,
siWNK1 or siSRPK1 and treated with DMSO. As a positive control, cells were
transfected with siLuc and treated with IBU (500 uM). After 48 h, WB analysis of whole-
cell lysates was performed to document siRNA efficacies and the effects on RAC1B
expression and GSK3p Ser9 phosphorylation (Figure 3.13A). In Figure 3.13B we can
observe that all three conditions led to a significant RAC1B downregulation: 40% for
IBU treatment, 46% reduction for WNK1 depletion, and 44% for SRPK1 depletion.
When evaluating Ser9 phosphorylation, we observed a significant 80% and 98% increase
for IBU treatment and WNKZ1 depletion, respectively. In contrast, for SRPK1 depletion
we observed a slight but statistically not significant increase, which is in agreement with
previous data suggesting that SRPK1 acts downstream of GSK3p in this signaling
pathway (Gongcalves et al. 2014).

Considering these results, we can suggest that in the presence of WNKZ1, a protein
complex is formed with GSK3p, which prevents GSK3p Ser9 phosphorylation. Upon
depletion of WNK1 or complex disruption by ibuprofen treatment, this inhibitory
phosphorylation increases and correlates with reduced RAC1B expression.
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Figure 3.13 — WNKI1 depletion or IBU treatment lead to RAC1B downregulation and are associated with GSK3p
Ser9 phosphorylation. HT29 cells were transfected with a control siLuc, treated with either DMSO (control) or IBU
(500 pM), siWNK1 or siSRPK1 both treated with DMSO for 48h. As a positive control for RAC1B downregulation
and GSK3p Ser9 phosphorylation siLuc-transfected cells were treated with 500 uM IBU. (A) Representative WB of
whole-cell lysates with the indicated antibodies. Note the effective depletion of WNK1 and SRPK1 and the
effectiveness of IBU positive control. (B-C) Quantification of the WB analysis of RAC1B (B) and p-GSK3p Ser9 (C)
shown in (A). Bar plots represent protein band intensity quantification, normalized to siLuc+DMSO. Shown is data
from at least three independent experiments. All shown data represent means + SEM, *P < 0.05, **P < 0.01,
***pP < (0,001.

3.14 AKT1 depletion abolishes the WNK1 depleted and IBU treatment induced
Ser9 phosphorylation in GSK3p

One of the kinases known to inactivate GSK3p through phosphorylation of Ser9
is AKT1 (Cross et al., 1995). In order to understand if the increment in Ser9
phosphorylation observed above (see 3.13) was dependent on AKT1 activity, we cultured
HT29 cells and performed WNKZ1 depletion or IBU treatment in the absence or presence
of sSiRNA-mediated depletion of AKTL.

The results depicted in Figure 3.14 show that Ser9 phosphorylation increases
significantly with IBU treatment (Figure 3.14A) and WNKZ1 depletion (Figure 3.14C) but

this increase is lost in both conditions upon AKT1 depletion. This result indicates AKT1
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as an important regulator of GSK3 3 phosphorylation at Ser9 whenever it is not in a protein

complex with WNK1.
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Figure 3.14 — AKT1 depletion abolishes GSK3p phosphorylation at Ser9 induced by either WNKZ1 depletion or
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three independent experiments. All shown data represent means + SEM.: *P < 0.05.

3.15 WNK1 depletion and IBU treatment prevents SRPK1 and SRSF1

translocation to the nucleus in a GSK3p-dependent pathway

Previous studies on RAC1B expression regulation indicated SRSF1 as an
enhancer, stimulating inclusion of exon 3b in the RAC1 pre-mRNA, during the splicing
process (Gongalves et al. 2009). Additionally, it is known that SRPK1 knockdown or
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inhibition of its catalytic activity reduced phosphorylation and subsequent translocation
of SRSF1 to the nucleus, causing a decrease in RAC1B expression (Goncalves et al.
2014).

