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WNK [with no lysine (K)] protein kinases are found in all se-
quenced multicellular and many unicellular organisms. WNKs
influence ion balance. Two WNK family members are associated
with a single gene form of hypertension. RNA interference screens
have implicatedWNKs in survival and growth, andWNK1 is essential
for viability ofmice.We found that themajority ofWNK1 is localized
on cytoplasmic puncta in resting cells. During cell division, WNK1
localizes to mitotic spindles. Therefore, we analyzed mitotic pheno-
types inWNK1knockdown cells. A large percentage ofWNK1knock-
down cells fail to complete cell division, displaying defects in mitotic
spindles and also in abscission and cell survival. One of the best-
characterized WNK1 targets is the protein kinase OSR1 (oxidative
stress responsive 1). OSR1 regulates ion cotransporters, is activated
in response to osmotic stress byWNK familymembers, and is largely
associated with WNK1. In resting cells, the majority of OSR1, like
WNK1, is on cytoplasmic puncta. OSR1 is also in nuclei. In contrast
to WNK1, however, OSR1 does not concentrate around spindles
during mitosis and does not show a WNK1-like localization pattern
in mitotic cells. Knockdown of OSR1 has only a modest effect on cell
survival and does not lead to spindle defects. We conclude that
decreased cell survival associated with loss of WNK1 is attributable
to defects in chromosome segregation and abscission and is in-
dependent of the effector kinase OSR1.
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The serine/threonine protein kinaseWNK1 [with no lysine (K)]
is important for blood pressure regulation (1–4). Positional

cloning identified two of the four WNK family members as the
genes mutated in a form of hypertension known as pseudohy-
poaldosteronism type II (5). Disease-causing mutations inWNK1
are large deletions of the first intron, which are thought to lead to
the increased expression of the protein. Consistent with this idea,
WNK1 heterozygous mice have low blood pressure (6). Little is
understood about the regulation ofWNKs. The only knownWNK
activators are increased and decreased ionic strength (7, 8), con-
sistent with their roles in regulating ion transport.
WNKs differ from other members of the protein kinase su-

perfamily because of the unusual location of the catalytic lysine
(7, 9). WNKs are large, varying in size from nearly 1,200 to al-
most 2,400 residues (10). In addition to a protein kinase domain,
WNKs contain an autoinhibitory domain that suppresses protein
kinase activity, at least two coiled-coil regions, and many protein-
interaction motifs but no other currently known folded domains.
Outside of the kinase domain, strong sequence similarity among
the WNKs is limited to conserved interaction motifs and a C-
terminal coiled coil. WNK1 is found ubiquitously in tissues but
has several splice variants that are differentially distributed, sug-
gesting both common and tissue-specific functions (7, 10–12).
Transport functions attributed to WNKs include regulation of

several ion cotransporters and ion channels. Among these, few
mechanisms have been well defined, but the best understood is the
regulation of sodium, potassium, two-chloride cotransporters me-
diated by theWNKsubstrates oxidative stress responsive 1 (OSR1)
and its homolog, the serine-, proline-, alanine-rich kinase (SPAKor
PASK) (13–17). One or the other of these related kinases is
expressed in most if not all tissues. In addition to their kinase and
regulatory domains, OSR1 and SPAK have a C-terminal PF2 (for
PASK and Fray, the fly ortholog) protein-protein interaction do-

main. Through their PF2 domains, these kinases bind stably to
WNK proteins and are activated by WNK-mediated phosphory-
lation in response to osmotic stress (14–19).
WNK family members have also been identified in screens of

proteins involved in development and cancer (20–22). In addi-
tion, WNKs have been implicated in cell-based screens for sur-
vival and proliferation (23–25). Loss of WNK3 has been found
to accelerate apoptosis by enhancing caspase-3 activation (26).
Mechanisms that might account for the identification of WNK1
in cell-based screens are unknown.
In this study, we investigated the localization of endogenous

WNK1 and its target OSR1. We found the unexpected concen-
tration of WNK1 on mitotic spindles. By examining phenotypes
of cells in which these proteins were individually knocked down,
we identified a unique property of WNK1 that has an impact on
cell survival.

