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Abstract. The subfamily of WNK (With No K [lysine]) protein
kinases is characterised by a unique sequence variation in the
catalytic domain: a conserved lysine residue that is essential for
catalytic activity in most eucaryotic protein kinases is located in an
alternative position within the catalytic domain and this variation
may result in unique substrate binding properties. The human
genome contains four WNK' genes, with different tissue-specific
expression patterns. Mutations in WNK1 or WNK4 cause a
hereditary hypertension syndrome due to increased renal salt
retention. At the molecular level, WNK1, WNK3 or WNK4 have
been shown to regulate different ion transporters in both the kidney
and extrarenal tissues. Growing evidence has also revealed
additional roles for WNK kinases in multiple signalling cascades
related to tumour biology. There is strong evidence for a role as
upstream regulators of MAPK cascades involved in cell
proliferation control. In addition, a requirement of some WNK
members for cell survival has been demonstrated. Here, we review
the experimental evidence linking WNK kinases to tumorigenesis
and discuss their role in major aspects of tumour biology: G1/S cell
cycle progression, metabolic tumour cell adaptation, evasion of
apoptosis, and metastasis.
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Introduction

The phosphorylation of cellular proteins alters their function and is
catalysed by protein kinases in response to extra- or intracellular stimuli. A
superfamily of protein kinases has been recognized based on conserved
sequence elements in their catalytic domains and human genome-wide
analyses have concluded that there are 518 different protein kinase genes
[1-3]. Of these, 478 genes present the classical eukaryotic protein kinase
catalytic domain [4], while 40 are atypical kinases. Of the 478 classical
kinases, 428 possess known or likely kinase activity, while the remaining
50 proteins lack conserved key sequence elements. Among the 428 classical
kinases, 365 fall into seven major families (TK, CAMK, AGC, CMGC,
STE, TKL, and CK1), whereas 63 kinases present sequence variations in
their catalytic domains and have been classified separately as 'Other' [3].
This group contains unique kinase genes or small subfamilies, including the
WNK (With No [K] = lysine) subfamily. Phylogenetically, WNKs define a
separate protein kinase branch, most closely related to the STE (mammalian
homologs of the Saccharomyces cerevisiae STE families of
serine/threonine kinases) and TKL (tyrosine kinase-like) family branches
[1, 3].

The unique sequence variation that characterises WNK protein kinases [5, 6]
is the lack of a highly conserved catalytic lysine in subdomain II, important for
the correct positioning of adenosine triphosphate (ATP) within the classical
catalytic domain [4]. The crystal structure for the recombinant WNK1 kinase
domain has been determined [7] and revealed that an alternative lysine from
subdomain I reaches into the position normally occupied by the conserved
lysine residue from subdomain II and therefore confers catalytic activity [5]
(see Figure 1).

The sequence variation in the catalytic domain can be expected to induce
conformational changes responsible for unique ATP and substrate binding
properties of WNK kinases. Otherwise, the overall structure and folding of
the WNKI catalytic domain resembles that of other protein kinases with
typical bilobal domain architecture [8].

WNK proteins are serine/threonine kinases that undergo
autophosphorylation and require phosphorylation of at least one serine
residue within the WNK activation loop, S$°* in WNK1, to become active
[9, 10]. This serine is part of an activation site motif (S**FAKS**?) that is
conserved in MEK family kinases. Sequence alignment identifies
homologue serine residues in positions 356, 308 and 332 for WNK2, 3 and
4, respectively.
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Figure 1. Sequence variation in the catalytic domain that characterises the WNK
subfamily of protein kinases. The typical protein kinase catalytic domain is
subdivided into 12 subdomains. A conserved lysine in subdomain II, which binds
ATP, is absent in WNK kinases and functionally substituted by another lysine located
in subdomain I [5, 7], as indicated.

Another primary level in the regulation of WNK kinase activity can be
provided by the autoinhibitory domain encompassing about 70 residues just
C-terminal to the catalytic domain and these are conserved in WNK protein
kinases across species [9, 11].

The characteristic catalytic lysine in subdomain I together with 7 other
adjacent amino acid residues form an invariant WNK signature sequence [6]
(see Figure 2). A database search using the WNK signature sequence
revealed the existence of a variable number of WNK genes in animals and
plants that are absent in uni-cellular organisms. The number of WNK genes
increases from one WNK gene in C. elegans or Drosophila melanogaster to
four different WNK genes in mouse and man, while the higher plant
Arabidopsis thaliana has 9 WNK genes [6, 12, 13].