Considering our previous results and the observed downregulation of RAC1B
expression upon IBU treatment or siRNA-mediated depletion of WNK1 (see 3.10 and
3.13), we hypothesized that GSK3f inhibition through Ser9 phosphorylation could be
involved in SRPK1 activation, consequent SRSF1 phosphorylation and RAC1B
expression. To test this hypothesis, we started by evaluating the effect of WNKZ1 depletion
and IBU treatment on the subcellular localization of SRPK1 and SRSF1 by confocal

immunofluorescence microscopy.

In Figure 3.15 we can observe that both SRSF1 and SRPK1 are present in the
nucleus in control conditions and undergo a decrease in nuclear localization, when HT29
cells are treated with IBU. Region of interest (ROI) graphical analysis of the microscopic
images clearly shows the co-localization of SRSF1 or SRPK1 (both labelled in green)
with nuclei (blue DAPI signal) in control conditions (DMSO + EV). Upon IBU treatment
the pixel intensities of ROI indicate the loss of green signal for both SRSF1 and SRPK1,
that co-localizes with blue signal. The same loss of co-localization of green (SRSF1 or
SRPK1) and blue (DAPI) pixel intensities is observed upon WNKZ1 depletion in HT29
cells (Figure 3.16). To understand if these effects are dependent on GSK3p inhibition,
we repeated the above experiments with cells co-transfected with a non-phosphorylatable
mutant of GSK3B [HA-GSK3p (S9A)], that is not subjected to inhibition by
phosphorylation, performing as a constitutively active variant (Stambolic and Woodgett
1994). Interestingly, the co-transfection of HA-GSK3p (S9A) reverted the effect observed
in both treatments, as we can perceive in ROl graphical analysis (Figure 3.15 and 3.16).
Thus, cells presenting HA (red) signal show co-localization of green (SRSF1 or SRPK1)
and blue (DAPI), while in cells without HA-GSK3p (S9A) expression, SRSF1 orSRPK1

do not co-localize with the nucleus.

These data indicates GSK3p as a key protein required upstream of SRPK1 and
SRSF1 localization and function. Thus, we conclude that WNKI protects GSK3f from
being inactivated by phosphorylation, allowing for increased RAC1B splicing and

consequent cancer cell survival.
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Figure 3.15 — Effect of IBU treatment on SRSF1 and SRPK1 subcellular localization in HT29 cells. HT29 cells
were treated with DMSO (control) or IBU (500 uM) and 24 h later co-transfected with the indicated constructs [empty-
vector (EV) or HA-GSK3B (S9A)]. 48 h after the initial transfection, cells were analyzed by confocal
immunofluorescence microscopy. (A-B) Shown is the colored overlay of three confocal immunofluorescence images
(left), which detected cell nuclei in blue (DAPI), the localization of endogenous SRSF1 (A) or SRPK1 (B) protein in
green, and the tagged-HA in red. The nucleus and cytoplasm distribution of the three fluorescent signals was analyzed
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along optical sections (yellow lines) across several cells by plotting pixel intensities along the traced path (right graphs).
In control cells, SRSF1/SRPK1 signals (green) were localized both to the cytosol and the cell nucleus (blue); however,
in IBU-treated cells, nuclear signals for SRSF1/SRPK1 are nearly absent. Moreover, note the reversion effect observed
upon transfection of HA-GSK3p (S9A), SRSF1/SRPK1 nuclear signals are observed in HA-GSK3p (S9A) transfected
cells.