Results
WNK1 and OSR1 Display a Punctate Localization Pattern. The local-
ization of endogenous WNK1 in HeLa cells by immunofluores-
cence demonstrated a decidedly punctate cytoplasmic pattern
(Fig. 1A and Fig. S1B). This punctate staining pattern was also
observed in other cell types, including MCF7 breast and HT29
colon cancer lines (Fig. S1 D and E). The specificity of the
WNK1 antibody was verified by blocking the signal with peptide
antigen and by siRNA knockdown of WNK1. Both peptide block
and knockdown almost completely eliminated the antibody sig-
nal, indicating that the immunofluorescent staining pattern was
attributable to WNK1 (Fig. 1 B and C). Previously, WNK1 lo-
calization was examined using heterologously expressed WNK1
fusion proteins and was described as diffuse cytoplasmic (7, 27).
We examined GFP-tagged WNK1, which also appeared in a
punctate pattern as long as it was expressed at low levels (Fig. S1
A and C). Expression of larger amounts resulted in diffuse
staining that did not represent the endogenous pattern.
OSR1 is one of the best-characterized WNK1 substrates. Bio-

chemical studies have shown that WNK1 and OSR1 are tightly
bound to each other in cells (16, 17). Therefore, we examined the
localization of OSR1 in HeLa cells by immunofluorescence and
found that OSR1, like WNK1, displayed a punctate cytoplasmic
staining pattern; unlike WNK1, OSR1 was also prominent in the
nucleus (Fig. 1D). The specificity of theOSR1 immunofluorescent
signal was confirmed by OSR1 knockdown (Fig. 1 E and F).

WNK1 Localizes to Mitotic Spindles During Mitosis. In WNK1
knockdown experiments, we occasionally observed some cell
division defects. Therefore, we characterized the localization of
endogenous WNK1 at different stages of mitosis. Unexpectedly,
we found that WNK1 was concentrated on mitotic spindles
during mitosis. In early prophase, WNK1 was located mainly in
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the cytoplasm; however, there was a population of WNK1 in
proximity to astral microtubules (Fig. 2 A–C and Fig. S1 F–I,
compare merged signal with computer-generated colocalization
in the latter). In metaphase, WNK1 was evident on spindle pole
microtubules. The signal density was higher near the spindle
poles than at the kinetochore ends (Fig. 2 D–F). For clarity, Fig.
2 G–I shows data from Fig. 2 D–F as a 3D volume rendering that
weights the transparency of each voxel according to its depth in

the volume. In anaphase, WNK1 signals clearly remained on
spindle microtubules as the sister chromatids were separated,
was evident on polar microtubules, and was detectable at the
midzone (Fig. 2 J and L). In telophase, WNK1 was present
around astral microtubules and prominent at the spindle mid-
zone between the two daughter cells (Fig. 2 M–O).

Depletion of WNK1 Causes Aberrant Mitotic Spindles and Defective
Abscission. Localization on mitotic spindles strongly suggests that
WNK1 may have a function in mitosis. Indeed, knockdown of
WNK1 resulted in aberrant mitotic spindles and chromosome
segregation. Cells transfected with scrambled oligonucleotides
showed well-aligned spindles and chromosomes (Fig. 3 A–C). In
contrast, cells with WNK1 knocked down displayed a range of
defects, including longer and misaligned spindles and chromo-
somes (Fig. 3 D–F); tripolar spindles and L-shaped chromo-
somes (Fig. 3 G–I); symmetrical tetrapolar spindles and cross-
shaped chromosomes (Fig. 3 J–L); and multipolar spindles with
misaligned chromosomes (Fig. 3 M–O). Multipolar spindles of-
ten result in multinucleated cells (28). Consistent with this idea,
cells lacking WNK1 were frequently multinucleate (Fig. S2).
In late telophase, mitosis is completed once separation of the