The human genome contains four WNK genes with chromosomal
locations at 12p13.3 (WNK1), 9g22.31 (WNK2), Xp11.23-p11.21 (WNK3)
and 17q21-g22 (WNK4). The human WNK1 gene contains 28 exons and
extends over more than 150 kb, WNK2 is encoded by 31 exons that span 136
kb, WNK3 contains 24 exons and spans 165 kb, whereas WNK4 is encoded
by 19 exons contained within 16 kb of genomic DNA [6, 14, 15]. These
genes differ in their tissue specific expression patterns. WNKI1 is expressed
in most human foetal and adult tissues; WNK3 is mainly expressed in brain,
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liver and small intestine, WNK2 is mainly present in brain, heart and colon
crypt, and WNK4 predominantly in the kidney, colon, skin, liver, and lung
[5, 6, 14-19]. Expression analysis of WNK kinases has also revealed the
existence of tissue-specific alternative promoter usage, alternative splicing
and polyadenylation variants [6, 14, 15, 19-21].
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hs WNK3 LKFDIEL[EREAFR TN YKGLE TETWVENICELQ 65267
hs WNK4 LKFDIE IERESHETY YRGLETDTTVENICELQ 65266
mm WNK1 LKFDIEIERESHRTY YKGLE TETTVEYAICELQ 232341
mm WNK2 LKFD1ELERESHRTY YKGLE TETWVENCELQ 75607
mm WNK3 LKFD 1 ELEREAFRTY YKGLE TETWVENAICELQ 279561
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at WNK1 GRYNEVLEKEAITY YRAFBEYEG I EZAINQVK 819651
at WNK2 GRYDE 1LEKEASRTY YRAFBEYEG I EYNINQVK 821810
at WNK3 GRYKEVLEKEAFREY YRAFEQLEG I EYZNINQVK 823984
at WNK4 GRFAE I LEREAMETY YKA IBEKLG I EISQVK 835947
at WNK5 GRFREVLEKEAVETYYKAFEQVLGMENZINQVK 824326
at WNK6 IRYKEV IEKEAFETY YKAFBEVDG I EINQVR 821406
at WNK7 IRYKEV IEKEASETYFKGFBEVDG I EZINQVR 841339
at WNK8 IRYDDVLEREAFE TN YKAFBEVDG I EINLVS 834204
at WNK9 GRYNEVLEKESSETY YRGFEEYQG I EAINQVK 832881
rn WNK1 LKFDIE IERESHRTY YKGLE TETTVEYAJCELQ 116477
pt WNK1 LKFDIE I[ERESHRTY YKGLE TETTVENICELQ 451739
clf WNK1 LKFDIEIERESHRTY YRGLE TDTTVEYAJCELQ 477728
gg WNK1 LKFDIE IERESHETY YKGLE TDTTVEYAJCELQ 427925
dm CG7177 FKYDKEVERESHETY YRGLE TL TGVPYACELL 40391
ce C46C2.1 LKFDEELERESHETYFRGLE TETGVAYRCELQ 177743
Invariant GG KV D VAW WNK signature sequence

Figure 2. Alignment of subdomains I and II of the catalytic domains of some WNK
kinases from various species. The invariant WNK signature sequence is indicated below.
Species abbreviations are: hs, Homo sapiens; mm, Mus musculus; at, Arabidopsis
thaliana; rm, Rattus norvegicus; pt, Pan troglodytes; clf, Canis lupus familiaris; gg,
Gallus gallus; dm, Drosophila melanogaster; ce, Caenorhabditis elegans (updated from
Verissimo and Jordan, 2001); NCBI sequence IDs are also given.

The four human WNK kinases are large proteins containing 2382, 2297,
1743 or 1243 amino acids with predicted molecular weights of 251, 243, 192
and 135 kDa, for WNK1, 2, 3 and 4 respectively [6, 14, 15, 21]. They share
high homology within their kinase domains and the adjacent auto-inhibitory
domain [9], however, homology outside their catalytic domains is low except
for the presence of three short WNK homology regions (Figure 3).
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Figure 3. Schematic representation of the four human WNK proteins. Catalytic,
autoinhibitory and coiled-coil domains are shown as well as conserved regions of
homology between WNK kinases. The white numbers indicate sequence identity of
the respective catalytic domain with regard to the WNK1 sequence.

The most C-terminal homology region III contains a coiled-coil domain
and WNK1 and WNK4 have at least one further coiled-coil domain outside
the conserved regions. In addition, four short regions of unknown function
are conserved between WNK1, WNK2 and WNK3. Multiple PXXP motifs,
the typical binding sites for Src-homology 3 (SH3) domains [22], are also
present in WNK protein kinases, suggesting a potential scaffolding function
for these proteins [6, 23].

In this chapter we will address the experimental evidence linking WNK
kinases to tumorigenesis and discuss four main aspects: their roles in G1/S
cell cycle progression, metabolic tumour cell adaptation, evasion of apoptosis
and, finally, invasion and metastasis.

1. Role of WNK kinases in cell cycle progression

Normal cells require extracellular growth stimulatory signals in order to
leave the quiescent and enter a proliferative state. In epithelial cells the
stimulation of cell proliferation is intimately linked to the receptor-mediated
activation of the mitogen-activated protein kinase (MAPK) cascades.

1.1.WNKSs regulate MAP kinase cascades

The best characterized MAPK pathways in mammals involve the
extracellular signal-regulated kinases 1 and 2 (ERK1/2), the p38 isoforms,
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the c-jun N-terminal kinases (JNK1-3), and ERKS. In general, MAPK
cascades consist of three protein kinase layers: MAPKs are phosphorylated
and activated by MAPK kinases (MAP2Ks) which are in turn activated by
phosphorylation by MAPK kinase kinases (MAP3Ks). Other kinases,
including p21-activated protein kinases (PAKs), can act as upstream
regulators (MAP4Ks) for these MAPK cascades and connect them with
additional signalling pathways. MAPK signalling cascades regulate
fundamental biological functions such as cell growth, proliferation,
differentiation, migration and apoptosis and are found to be deregulated in
approximately one third of all human cancers [24].