3.16 WNKZ1 depletion in HT29 cells led to a decrease in glucose uptake levels

The work described above established two roles for WNKZ1: as a kinase involved
in the regulation of glucose uptake in HEK293 cells (see 3.1) and as a protein complex
partner forGSK3p that affects SRPK1, SRSF1 and splicing of RACI1B (see 3.10-15). In
order to understand if both roles are related, as part of the same signaling pathway, HT29
cells were transfected with siRAC1B, siWwNKL1 or siLuc (used as control) for 48 h
followed by a glucose uptake assay. The efficiency of depletion was confirmed by WB
(Figure 3.17A) and determined to be 80% for WNK1 (Figure 3.17C) and 90% for RAC1B
(Figure 3.17B). In addition, these WB analyses allowed to confirm that WNK1 depletion
caused a significant concomitant decrease in RAC1B expression (~50% — Figure 3.17B).
Considering the glucose uptake, the depletion of WNK1 in HT29 cells revealed a
significant reduction of 40% (Figure 3.17D) in glucose uptake levels, however, RAC1B
depletion did not significantly affect the uptake in these cells. Together, these data
indicate that the decrease in RAC1B and the reduction in glucose uptake are parallel,
independent effects caused by WNKZ1 depletion. Thus, we were able to confirm the role
of WNKT1 on glucose uptake in cancer cell models and uncover a new role in the complex

signaling pathway regulating RAC1B expression.
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Figure 3.16 — Effect of WNK1 depletion on SRSF1 and SRPK1 subcellular localization in HT29 cells. HT29 cells
were transfected with siLuc or siWNKZ1 and 24 h later co-transfected with the indicated constructs [empty-vector (EV)
or HA-GSK3p (S9A)]. 48 h after the initial transfection, cells were analysed by confocal immunofluorescence

microscopy. (A-B) Shown is the colored overlay of three confocal immunofluorescence images (left), which detected
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cell nuclei in blue (DAPI), the localization of endogenous SRSF1 (A) or SRPK1 (B) protein in green, and the tagged-
HA in red. The nucleus and cytoplasm distribution of the three fluorescent signals was analyzed along optical sections
(yellow lines) across several cells by plotting pixel intensities along the traced path (right graphs). In control cells,
SRSF1/SRPK1 signals (green) were localized both to the cytosol and the cell nucleus (blue); however, in WNK1
depleted cells, nuclear signals for SRSF1/SRPK1 are nearly absent. Moreover, note the reversion effect observed upon
co-transfection of HA-GSK3p (S9A), SRSF1/SRPK1 nuclear signals are observed in HA-GSK3p (S9A) transfected
cells.

A B
siluc  SiRACIB  siWNK1
120% -
-WNKL | s 100%
S =
‘5 2 80%
P-GSKIP(S9) | - g5
S5 60% - *ok
w oo
@ g
a-GSK3p » O 5 40% 1
< o
s
20% 1 X
aPCNA | -
0% T T 1

siLuc SIRAC1B SIWNK1
a-RAC1B b -

C D
120% - 120% -
100% 4 100% 4
c = 2 *
2% g Y= g% |
72 5%
23 o ©
o
o5 60% © 8 e0% -
o5 82
T8 o€
b s
Z 5 40% 28 409
s - g8
20% A I} 20% A
siluc siWNK1 siLuc siRAC1B siWNK1

Figure 3.17 — WNK1 modulates glucose uptake in HT29 cells. Cells were transfected with either siLuc (control),
SiRAC1B or siWwNK1 for 48 h. A part of the lysate was denatured by adding SDS modified sample buffer, then
separated by SDS-PAGE and transferred to PVDF blotting membranes, whereas the remaining lysate used for glucose
uptake measurements. (A) Representative WB of whole-cell lysates with the indicated antibodies. (B) Quantification
of RAC1B or (C) WNK1 protein levels following transfection with either siLuc (control), sSiRAC1B or siWNK1. (D)
Determination of glucose uptake levels. The glucose uptake was measured using Glucose Uptake-Glo™ Assay
(Promega) following the manufacturer’s instructions and glucose values determined by relative light units (RLUs)
normalized to total protein values. Total protein was calculated measuring the relative intensities of PCNA bands using
ImageJ (NIH). Shown is data from at least three independent experiments. All shown data represent means + SEM,
*P <0.05, **P < 0.01.
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General Discussion and Conclusions