two daughter cells occurs by abscission of the midbody (29). In
control cells before abscission, the length of the bridge between
two daughter cells was 14.1 ± 0.4 μm, whereas the average length
of the bridge in WNK1-depleted cells was more than twice as
long at 31.8 ± 0.9 μm (Fig. 4 A–C). Time-lapse microscopy
supported the conclusion that abscission failure might account
for the longer bridge in WNK1-depleted daughter cells. Control
cells successfully severed the bridge and formed two independent
cells within 2 h (Fig. 4D, yellow broken lines). Knockdown of
WNK1 caused the daughter cells to remain connected even after
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Fig. 1. WNK1 and OSR1 display a punctate localization pattern. Immunos-
taining of HeLa cells: WNK1 or OSR1 (red) and DAPI (blue). (A) Projected Z-
slices of HeLa cells stained for WNK1. The specificity of the WNK1 antibody
was verified by peptide antigen block (B) and siRNA knockdown (C). (Scale
bar: 5 μm.) (D and E) Projected Z-slices of HeLa cells stained for OSR1. (E and
F) Specificity of the OSR1 antibody was verified by siRNA knockdown. (Scale
bar: 10 μm.)
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Fig. 2. WNK1 localizes on mitotic spindles during mitosis. Immunostaining
of HeLa cells: WNK1 (red) and tubulin (green). The colocalized channel
(yellow) was generated by Imaris software. (A–C) Early prophase. (D–F)
Metaphase. (G–I) Images same as in D–F, shown in volume-rendered pro-
jection. (J–L) Anaphase. (M–O) Telophase. (Scale bar: 5 μm.)
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Fig. 3. Depletion of WNK1 causes aberrant mitotic spindles. Immunos-
taining of HeLa cells 48 h after transfection with scrambled (A–C) or WNK1
siRNA (D–O) oligonucleotides. WNK1 (red), tubulin (green), and DAPI (blue
channel). (Scale bar: 5 μm.)
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17.5 h (Fig. 4E, yellow arrowheads). As cells attempted to move
away from each other, the bridge lengthened (Movies S1–S3).

Rat WNK1 Rescues Mitotic Phenotypes Caused by Knockdown of
WNK1. To provide additional support that phenotypes caused by
siRNA are not attributable to off-target effects, rat WNK1 was
expressed in HeLa cells and tested for its ability to rescue mitotic
spindle and abscission phenotypes. Cells expressing rat WNK1
(Fig. 5 A and E) displayed normal mitotic spindles and well-
aligned chromosomes, in spite of little endogenous WNK1 (Fig.
5 B–D). Likewise, the bridge between daughter cells was of
normal length (Fig. 5 F–H). Rat WNK1 was localized, like en-
dogenous HeLa WNK1, on mitotic spindles (Fig. 5 C and G).
These observations support the conclusion that depletion of
WNK1 results in several defective mitotic phenotypes.

Knockdown of OSR1 Does Not Show Mitotic Defects and Has Little
Effect on Cell Viability. Because OSR1 is associated with WNK1 in
cells and is a WNK1 effector (14–19), we wanted to determine if
it mediates the effects of WNK1 on mitosis. Unlike WNK1,
OSR1 was distributed relatively evenly in all stages of mitosis
(Fig. 6) and was not concentrated on mitotic spindles (Fig. 6 A,
B, D, E, G, H, J, and K, areas marked by broken white lines).
Furthermore, OSR1 knockdown did not cause the aberrant mi-
totic phenotypes observed in WNK1 knockdown cells; spindles
and chromosomes were well aligned despite little OSR1 (Fig. 7
D–F). Finally, the localization of WNK1 on mitotic spindles was
unchanged by OSR1 depletion (Fig. 7 G–I). Based on our pre-

vious knockdown experiments examining sodium, potassium, two-
chloride cotransporter activity, there is insufficient SPAK to re-
place OSR1 function under these conditions (17).
We have consistently noted decreased survival of most cell

types following WNK1 knockdown. To quantify cell survival, the
relative number of viable cells following knockdown of WNK1
or OSR1 was measured. We found that nearly 80% of OSR1-
depleted HeLa cells were viable (Fig. 8 A and B). Conversely, the
survival of WNK1-depleted cells was below 35%.