Sequence alignments using the catalytic domain of WNK1 showed that
the closest human homologous kinases are the MAP3Ks MEKKSs or Rafs and
the MAP4K PAKs, which all display around 30 % sequence identity and
50 % sequence homology [6]. It is therefore not surprising that effects of
WNK kinases on various MAPK cascades have been observed. WNK1 was
reported to be required for EGF-dependent stimulation of ERKS5 but the
activation of ERKI1/2, JNK or p38 MAP kinases was not significantly
affected. In vitro, WNKI1 interacts with and phosphorylates MEKK?2 and
MEKK3, however, this phosphorylation does not seem to stimulate
MEKK?2/3 activity. In contrast, transfection of cells with either WNKI1 or its
kinase-dead mutant WNK1K233M stimulates MEKK3 autophosphorylation
and activity towards its substrate MEK6. Apparently, WNKI acts by protein-
protein interaction to assemble an ERKS activation complex and thus acts as
an upstream regulator of the ERKS pathway (Figure 4). WNKI1 was required
for activation of ERKS5 by EGF, in HeLa cells, but in the presence of high
concentrations of EGF, this effect became less pronounced [25]. In
agreement with these findings, the down-regulation of WNKI1 in C17.2
mouse neural progenitor cells also suppressed activation of ERKS5 and greatly
reduced cell growth [26].

In contrast to WNKI1, human WNK2 had no effect on ERKS5 but
modulated activation of ERKI1/2. Experimental depletion of WNK2 or
overexpression of a kinase-dead WNK2K207M mutant led to increased
phospho-ERK1/2 levels but only when a basal ERK stimulation was present
and not in serum-free culture conditions [19]. This increase in ERK1/2
activation promoted cell cycle progression through G1/S and sensitized cells
to respond to lower concentrations of EGF. From these data one might
predict that loss of WNK2 expression can promote cell cycle progression in
tumour cells. Interestingly, WNK2 expression is silenced in a significant
percentage of human gliomas [27, 28, see section 5 below] suggesting that
this pathway may be used in some tumour types to promote cell proliferation.
The mechanism by which a reduction in WNK2 expression increased
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ERK1/2 activation involves phosphorylation of MEKI1 at serine 298, a
modification that increases MEKI affinity towards ERK1/2. Apparently,
WNK?2 affects Racl activation with subsequent stimulation of the Rac-
effector PAK1, the kinase responsible for MEK1 S298 phosphorylation [29]
(Figure 4). Overexpression of WNK4 was also claimed to increase the
phosphorylation of ERK12 and p38 MAPKSs following EGF stimulation or
hyperosmotic stress [30]. However, the mechanism of WNK4 involvement
remains unclear and the corresponding effect of endogenous WNK4 was not
addressed.

Together, these data demonstrate that WNK kinases can act upon
different MAPK cascades and modulate cell proliferation. It may also be
anticipated that this modulation is concerted because WNK kinases appear to
regulate each others activities. For example, the recombinant kinase domain
of WNK1 was shown to phosphorylate recombinant WNK2 and WNK4
catalytic domains in vitro, in particular WNK4 on serine 332 in its activation
loop [31]. WNK4 can also phosphorylate the catalytic domain of WNK1 and
expression of the autoinhibitory domains of WNK1 and WNK4 are able to
inhibit each others catalytic activities [11, 31]. Gel filtration profiles further
indicate that endogenous WNKI exists as a tetramer [31]. Although the
functional role of oligomerization is still unclear, there is some evidence that
the autoinhibitory domain of one WNK1 molecule may inhibit the catalytic
activity of another WNK1 molecule within the tetramer [9, 31]. Additionally,
given the presence of conserved coiled-coil protein interaction domains in all
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Figure 4. Schematic representation of the role of human WNK1 and WNK2 in the
cellular response to EGF. (Left side) Physiological activation of the ERKS pathway is
enhanced in the presence of WNKI1. (Right side) Expression of WNK2 controls a Rho
GTPase/PAK-mediated signalling cross talk that can increase ERK1/2 activation.
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four human WNK proteins, it is likely that hetero-oligomers form under
certain conditions. In this way, the activity of different WNK proteins on
parallel MAPK cascades might be coordinated within a single complex [23].

WNKSs also regulate upstream activators of MAPK pathways (MAP4Ks),
such as those belonging to the STE20-related protein kinases. These consist
of 10 subfamilies that include PAK and the germinal centre kinases (GCKs).
The proline-alanine-rich kinase (SPAK) and oxidative-stress responsive 1
(OSR1, also refered to as OXSR1) are members of the GCK VI subfamily
and primarily known for their role in cell volume sensing and osmotic
homeostasis. Given that cell size and volume are often linked to cell cycle
progression, it is not surprising that these kinases have roles as upstream
activators of MAPK pathways (MAP4Ks) [32, 33]. For example, SPAK is a
known activator of the p38 and JNK cascades [34-36] and OSRI acts
upstream of CaMKII and p38 in C. elegans [37].

OSRI1 and SPAK interact with WNK1, WNK3 and WNK4 [38-44] and
WNK1 and WNK4 phosphorylate these proteins on two residues: T233 and
S373 on SPAK and T185 and S325 on OSR1. Residues T233 or T185 are
located in the activation loops of these kinases' catalytic domains and mediate
their activation [38]. The molecular details of how the phosphorylation of
SPAK and OSR1 by WNK kinases relates to cell proliferation have not yet
been investigated.

As mentioned above, WNK2 also acts upon another STE20 member,
PAKI1, but direct phosphorylation does not seem to be involved. Rather,
WNK?2 affects activation of Racl, a known upstream stimulator of PAK1
[29] and active PAK1 phosphorylates MEK1 on S298, leading to increased
activity of ERK1/2 MAPK [45-49].