In agreement with the three objectives formulated for this doctoral thesis, the
following section on general discussion and conclusions is divided into three parts. In the
first part, the identification and validation of novel phosphosites regulating GLUT1 by
serine/threonine kinases phosphorylation is discussed. Discussion is performed in view
of the current paradigms on signaling transduction mechanisms and importance of the
study for cellular metabolism. The second part of this chapter discusses the advantages
and limitations of the biochemical method used for the identification of the WNK1
interactome. Finally, in the last part of this chapter the cellular and biomedical
implications that result from the identified WNKZ1 interactors in cancer development and

survival are discussed.

4.1 Part1
4.1.1 WNK1 affects GLUT1 PM expression and glucose uptake

In this work, we intended to further investigate the role of WNK1 in GLUT1
regulation, as this kinase was previously identified as a new player in the regulation of
glucose transporter translocation to the PM (Mendes et al. 2010). WNK1 was found to
regulate the PM expression of GLUT1 through TBC1D4 phosphorylation, associated
with Rab8A activation and consequent delivery of GLUT1 channels at the PM.

The results presented in this dissertation demonstrated for the first time that
WNKT1 signaling regulates glucose uptake in both HEK293 cells (Figure 3.1C) and CRC
tumor cell model HT29 (Figure 3.17D), confirming WNK1 as a modulator of cell

metabolism in both normal and cancer cell lines.

4.1.2 WNK1 phosphorylates TBC1D proteins at both specific and shared residues

Regarding the phosphosite MS results (Tables 3.1 and 3.2), we were able to detect
several already described AKT-regulated phosphosites. However, we were not able to
detect the well-established Thr642 phosphorylation. This might be related to issues about
the sensitivity of the method, because the identification of phosphorylated peptides has
three major pitfalls, as reviewed by Dephoure et al., 2013. First, the method includes a
digestion and a peptide fragmentation step (see materials and methods), which may cause
loss of the phosphate group or generate peptides too short to be efficiently detected. In
addition, a relative low phosphorylation rate of the region in the protein may lead to low
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occupancy of the phosphosite that therefore will not be confidently detected by MS. Many
factors, including peptide length, hydrophobicity, and charge affect the chromatographic
properties and ionization efficiencies and consequently the efficiency of detection of
different peptides. Lastly, due to peptide similarity it may not be possible to identify the
precise site of the modification (Dephoure et al. 2013). Therefore, the main problems
associated with this technique are related to false-negative results, whereas the identified
phosphosites are of high confidence.

Likewise, the in vivo phosphorylation of Thr642 was detected by MS (Kane et al.
2002), not however, in our in vitro assays, although we were able to detect specific
Thr642 TBC1D4 phosphorylation by WB upon AKTL1 in vitro kinase assay (Figure 3.2A).
This discrepancy remains unanswered and it could be that efficient phosphorylation at

Thr642 needs the interaction of other cellular proteins.

413 SGK1 phosphorylates TBC1D proteins at specific residues without
regulating GLUT1

Interestingly, the transfection of the mutants SGK1 KD, TBC1D1 T505A (non-
phosphorylatable mutant) and TBC1D1 T505D (phosphomimetic mutant) did not cause
a significant change in the PM expression of GLUT1. Therefore, we were not able to
validate Thr 505 as a determinant phosphosite for GLUT1 localization. Nevertheless, our
results showed that SGK1 and SGK3 are able to phosphorylate TBC1D proteins in in
vitro kinase assays (Figure 3.2D) and the transfection of SGK1 CA increased GLUT1 PM
expression, concordant with previous results on SGK1 regulating GLUT1 (Palmada et al.
2006). Thus, Thr 505 is a phosphosite in TBC1D1, which is phosphorylated by SGK1,
but might be involved in the regulation of other cellular functions not related to GLUT1
PM expression. Interestingly, proteogenomic studies revealed a TBC1D1 T505
phosphosite enrichment in breast cancer samples (Mertins et al. 2016). Indeed, recent
studies have proposed different perspectives on the role of SGK1 in cancer development.
For example, SGK1 was defined as essential for proliferation and survival of thyroid
cancer cells with PI3K-activating mutations (Orlacchio et al. 2017). Also, SGK1 was
related with CRC cell proliferation, migration and survival (Liang et al. 2017).
Additionally, SGK1 was involved in cancer chemotherapy resistance development
associated with poor survival prognosis in non-small cell lung cancer (NSCLC) patients
(Tang et al. 2018). Curiously, in breast cancer it has been reported that SGK1 activation
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is important for progesterone treatment effect leading to a significant reduction in cell