Discussion
Here, we report a unique property of WNK1, a requirement for
localization to spindles during mitosis, not anticipated by any
previous biochemical or physiological studies. Depletion ofWNK1
showed multipolar spindles, disorganized chromosomes, failed
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E

Fig. 4. RNAi of WNK1 resulted in a defect in abscission. Immunostaining of
HeLa cells 72 h after transfection with scrambled (A) or WNK1 siRNA (B)
oligonucleotides. WNK1 (red), tubulin (green), and DAPI (blue channel). In A
and B, the bridge between two daughter cells is overlaid with a bar in-
dicating length. (Scale bar: 15 μm.) (C) Average length of bridges in scram-
bled control and WNK1 knockdown cells is plotted. Sample images were
taken from four independent experiments (scrambled control, n = 80; WNK1
knockdown, n = 90). Statistical analysis was performed by an unpaired t test.
Individual frames from time-lapse microscopy of scrambled control (D) and
WNK1 knockdown (E) cells. Regions between separating cells are indi-
cated by yellow arrowheads. Perimeters of separated daughter cells in the
scrambled control are indicated by yellow lines in D.
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Fig. 5. Rescue of mitotic phenotypes by rat WNK1. Rat Flag-WNK1 was
expressed in cells in which the endogenous protein was knocked down. Rat
Flag-taggedWNK1 (green), endogenousWNK1 (light blue), tubulin (red), and
DAPI (darkblue). (A–D)Metaphase. (E–H) Late telophase. (Scale bar: 5 μm.) The
bridge between two daughter cells is overlaid with a bar indicating length.
Arrowheads in D and H point to staining of endogenous WNK1.
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Fig. 6. OSR1 displays a localization distinct from WNK1 during mitosis.
Immunostaining of HeLa cells: OSR1 (red), tubulin (green), and DAPI (blue).
(A–C) Early prophase. (D–F) Metaphase. (G–I) Anaphase. (J–L) Telophase. The
broken white lines generally mark mitotic spindles (A, B, D, E, G, H, J, and K).
(Scale bar: 5 μm.)
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abscission, multinucleated cells, and reduced cell survival. WNK1
binds a number of other proteins, including protein kinases,
through its noncatalytic domains (30–32). Thus, WNK1may exert
its mitotic function through its enzymatic activity, protein-protein
associations, or likely both.
WNK1 is essential for viability in mice (6). Later analysis of

embryos has suggested that failure to complete development is
attributable to a defect in formation of the cardiovascular sys-
tem, which can be corrected by expression of WNK1 specifically
in endothelial cells (33). These results suggest that the role of
WNK1 in mitosis does not primarily account for the lethality of
its deletion. In reconstitution assays, multiple WNK family mem-
bers can regulate several common effectors not limited to OSR1
and SPAK (1–4). In this regard, we have been unable to detect
other WNKs in HeLa cells by immunoblotting. Thus, it seems
possible that the lack of obvious mitotic phenotypes in the
WNK1 null embryos may be attributable to the capacity of other
WNK isoforms to compensate for loss of this WNK1 function.
Examination of the localizations of endogenous WNK1 and

OSR1 reveals punctate and largely cytoplasmic distributions. Al-
though the puncta are too small to be identified unequivocally as
vesicles by light microscopy, the data suggest that WNK1 and
OSR1 may be on intracellular vesicles in resting cells and support
the strong biochemical data showing WNK1-OSR1 association.
Conversely, whenGFP-WNK1was overexpressed, not only did we
observe a diffuse rather than punctate staining pattern but several
intense GFP spots, which suggested aggregation. Therefore, it
seems unlikely that the diffuse GFP-WNK1 signal is an accurate
reflection of WNK1 localization. From live cell imaging, we also
found that expression of WNK1 had to be carefully titrated.
Overexpression caused cell death within hours posttransfection.
Because OSR1 is a major WNK1 effector and is bound to