1.2. Effect of WNKSs on receptor traffic

MAP kinases are activated in response to growth factor binding to their
cell surface receptors and can either stimulate or inhibit cell proliferation.
After ligand binding, most receptors become internalized into signalling-
competent endosomes and then either recycle back to the cell surface or
become degraded in lysosomes as a mechanism to downregulate receptor
signalling in cells [50, 51]. Vesiclular traffic can therefore modulate cellular
signalling intensity and WNK4 has been proposed to promote cargo delivery
to lysosomes. Expression of WNK4 inhibited the activity of the sodium
chloride cotransporter NCC by diverting the channel to lysomal degradation
[52, 53] and because this effect involved a general adaptor protein (AP) 3-
dependent endosomal sorting mechanism, WNK4 may also modulate the
ratio of degradation of endocytosed growth factor receptors. This mechanism
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is known to downregulate receptor signalling in cells and can have
consequences for cell proliferation [50].

Similarly, WNKI1 and WNK4 have been shown to stimulate clathrin-
dependent endocytosis of the renal outer medullar potassium 1 channel
(ROMK1), thus inhibiting potassium secretion [54-56]. This process involves
the interaction of WNK1 and WNK4 with the scaffold protein intersectin 1
(ITSN1), which binds to specific proline-rich WNK motifs via its SH3
domains and does not require WNK kinase activity [56].

Additional support of a role for WNKs in endocytosis comes from a
genome-wide RNAI1 screen to determine the effect of human protein kinases
on endocytosis. In this screen virus entry was used as a measure of clathrin-
mediated (vesicular stomatitis virus- VSV) or caveolin-dependent (simian
virus- SV40) endocytosis and it was found that WNK4 interfered with VSV
entrance whereas WNK2 inhibited caveolin-mediated SV40 uptake [57,
Table S1].

1.3. WNKSs as targets of insulin signalling and the PI3K/Akt
pathway

There is substantial evidence that many tissues and derived cancer cells
express insulin and insulin-like growth factor 1 (IGF1) receptors and that
elevated circulating levels of IGF1 and insulin reflect a nutritional energy
imbalance with increased cancer risk [58]. Insulin and IGF1 receptors are
important activators of the phosphatidylinositol 3-kinase (PI3K)/Akt
signalling network and increase the proliferation of neoplastic cell lines.

Following IGF1 treatment of cells, Akt is activated downstream of PI3K
and phosphorylates WNKI1 in its threonine residue 60, although this
phosphorylation does not appear to affect WNKI1 kinase activity, or its
subcellular localization [59-63]. This WNKI1 phosphorylation is dependent
on PDK1, which phosphorylates Akt within its activation loop [64], and is
blocked by PI3K inhibitors. IGF1 also activates the Akt-homologous serum-
and glucocorticoid-induced protein kinase SGK1. While SGK1 is known to
regulate sodium transport in response to aldosterone in the kidney, it also
promotes degradation of the cyclin-dependent kinase inhibitor protein p27*®
in other cell types [65].

Xu and collaborators proposed that WNK1 phosphorylation by PKB/Akt
contributes to SGKI1 activation and that WNKI1 is required for SGKI
activation by IGF1 [61]. There is evidence that SGK1 may in turn
phosphorylate WNK1 on Thr60 and/or other sites and create a positive
feedback [62].
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When 3T3-L1 adipocytes were treated with insulin, an increased WNK1
phosphorylation was observed, and RNAi-induced depletion of WNKI1
enhanced insulin-stimulated thymidine incorporation by about 2-fold without
significantly affecting insulin-stimulated glucose transport in these cells [60].
This observation suggests a negative regulatory role for WNKI in insulin-
mediated proliferation control.

SGK1 apparently also phosphorylates WNK4 on serine residue 1169 in
response to aldosterone [66] but a role related to cell proliferation has not
been investigated yet.

1.4. WNKSs in transforming growth factor $ signalling

The transforming growth factor (TGF) [ transduces signals by
stimulating the formation of heteromeric complexes of type I and type II
serine/threonine kinase receptors which then phosphorylate and activate
cytoplasmic transcription activators of the Smad family. Signalling from the
TGFB-Smad pathway often plays an anti-proliferative role in many cell types,
acting as a tumour suppressor [67].

WNK1 and WNK4 kinase domains both interacted with and phosphorylated
Smad?2 in vitro. The siRNA-mediated knockdown of WNKI1 reduced overall
Smad? levels but increased Smad2/3-dependent transcriptional responses [68].
This suggests that WNKI1 imposes an inhibitory constraint on Smad2 and
TGFp signalling. Interestingly, a systematic mapping of the TGFp receptor
interactome revealed a link to another WNKI1 substrate, the OSR1 protein
kinase [69].

1.5. WNKSs in calcium signalling

An increase in cytoplasmic calcium serves as a second messenger for
calmodulin- and calcineurin-activated signalling pathways that promote
cancer cell proliferation [70, 71].