migration and cell invasion (Godbole et al. 2018).

Consequentially, further studies are needed to understand the importance of
TBC1D1 Thr505 phosphorylation by SGK1 for signaling pathways and how the

respective cellular processes are dysregulated in cancer phenotypes.

4.1.4 The identified WNKZ1-phosphorylated TBC1D sites are functionally relevant

In this work, we validated new phosphosites involved in GLUT1 PM expression
regulated by WNKZ1, namely Ser565 in TBC1D1 (Figure 3.4) and Ser704 in TBC1D4
(Figure 3.5). Phosphorylation on serine/threonine residues on TBC1D is important for the
inactivation of its Rab-GAPs activity (Roach et al. 2007; Chavez et al. 2008; Sakamoto
and Holman 2008) and the subsequent modulation of the cell surface levels of GLUT

glucose transporters.

TBC1D4 phosphorylation is commonly assessed using the phospho-AKT
substrate (PAS) antibody, which recognizes phosphorylated AKT substrates in an
(R/IK)X(R/IK)XXS*/T* recognition motif (Kane et al. 2002). Considering the well-known
role of AKT in TBC1D regulation, we searched for non-AKT regulated phosphosites.
None of the phosphosites studied, TBC1D1 T505 (AKRSLT*) and S565 (FKLLGS*) or
TBC1D4 S704 (LHTSFS*) fit the AKT recognition motif. Whereas TBC1D1 T505 and
S565 phosphosites where exclusively detected when the assays were performed with
SGK1 and WNK1, respectively (see Table 3.1), the phosphorylation of TBC1D4
phosphosite S704 was detected in the presence of SGK1, SGK3 and WNKZ1 (see Table
3.2).

Chen and colleagues (2008) detected Ser565 phosphorylation in MS data from
HA-TBC1D1 transfected in serum supplemented cultured HEK293 cells. In this thesis
work, we associated WNKZ1 protein kinase to the TBC1D1 phosphosite Ser565. Our
results show that S565A mutant transfection caused a significant decrease in GLUT1 PM
expression, comparable with the effect observed in WNKZ1-depleted cells. Remarkably,
the transfection of S565D mutant after WNK1 depletion was not enough to restore the
levels of PM GLUTL1 expression obtained in control conditions. Accordingly, we might
infer that S565 phosphorylation in TBC1D1 is necessary but not sufficient for the
inactivation of the Rab-GAP and that WNK1 phosphorylation on other residues might be
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required for full TBC1D1 inhibition. However, it cannot be excluded that the S565D
mutant is only partially phosphomimetic, for example if the phosphorylation site serves
as a recognition motif for adaptor proteins. Then, the S-D alteration might change the
binding pocket causing an inability of the mutant to bind the adaptor protein (Dephoure
et al. 2013). Additionally, it is possible that in the WNK1-depleted cells used, the
endogenous TBC1D1 cannot be inactivated efficiently for requiring interaction with the
WNKZ1 protein to become inhibited.