WNK1 in resting cells (14–19), it is surprising that it was not
colocalized on mitotic spindles. Consistent with the distinct mi-
totic localization of OSR1, knockdown showed that it was ap-
parently not involved in WNK1-dependent mitotic events. The
OSR1 homolog SPAK is present at nearly undetectable levels in
HeLa cells (Fig. S3), making the possibility that we missed rel-
evant phenotypes as a result of functional redundancy unlikely.
The difference in survival between WNK1-depleted and OSR1-
depleted cells may simply mean that OSR1 is not involved in

WNK1-mediated cell survival functions. Conversely, it is possible
that WNK1 exerts its function on cell survival through multiple
downstream targets, of which OSR1 is just one, and the assays
used here did not reveal its contribution.
Our findings suggest that WNK1 is a potential mitotic kinase

regulating both the formation of mitotic spindles and the com-
pletion of abscission. WNK1 was found in a shRNA knockdown
screen for multipolar spindle phenotypes among human kinases
(25), further supporting our discovery of a mitotic function of
WNK1. During the initial stages of mitosis, proper nucleation of
microtubules at centrosomes forms bipolar spindles. Centrosome
maturation and centriole duplication, key steps leading to mi-
crotubule nucleation, are controlled by several mitotic kinases
(34, 35). Aurora and Polo-like kinases (PLKs) differentially
regulate recruitment of multiple microtubule-associated proteins
and motor proteins required for centrosome maturation (36–38).
These kinases also regulate steps in mitotic exit and contractile
ring formation, the first step of cytokinesis (34, 35). Although the
localization of WNK1 resembles that of Aurora A and PLK1,
especially on spindle poles, WNK1 localizes differently from
Aurora B during mitosis. Knocking down Aurora B results in
multipolar spindles, depletion of PLK1 causes monopolar spin-
dles, but overexpression of PLK1 or Aurora A results in multi-
polar spindles (34, 39–41). Given the phenotypic distinctions,
perhaps WNK1 negatively regulates PLK1 or Aurora kinases
during formation of bipolar spindles. Alternatively, WNK1 may
act independent of PLK1 or Aurora kinases. Abscission finally
separates the two daughter cells and involves diverse processes,
including membrane delivery, microtubule remodeling, and
membrane fusion (42). How WNK1 is involved in this final step
requires further investigation. Clues to the underlying molecular
mechanisms may be obtained from identification of potential
WNK1 interactors during mitosis. The present study sets the
stage to explore this unique mitotic function of WNK1.

Materials and Methods
Constructs. Rat Flag-WNK1 cDNA was created by PCR using the following
forward and reverse primers: GAATTCATGTCTGACGGCACCGCAGAGAAGC
and GGATCCCTAGGTGGTCCGTAGGTTGGAACT with Myc WNK1 as a cDNA
template. PCR products were digested with EcoRI and BamHI and ligated
into p3XFlagCMV7.1.

A B C

D E F
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Fig. 7. Depletion of endogenous OSR1 does not cause defects in mitotic
spindles. Immunostaining of HeLa cells 48 h after transfection with scrambled
(A–C) or OSR1 siRNA (D–I) oligonucleotides. OSR1 (A and D; red) or WNK1 (G;
red), tubulin (B, E, andH; green), and DAPI (C, F, and I; blue). (Scale bar: 5 μm.)

BA

Fig. 8. Effect of depletion of WNK1 or OSR1 on cell survival. (A) Percentage
of viable cells remaining following transfection with scrambled, WNK1
siRNA, or OSR1 siRNA oligonucleotides is shown as the mean ± SEM. Three
independent experiments were performed. Statistical analysis was by one-
way ANOVA with a Bonferroni test. *P < 0.05; ***P < 0.001. (B) Immuno-
blotting of HeLa cells transfected with scrambled, WNK1 siRNA, or OSR1
siRNA oligonucleotides.
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Antibodies and Reagents. Antibodies to the following proteins were as in-
dicated: WNK1 immunofluorescence (no. 4979; Cell Signaling) and immuno-
blotting [Q256 (7)], OSR1 immunofluorescence (no. 3729; Cell Signaling), SPAK
(no. 2281; Cell Signaling),α-tubulin (cloneDM1A; SigmaAldrichor cloneYL1/2;
Abcam), and Flag epitope (cloneM2; SigmaAldrich). Secondary antibodies for
immunofluorescence were goat anti-mouse Alex 488 or 546, goat anti-rabbit
Alex 488 or 546, andgoat anti-rat Alex 647 (all from Invitrogen). DAPI, dextran
conjugated with Alex 488, and 10% (vol/vol) normal goat serum were also
purchased from Invitrogen. Antibody U5438 raised against His6-OSR1 residues
345–527 recognizes both OSR1 and SPAK as described (43).