One mechanism of increasing cytoplasmic calcium is uptake from the
extracellular medium by calcium-channels, such as the transient receptor
potential vanilloid (TRPV) channels and TRPV6 overexpression has been
reported in carcinomas of the colon, breast, thyroid, and ovary [72]

Expression of WNK4 specifically enhanced TRPVS5-mediated calcium
uptake, which correlates with increased membrane expression of the channel
[73], whereas WNK3 stimulated TRPV5 and TRPV6-mediated transport
[74]. In contrast, WNK4 and WNKI1 decreased cell surface expression of
TRPV4, which plays a role in osmoregulation following hypotonic cell
swelling [75].
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Additionally, WNKI1 was also implicated in intracellular calcium
sensing, because it selectively binds synaptotagmin 2 and phosphorylates the
C2 domains, involved in calcium binding. WNKI1 and synaptotagmin 2 co-
localize in secretory vesicles in an insulin secreting pancreatic 3 cell line and
phosphorylation by WNKI1 increased the amount of calcium necessary for
synaptotagmin 2 binding to phospholipid vesicles [76].

Together, these results show that WNK kinases can affect multiple
signalling pathways related to cell proliferation; however, at present their best
defined roles are as upstream regulators of MAPK cascades.

2. WNK kinases and metabolic adaptation of tumour cells

Cell adaptation to the extracellular environment is required during the
initiation of tumour formation when cells start to proliferate and in
consequence experience suboptimal supply of oxygen and nutrients due to
diffusion limits. In response, cancer cells upregulate the production of
glycolytic energy leading to the generation of lactate and acidosis of the
extracellular medium. Tumour cells have to compensate for this acid-induced
toxicity in order to remain viable and continue to grow [77, 78].

2.1.WNKSs and glucose uptake

Malignant cells have accelerated metabolism and the increased
requirements for ATP production are satisfied by aerobic glycolysis [79].
One adaptation is to increase glucose transport into malignant cells by
overexpression of glucose transporters (GLUTs) [80] and elevated expression
of GLUT]1 has been described in many cancers.

In 3T3L1 adipocytes, the syntaxin 4-regulatory protein Muncl8c
functions in insulin-stimulated GLUT4 vesicle translocation and fusion [81].
A role for WNKI has been reported in vesicle/granule exocytosis, because it
forms a complex with Muncl8c. WNKI binds Muncl8c via its kinase
domain but does not phosphorylate it, suggesting a scaffolding function for
WNKI1 in recruiting Muncl8c as a substrate for another kinase or
phosphatase [82]. Interestingly, increased glucose supply decreased the
expression of WNK4 in mouse kidneys, indicating the existence of a
regulatory mechanism that links WNK expression to extracellular glucose
concentrations [83].

Because synaptotagmins and Muncl8c are implicated in a variety of
membrane trafficking and vesicle fusion events, their interaction with WNK1
provides a putative mechanism for how WNKs may regulate retention or
insertion of plasma membrane proteins [76].
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2.2. Regulation of extracellular pH and the plasma membrane
conductances

Mutations in the WNK1 and WNK4 genes were initially discovered to
cause pseudo-hypoaldosteronism type II (or Gordon’s syndrome), a rare
familial form of hypertension [14] characterised by increased renal salt
reabsorption accompanied by hyperkalemia and metabolic acidosis due to
impaired K™ and H" excretion. Subsequently, a huge body of evidence has
shown that WNK1, WNK3 and WNK4 are involved in the regulation of a
variety of renal but also extra-renal ion channels (for WNK2 no such studies
have been reported yet). Summarizing these studies, evidence links WNKs to
the regulation of cell surface expression or channel activity of the
cotransporters NCC, NKCC and KCC, the ROMK and Kirl.1 potassium
channels, the CFTR chloride channel, the CI/HCO; exchangers SLC26A6
and A9, the epithelial sodium channel (ENaC), and the TRPV4 and TRPVS
calcium channels [reviewed in 18, 84-86]. These data indicate that WNK
kinases are important to maintain fundamental cell functions related to
electrolyte homeostasis.

The regulation of electrolyte homeostasis is important for tumour cells
and one relevant aspect is pH regulation. The extracellular environment in the
tumour is more acidic than the intracellular pH (6.2-6.9 compared with 7.3—
7.4). The increased production and export of glycolytic lactate together with
overexpression of the Na'/H" exchanger NHE1, create a reversed pH gradient
across the tumour cell membrane. Through NHEI action, the inwardly
directed sodium gradient can drive the uphill extrusion of protons, alkalinize
intracellular pH and further acidify the extracellular pH. A supporting activity
in pH regulation is provided by the chloride/bicarbonate (CI /HCO3") anion
exchangers of the SLC26A family [87]. The combined transport activities of
NHE and SLC26A channels lead to electroneutral NaCl absorption with net
H" secretion. Recent findings suggest that the expression of the SLC26A
family is regulated by WNKs. When expressed in Xenopus oocytes, WNK4
inhibits the expression at the plasma membrane of SLC26A6 [17] and
WNK1, WNK3 and WNK4 inhibit the expression of SLC26A9 [88],
consequently decreasing channel activities.

Another aspect is the electrochemical gradient across the plasma
membrane which most cells require to sustain nutrient uptake or release of
metabolic products. For example, the electrochemical gradient for Na’ drives
the uptake of nutrients and is in part maintained by the negative membrane
potential. In case of enhanced Na'/H" exchanger activity, as observed in
tumour cells, the intracellular Na' concentration increases so that the ATP-
consuming Na'/K" ATPase becomes activated to exchange cytosolic Na" for
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K". In consequence, K" ions need to recycle through membrane potasium
channels in order to keep the Na'/K" ATPase going. A solid body of evidence
documents that various types of tumours overexpress voltage-gated K"
channels, in particular the ether-a-go-go (EAG) and BK (Ca**-activated K"
channels) subfamilies. These channels open in response to a depolarization of
the cell membrane, thus allowing an efflux of K’ ions. Experimental
overexpression of these channels promotes tumour cell proliferation,
probably because it helps to maintain the membrane potential [89].