Phosphorylation of TBC1D4 in Ser704 residue has been associated with physical
exercise stimulating AMPK regulated Rab-GAP inactivation in skeletal muscle (Treebak
et al. 2009, 2014; Kjebsted et al. 2016). However, regarding non-exercise related
phosphorylation little was known about this phosphosite, despite the fact that it is
phosphorylated following insulin stimulation (Treebak et al. 2009). In the present work
we related the phosphorylation of Ser704 in TBC1D4 with the protein kinases WNK1,
SGK1 and SGK3 but not AKT (see 3.3 and 3.5.2). Interestingly, our results indicate that
transfection of mutant TBC1D4 S704D reverts the decrease of GLUT1 PM expression
caused by WNKZ1 depletion, confirming the importance of WNK1-regulation to PM
expression of GLUT1 and metabolism control. SGK1 and SGK3 were also identified as

Ser704 TBC1D4 phosphorylating kinases in our MS data, but were not further analyzed.

Together, these data provide additional insights into WNK1 function in glucose
uptake regulation and cell metabolism, acting upon TBC1D1 and TBC1D4, two key

regulators of glucose transporters.

Dysregulation of glucose uptake in humans is of high importance in two major
ilinesses, type 2 diabetes and cancer. The molecular responses to insulin (see 1.7.2.2) are
lost in type 2 diabetes, a leading health problem worldwide. According to the International
Diabetes Federation, the total number of patients with diabetes is predicted to rise to 628.6
million by the year 2045 (International Diabetes Federation 2017). Thus, knowledge of
how signaling and trafficking pathways are coordinated is essential to understand the
pathogenesis of diabetes and this may be used to generate new therapeutic options for the

restoration of insulin response in the growing population of type 2 diabetes patients.

Additionally, reprogramming energy metabolism is one of the hallmarks of cancer
cells, which adjust their energy metabolism in order to fuel their rapid cell growth and
division (Hanahan and Weinberg 2011). This adjustment in metabolism was first
postulated by Otto Warburg, who observed that cancer cells use the less energy-efficient

76



General Discussion and Conclusions

glycolysis despite the presence of oxygen (Warburg 1956). In this process, cancer cells
compensate for the lower yield in ATP production by upregulating glucose transporters,
markedly GLUTL1, which substantially increases import of extracellular glucose into the
cytoplasm (Jones and Thompson 2009). In fact, alterations on several proteins involved
in GLUT1 PM expression regulation are altered in cancer phenotypes. For instance,
Ser565 in TBC1D1, a phosphosite described in this work as a GLUT1 PM expression
regulator was found to be phosphorylated in samples from NSCLC cell models (Klammer
et al. 2012). Also, deregulation of SGK1 (Lang et al. 2006), together with SGK3 (Bruhn
et al. 2010) has been observed in several types of cancer. Furthermore, AKT is one of the
most frequently hyperactivated kinases in human cancers (Altomare and Testa 2005) and
is a target for several cancer therapies (Song et al. 2019). Finally, WNKZ1, a kinase shown
to have a role in GLUT1 PM expression and with a signaling cascade which affects
several cancer signaling pathways (Kankanamalage et al. 2018) has also been recently
shown to regulate GLUT4 PM expression in skeletal muscle cells (Kim et al. 2018). Thus,
WNKT1 has the potential to control tumor cell metabolism and serve as a therapeutic
target. Accordingly, WNK-specific inhibitors are being developed based on the distinct
catalytic domain features(Yamada et al. 2016; Zhang et al. 2016).

Moreover, overexpression of GLUTL1 is correlated with poor survival in most solid
tumors and the evaluation of GLUT1 expression might be used as a prognostic tool in
cancer patients (Wang et al. 2017). This fact suggests that GLUT1 is a promising
therapeutic target in tumors, from the expression levels to the regulation of the channel
localization and activity. Consequently, increasing the knowledge about the signaling
pathways involved in the regulation of glucose uptake might be helpful to define

therapeutic targets and fight cancer development.