Cell Culture Immunofluorescence and Immunoblotting. Cells were cultured in
DMEM with 10% FBS (vol/vol) and 1% L-glutamine at 37 °C under 5% (vol/
vol) CO2. For imaging, cells were plated on 35-mm or six-well glass-bottom
plates (MatTeK Corp.). For immunofluorescence, cells were washed with PBS
at 37 °C; fixed with 4% paraformaldehyde (vol/vol) in 60 mM Pipes, 25 mM
Hepes (pH 6.9), 10 mM EGTA, and 2 mM MgCl2 for 10 min; and washed
twice for 5 min each time with PBS. Cells were permeabilized with 0.1%
Triton X-100 in PBS at 4 °C for 5 min, washed as above, incubated with 10%
normal goat serum (vol/vol) at room temperature for 30 min, and then in-
cubated with primary antibody at 4 °C overnight. Cells were then washed
with PBS, incubated with Alexa fluor-conjugated secondary antibody at
room temperature for 1 h, washed twice with PBS, and imaged by fluores-
cent microscopy.

For immunoblotting, confluent cells were harvested in lysis buffer con-
taining 1% Triton X-100, 50 mMHepes (pH 7.5), 150 mMNaCl, 1.5 mMMgCl2,
1 mM EGTA, 10% glycerol (vol/vol), 100 mM NaF, 0.2 mM Na3VO4, 50 mM
β-glycerophosphate, 1 mM DTT, 1 mM benzamidine hydrochloride, 10 mg/L
leupeptin, 0.5 mg/L pepstatin A, and 1.5 mg/L aprotinin. The cells were
vortexed for 30 s and incubated on ice for 10 min. The lysates were clarified
by centrifugation at 21,300 × g in a microfuge for 15 min.

RNAi. HeLa cells were transfected with dsRNA oligonucleotides using Lip-
ofectamine RNAiMAX according to the manufacturer’s instructions (Invi-
trogen). After 48 h, protein localization was examined. The following oli-

gonucleotides were used: WNK1: sense, GGAUCAAGUGCGAGAAAUUTT, and
antisense, AAUUUCUCGCACUUGAUCCTT; OSR1: sense, GGAACAGGUCCGU-
GGUUAUTT, and antisense, AUAACCACGGACCUGUUCCTT; and scrambled
control, Silencer Negative control no. 1 siRNA (Ambion).

Time-Lapse Microscopy. Cells were transfected as above with small interfering
WNK1 or scrambled control oligonucleotides. After 24 h, cells were imaged
with a Deltavision RT deconvolution microscope (Applied Precision) with an
environmental control chamber (Solent). Images were acquired using a 20×
phase contrast objective lens every 30 min for 72 h. Data were processed
with ImageJ (National Institutes of Health).

Image Analysis. Fluorescent Z-stacks were acquired and deconvolved using
the Deltavision RT deconvolution microscope. Colocalization and 3D models
were analyzed using Imaris software (v. 6.4; Bitplane). All data shown are
displayed as projections through the Z-stack. The colocalization channels
depicting voxels showing statistically significant colocalization were gener-
ated using the Coloc module of Imaris, which is based on the method of
Costes et al. (44).

Cell Survival Assay. Cells were transfected twice, 24 h apart, withWNK1, OSR1,
or scrambled control oligonucleotides. After 72 h, cells excluding Trypan blue
were counted. Cell survival was normalized to that for the scrambled control.
Three independent experiments were performed. Statistical analysis was by
one-way ANOVA with a Bonferroni test.
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