Although WNK kinases have not yet been linked to the direct regulation
of voltage-gated K' channels, their known effects on channels involved in
Na", K", CI" and HCO3 homeostasis already indicate that these proteins play
at least an overall regulatory role on electrochemical cell homeostasis and
lead us to suggest that these channels may represent a further link between
WNKSs and tumour biology that should be explored.

3. Role of WNK kinases in the evasion of apoptosis

The apoptotic program is a major barrier to tumour development that
must be inactivated to achieve net tumour cell proliferation. A complex
interplay between different pro- or anti-apoptotic factors determines whether
cells survive or activate the cell death programme [90].

3.1.WNK3 modulates caspase 3

Experimental data and mathematical models have suggested that
apoptosis activation depends on molecular threshold values that trigger either
the cell death pathway or maintain cell survival [91, 92]. Thus, either over-
production of anti-apoptotic factors, or loss of expression of pro-apoptotic
factors, or changes in their activation status can shift the balance towards cell
survival. WNK3 has been shown to act on this balance by promoting cell
survival in a caspase-3-dependent pathway [21]. Suppression of endogenous
WNK3 by RNA interference accelerated the apoptotic response of HeLa cells
and promoted the activation of caspase-3. The mechanism of WNK3 action
involves interaction with procaspase-3 and heat-shock protein 70. The
prosurvival role was only in part dependent on the catalytic activity of
WNK3 because a kinase-dead WNK3K159M mutant also interacted with
procaspase-3 and increased cell survival to some extent. This indicates an
adaptor or scaffold function for WNK3 within a protein complex that controls
procaspase-3 activation. Accordingly, the level of WNK3 expression or
activity may determine sensitivity or tolerance of cells towards apoptotic
stimuli.
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3.2.Genome-wide screening results

The role of protein phosphorylation in apoptosis induction was recently
studied by systematic depletion of each human protein kinase or phosphatase
in HeLa cells using RNA interference [93]. This approach identified 73
kinases whose suppression increased the level of apoptosis by at least twofold
over control, defining them as survival kinases. In this screen WNKI1 and
WNK3 kinases also scored positive, albeit below the threshold value
(WNKI- 1.98 fold; WNK3- 1.58 fold), whereas WNK2 and WNK4 had no
effect on cell survival [J. Blenis, Boston, personal communication]. These
results are further supported by a genome wide screen for cell survival factors
in Drosophila melanogaster. The single Drosophila WNK gene (designated
CG7177; NM _141072) is most homologous to WNK3 and WNKI1, and its
depletion by RNAI affected cell survival in fly S2R" cells [94].

Although WNK1 and WNK3 were detected in these screens, they did not
stand out as essential genes for sustaining cell survival. However, these
screens scored for spontaneous induction of apoptosis and a different
physiological response can be expected when cells are exposed to conditions
that challenge cell survival. For example, the single Caenorhabditis elegans
WNK kinase (designated C46C2) was found essential for worm survival but
only following hyperosmotic stress conditions [13]. It can be expected that
the roles of WNKI1 and WNK3 in cell survival will become more evident
when cells face metabolic stress situations, including the above mentioned
glycolytic acidosis and cell volume regulation.

3.3. Putative role of WNK substrates OSR1 and SAPK

Which candidate signalling pathways could be involved in the anti-apoptotic
function of WNK kinases? The survival under osmotic stress depends on OSR1
[37]. As mentioned previously, OSR1 and SPAK interact with WNK1, WNK3
and WNK4 (see section 1.2) and are key regulators of the NCC, NKCC and KCC
ion channels involved in the regulation of ion homoeostasis and volume control
in mammalian cells [95, 96]. Cells under hyperosmotic stress conditions are
challenged to induce an apoptotic response and such conditions, including high
concentrations of NaCl, KCl, glucose, sucrose, manitol or sorbitol, provoke a
marked and reproducible increase in WNKI activity [5, 9, 31] including towards
its substrate OSR1 [10]. Thus, the expression or activity levels of WNK1 and
WNK3 may determine the cellular capacity to cope with osmotic or acid-related
stress.

In a yeast two hybrid screen with the SPAK C-terminal substrate binding
domain, the apoptosis-associated tyrosine kinase (AATYK) was identified as
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an interacting protein [97], and in myeloid precursor [98] or cerebellar
granule cells [99], AATYK expression promotes apoptosis.

In addition, SPAK and OSRI1 participate in other signalling pathways
related to cell survival. Overexpression of the TNF receptor RELT led to
activation of both the p38 and JNK survival pathways in 293 cells [35] and
this was dependent on SPAK kinase activity, which is regulated by WNKs.
Also, following extrinsic pro-apoptotic stimuli such as TRAIL receptor
binding, SPAK is cleaved at two distinct sites by a caspase 3-like protease,
which removes its substrate-binding domain. Accordingly, experimental
depletion of SPAK expression by siRNA increased the sensitivity of HelLa
cells to TRAIL-induced apoptosis [100]. Thus, down-regulation of SPAK
activity is an important target to enhance the apoptotic effect of TRAIL,
where WNK kinases may influence cell survival.