4.2 Part 2
4.2.1 Proteomic approach to identify WNK1-interacting proteins

In order to define biological pathways regulated by WNKZ1, binding partners were
identified by a proteomic approach using crosslinking agents and MS, followed by

exploring protein-protein interactions (PPI) networks.

Regarding the MS results, we were able to detect some already described WNK1-

interacting proteins (see Table 3.3) such as 14-3-3 (Mendes et al. 2010), whereas others
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such as TBC1D4 were not retrieved. However, the validation experiments did not confirm
most interactions and raised some questions about the robustness of the method. In fact,
the major weaknesses about the use of cross-linking agents in MS experiments are the
complexity of MS/MS fragmentation of cross-linked peptides, the relative low abundance
of cross-linked peptides in highly complex peptide mixtures, and finally, the cross-linked
products’ heterogeneity (Yu and Huang 2018). In future experiments, different cross-
linking agents, possibly using cleavable reagents, which can reduce the fragmentation
together with a better enrichment feature to reduce the complexity of peptide mixtures
(Yu and Huang 2018). This feature together with a bioinformatic analysis should provide

a better snapshot of protein interaction networks in living cells.

To increase the confidence of our results, we performed a bioinformatic analysis,
diluting the heterogeneity effect of crosslinked products by introducing the CCS of
proteins identified in three samples. In fact, the validation experiments in HT29 cells with
crosslinking agents (Figure 3.11) versus without crosslinking agents (Figure 3.12A),
show that the hit with high CCS (SRPK1) was co-immunoprecipitated in both conditions,
whereas SRSF1, a protein with a CCS of 2, was lost from the interaction complex without

the use of cross-linking agents (Figure 3.12A).

Since proteins do not act independently but in a network of complex molecular
interactions, networks of PPl may provide new sources of information about biological
pathways. This was the case of this work and the following part describes a new role
identified for WNK1.

4.3 Part 3

4.3.1 WNKI1-interacting proteins reveal a novel role for WNK1 in alternative pre-
MRNA splicing

Although the interactome of WNK1 was expected to yield targets related to
metabolism, our gene ontology analysis pointed towards a function related with mRNA
processing. Indeed, the validated WNKZ1-interacting proteins, SRPK1 and SRSF1,
together with GSK3p [used as a previously described positive control (Sato and Shibuya
2018)] were identified in two cell lines HEK293 (Figure 3.8) and HT29 (Figure 3.11).

Actually, all proteins are described to modulate pre-mRNA splicing events (Gongalves et
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al. 2009, 2014). We thus reasoned that WNKZ1 might have a role in regulating alternative

splicing.

Accordingly, the main finding of this work is a novel function of WNK1 as a
scaffolding protein interacting with GSK3pB, SRPK1 and SRSF1, which promotes
changes in alternative splicing of RAC1B in colorectal HT29 cells (Figure 3.10 and 3.12).
WNKT1 interaction protects GSK3p from the inhibitory phosphorylation at Ser9 (Figure
3.13). This phosphorylation is at least in part mediated by AKT1 (Figure 3.14). In
consequence, the active, unphosphorylated GSK3p allows the translocation of
SRPK1/SRSF1 to the nucleus (Figures 3.15 and 3.16), which is an important regulatory
step for the generation of RAC1B, as demonstrated by previous studies (Gongalves et al.
2009, 2014; Jordan et al. 2019). Moreover, this work has provided a new component for
the signaling pathway affected by IBU, a non-steroidal anti-inflammatory drug known to
repress the expression of RAC1B in colon cancer cells (Matos et al. 2013). Herein, we
showed that IBU treatment of HT29 cells decreased complex formation between WNK1
and GSK3pB (Figure 3.12), leading to a decrease in RAC1B expression. Both I1BU
treatment and depletion of endogenous WNK1 kinase led to the observed decrease in
RAC1B expression and affected GSK3[ phosphorylation at Ser9 and subcellular SRPK1
localization. The increase in Ser9 phosphorylation in GSK3p observed after IBU
treatment and WNKZ1 depletion (Figure 3.13) is in agreement with the results from
Greenspan and colleagues (2011) and compatible with data suggesting it operates
downstream of WNK1 (Sato and Shibuya 2018).

Expression of RAC1B has been shown to be essential for the survival (Matos and
Jordan 2005; Matos et al. 2008) and malignant progression by overcoming BRAF-
induced senescence in colorectal cells (Henriques et al. 2015). Besides the role in CRC,
RACI1B contributes to cellular transformation by promoting proliferation, survival and
EMT in lung, breast, liver and thyroid carcinomas (Melzer et al. 2019). Moreover,
RAC1B overexpression has been associated with chemotherapy resistance development,
the major obstacle in treating CRC. Therefore, in this work, the role of WNK1 in RAC1B
expression provides new insights into how the regulation of alternative splicing events by
protein kinases can contribute to tumor development. Also, we identify a new role of
WNK kinases in tumorigenesis and provide new targets for pharmacological modulation
of RAC1B expression and possible cancer treatment.
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4.3.2 The role of WNKZ1 in alternative splicing or glucose metabolism rely on a

different molecular mechanism

Altogether, this thesis contributes new insights on WNKZ1 signaling pathways
involved in cell glucose metabolism and mRNA alternative splicing regulation. In the
case of metabolism, WNKZ1 activity is important for modulating the Rab-GAP activity of
TBCL1D proteins by phosphorylating specific residues, which has also been described for
AKT and SGK (Kane et al. 2002; Palmada et al. 2006). The regulatory crosstalk between
WNK1, AKT and SGK kinases remains, however, to be established and thus is an
interesting subject for future investigations. In contrast, in the case of mMRNA splicing
regulation, the mechanism underlying WNK?1 function depends on PPI with GSK3p and
thus, clearly differs from its role in glucose uptake.

In conclusion, our results provided more molecular details for the role of WNK1
in regulating glucose uptake but also identify a new and independent role in regulating
the expression of RAC1B, a GTPase important for the survival, proliferation and mobility
of colorectal cancer cells (Figure 4.1). It is possible that both functions constitute a pro-
tumorigenic role of WNKL1 in CRC, by coordinating changes in cell metabolism and
tumor cell survival. Actually, as mentioned before, specific WNK kinase inhibitors are
already being developed (Yamada et al. 2016; Zhang et al. 2016) and their use can be
valuable for the treatment of cancer (Ardito et al. 2017), targeting not only GLUT1 traffic
but also tumor-cell specific changes in alternative splicing, of which RAC1B might only

be one example.

In the future, it will be important to find physiological stimuli or conditions that
promote the activity of WNK1 towards TBC1D proteins and regulation of GLUT PM
expression. It will also be essential to understand in more detail the underlying molecular
mechanisms of WNKZ1 signaling, find new interactors, and elucidate possible crosstalk
between WNK1 and AKT or SGK signaling pathways, in different cellular and tissue
contexts. This knowledge will be important to prevent unexpected side effects in using
WNK inhibitors and also provide new targets to explore with potential benefit for

tumorigenesis and type 2 diabetes treatment.
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Figure 4.1 Summary of WNK1 effects in cellular signaling. Upper panel: WNKZ1 regulates glucose uptake by
phosphorylation of two Ser residues in TBC1D1 (Ser 565) and TBC1D4 (Ser 704). By protein interaction with WNK1,
the phosphorylation of GSK3p is prevented, there is nuclear localization of SRPK1 and SRSF1 leading RAC1B
expression. Lower Panel: WNK1 depletion causes a decrease in glucose uptake. Both WNK1 depletion and 1BU
treatment cause RAC1B downregulation and are corelated with an increase of GSK3B phosphorylation at Ser9. This

inhibitory phosphorylation is at least in part dependent on AKT1 and leads to a decrease in the nuclear expression of

both SRPK1 and SRSF1.
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