4. WNK kinases in invasion and metastasis

Cancer cells can escape from the constraints of their tissue of origin and
enter into the circulation to reach distant organs and eventually form
secondary tumours, called metastases.

4.1. Epithelial-mesenchymal transition

In many solid tumour types, the epithelial tumour cells switch to a highly
motile fibroblastoid or mesenchymal phenotype, a process called epithelial—
mesenchymal transition (EMT). A well characterised inducer of EMT is TGF[3
signalling [101, 102] that uses Smad-mediated gene expression to induce the
transcription factors Snail and Slug. These repress expression of the E-cadherin
gene required for epithelial cell adhesion, a hallmark phenotype of EMT [103].
Since WNKI1 was shown to phosphorylate Smad2 in vitro and apparently
negatively controls Smad2/3-dependent transcriptional responses and
TGFB Signalling [68], this suggests that loss of expression or inactivating
WNK1 mutations could promote EMT of epithelial tumour cells.

4.2. Neuronal cell invasion

The ganglioside GD3 is a sialic acid-containing glycosphingolipid
normally expressed during development but also in pathological conditions
such as cancer. In neural tumour cells, WNKI1 expression was found to
correlate with that of GD3 [104]. In particular, experimental suppression of
the GD3-synthase gene in F-11 tumour cells led to a reduced rate of cell
migration and invasiveness [105], conditions under which a dramatic
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decrease in WNK1 expression was observed. This suggests that WNKI
may contribute to the invasive phenotype of F-11 cells but further
mechanistic details are not yet available.

4.3.Role of WNK-regulated Rho GTPases

Rho GTPases control the dynamics of the actin cytoskeleton and are
important for cell migration and invasiveness [106]. WNK2 controls, through
a yet unknown mechanism, the activation of the small GTPase RhoA, which
in a reciprocal way regulates activation of Racl [29]. The suppression of
WNK2 in cell lines leads to reduced RhoA, but increased Racl activation. It
remains to be determined whether changes in WNK?2 expression or activity affect
RhoA/Racl activation in tumours, but in this sense, the reported epigenetic
silencing of WNK2 in infiltrative gliomas [27] is highly suggestive.

A recent report also links WNK1 to Rho GTPases. In neuronal cells WNK 1
can be isolated in a complex with Rho-GDI and was proposed to mediate the
regulation of Nogo66-induced RhoA activation and neurite outgrowth [107].

Interestingly, a reciprocal relation between RhoA and Racl signalling
has also been reported to mediate NHE1-dependent changes in motility and
invasion of breast cancer cells [107]. For example, NHE1 has a crucial role in
driving invasion, possibly by acting as an integrator protein that links the
cytoskeleton and various metastasis-specific signalling complexes that
mediate invasive activity. NHEI can directly regulate cytoskeletal dynamics
independently of its ion-transporting capabilities because it binds the ezrin,
radixin and moesin (ERM) family of cytoskeleton regulators [109]. This
feature of actin cytoskeleton remodeling has also been reported downstream
of other ion channels [110], including some that are regulated by WNKs.

5. Mutational mechanisms affecting WNK genes in tumours

If WNK signalling were important for tumour development, one can
expect that genetic alterations affect either WNK gene expression or their
coding sequence with consequences for protein activity.

5.1. Changes in gene expression

The strongest evidence for such alterations was reported for WNK2.
Expression of the human WNK2 gene is silenced in a large percentage of
human gliomas due to extensive methylation in the CpG island encompassing
the 5> end of this gene [27]. Likewise, the WNK2 promoter was hyper-
methylated in 83% and 71% of grade II and III meningiomas, respectively
and this was associated with decreased WNK2 expression in primary
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tumours. In contrast, promoter methylation was rare in a total of 209 tumours
from thirteen other tumour types [28].

This finding makes WNK2 a candidate tumour suppressor gene in
gliomas. WNK2 indirectly inhibits MEK1 and restrains growth-promoting
signals through the EGF receptor. Thus, it is possible that the epigenetic
silencing of WNKZ2 interacts on a functional level with genetic alteration of
EGFR signalling, a common abnormality in glioblastomas especially due to
EGFR gene amplifications [111]. It is interesting to note that colon tumours
also show frequent hyper-stimulation of the EGFR signalling pathway and
that a partial clone of WNK2 has previously been isolated as the colon cancer
antigen SDCC43 [112]. An incomplete WNK2 fragment was also isolated as
a T-cell recognized pancreatic cancer cell antigen P/OKcl13 [113].

The other three human WNK genes share with WNK2 the presence of
large CpG islands surrounding their promoter regions and extending into the
first exons [6, 20, 15, 27]. This observation suggests some common
mechanism of regulation under physiological conditions but also indicates
that hyper-methylation of the WNK1, WNK3 or WNK4 promoters may exist
in other tumour types.

In future studies, the presence of genomic deletions in WNK genes should
also be explored because one mutation type that predisposes patients to
Gordon syndrome is a deletion within intron 1 of WNKI1. This is a very large
intron of 58 kb which contains a kidney-specific repressor element [114] and
its deletion results in WNKI1 overexpression [14]. The structure of the WNK2
and WNK3 genes is conserved with respect to a large intron 1 (44 kb and 22
kb, respectively), raising the possibility that a similar mutational mechanism
may lead to their overexpression. However, a homology search using the
kidney-specific WNKI1 repressor element C1 [114] did not identify any
homologous sequences in introns 1 from the WNK2 and WNK3 genes
[unpublished observation].

WNK expression studies will further need to test for the presence of
alternative promoters. In WNKI intron 4 an intragenic promoter generates a
kidney-specific isoform (KS-WNK1) lacking kinase activity, which is thus
functionally different from the long ubiquitous isoform (L-WNKI).
Epigenetic changes could shift promoter usage in tumours and thus generate
dominant-negative WNK isoforms, a possibility that remains to be explored
as a potential mutagenic mechanism.

An additional avenue that requires more attention is the role of WNK
alternative splicing variants. For example, one WNKI1 variant lacks exons 11
and 12 [6], two WNK2 transcripts exist that differ in their C-terminal exon
with different C-terminal sequences [19], and for WNK3 two variants differ
in usage of mostly brain-specific exons [15, 21]. Alternative splicing variants
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can affect transcript turnover or encode protein isoforms. At present no
simple structure/function relation exists to predict functional differences
between two splicing variants from the same gene, however, many examples
of variants have been documented that significantly differ regarding
regulation or signalling activities [115-118]. Indeed, a recent report revealed
that the two WNK3 variants have opposite effects on expression of the ion
channel NCC [119].

5.2. WNK point mutations in tumours

In the last years, large-scale cancer genome sequencing efforts were
conducted to determine the full spectrum of mutations in a given tumour.
Among the provided lists of mutated genes a variety of point mutations in
several WNK genes were identified in breast, colon, lung or brain tumours
(Figure 5) [120-124].

No experimental evidence exists, however, showing whether the
resulting missense or frameshift mutations have a functional impact on the
corresponding WNK protein. It is possible that these mutations represent just
'passenger’ mutations in a genetically unstable cancer cell genome that are not
causally implicated in oncogenesis [120].

Tissue Histology/Type Gene Zygosity cDNA Protein Mutation Reference
Breast IDC WNK1 Het €.5395C>G p.Q1799E Missense 2,3,4
Breast pleomorphic lobular ca WNK1 Het ¢.1255G>C p.E419Q Missense 2,4
Breast pleomorphic lobular ca WNK1 Het €.6569C>G p.S2190C Missense 2,4
Lung adenocarcinoma WNK1 Hom C.7086C>A p.F2362L Missense 1,4
Ovary serous carcinoma WNK1 Het €.2829C>T p.Y943Y Silent 4
Colon colorectal WNK1 ¢.3596A>G p.E1199G Missense 3
Brain glioblastoma WNK1 Het ¢.5293G>A p.G1765S Missense 5
Brain glioblastoma WNK2 Het C.3799G>A p.A1267T  Missense 5
Colorectal adenocarcinoma WNK2 Het €.1922delC p.P641fs*2 Frameshift deletion 4
Stomach adenocarcinoma WNK2 Het c.4116delC p.S1373fs*5  Frameshift deletion 4
Lung adenocarcinoma WNK2 Het €.5933G>T p.S1978I Missense 14
Lung neuroendocrine carcinoma WNK2 Het €.4856G>A p.G1619E Missense 1,4
Ovary serous carcinoma WNK2 Het c.1486G>T p.V496L Missense 4
Ovary Mucinous carcinoma WNK2 Het c.6642delC p.T2215fs*31  Frameshift deletion 4
Glioma glioblastoma WNK3 Het €.2784C>T p.H928H Silent 4
Lung squamous cell carcinoma WNK3 Het €.2561C>G p.S854C Missense 4
Lung large cell carcinoma WNK3 Het €.4599G>T p.L1533F Missense 4
Kidney clear cell carcinoma WNK3 Het €.3809C>A p.T1270N Missense 4
Kidney clear cell carcinoma WNK3 Het €.4900T>C p.S1634P Missense 4
Stomach adenocarcinoma WNK4 Het ¢.1786delG p.V596fs*53  Frameshift deletion 4
Melanoma  metastatic WNK4 Het c.1402C>T p.L468L Silent 4
Melanoma WNK4 Het €.2974C>T p.P992S Missense 4
Melanoma WNK4 Het €.3154C>T p.P1052S Missense 4
Ovary Mucinous carcinoma WNK4 Het ¢.1302C>G p.D434E Missense 4
Breast IDC WNK4 Het c.441C>G p.F147L Missense 4

References: 1= Davies et al., 2005; 2= Stephens et al., 2005; 3=Sjoblom et al., 2006; 4= Greenman et al., 2007; 5=Parsons et al., 2008

Figure 5. List of WNK mutations identified in different unbiased cancer genome
sequencing efforts (corresponding references are indicated).
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6. Summary and perspective

Considering the reviewed data, the evidence for a role of WNK kinases
in cancer cell signalling is just beginning to emerge. At present, experimental
evidence is strongest concerning their role as upstream regulators of MAPK
cascades, as modulators of Rho-GTPases and inhibitors of apoptosis (see
Figure 6). The next few years will certainly shed light on further aspects of
cancer biology that are affected by WNKs. It will be of particular interest to
elucidate how their abundantly documented role on the regulation of activity
or cell surface expression of ion channels can be related to tumour
development. In order to understand the underlying signalling network, it will
be important to systematically identify WNK interacting proteins and
physiological substrate proteins, cellular phenotypes following WNK
suppression, and the genetic changes affecting WNK genes during tumorigenesis.
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Figure 6. Schematic summary of major WNK-regulated cellular processes with a role
in cancer cell biology. Arrows symbolise stimulation and t-shaped lines inhibition.
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