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Multistep regulation of autophagy by WNK1
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The with-no-lysine (K) (WNK) kinases are an atypical family of
protein kinases that regulate ion transport across cell membranes.
Mutations that result in their overexpression cause hypertension-
related disorders in humans. Of the four mammalian WNKs, only
WNK?1 is expressed throughout the body. We report that WNK1
inhibits autophagy, an intracellular degradation pathway impli-
cated in several human diseases. Using small-interfering RNA-
mediated WNK1 knockdown, we show autophagosome formation
and autophagic flux are accelerated. In cells with reduced WNK1,
basal and starvation-induced autophagy is increased. We also
show that depletion of WNK1 stimulates focal class Ill phospha-
tidylinositol 3-kinase complex (PI3KC3) activity, which is required
to induce autophagy. Depletion of WNK1 increases the expression
of the PI3KC3 upstream regulator unc-51-like kinase 1 (ULK1), its phos-
phorylation, and activation of the kinase upstream of ULK1, the AMP-
activated protein kinase. In addition, we show that the N-terminal
region of WNK1 binds to the UV radiation resistance-associated
gene (UVRAG) in vitro and WNK1 partially colocalizes with UVRAG,
a component of a PI3KC3 complex. This colocalization decreases
upon starvation of cells. Depletion of the SPS/STE20-related pro-
line-alanine-rich kinase, a WNK1-activated enzyme, also induces
autophagy in nutrient-replete or -starved conditions, but depletion
of the related kinase and WNK1 substrate, oxidative stress respon-
sive 1, does not. These results indicate that WNK1 inhibits auto-
phagy by multiple mechanisms.

UVRAG | ULK1 | Vps34 | SPAK | PI3KC3

he with-no-lysine (K) (WNK) protein kinase family is an evolu-

tionarily conserved, atypical group of serine/threonine kinases
with the conserved ATP-binding lysine residue shifted to a differ-
ent position within the kinase domain (1, 2). WNKs are the only
kinases in the eukaryotic protein kinase superfamily with this un-
usual arrangement. This arrangement confers on them unique
structural and functional properties (3). There are four WNK
proteins in mammals, of which WNKI1 is the largest, over 2,000
residues, and most widely expressed (4).

The best-characterized function of WNKs is their binding and
activation of downstream target kinases, oxidative stress responsive
1 (OSR1) and SPS/STE20-related proline-alanine-rich kinase
(SPAK) (5-7). Once activated, OSR1 and SPAK phosphorylate
and regulate downstream cation-chloride cotransporters of the
SLC12 family (8-10). This WNK-SPAK/OSR1 pathway enables
cells to adjust intracellular ions and cell volume in response to ion
imbalances and osmotic stress (11). It is noteworthy that mutations
in the regulatory components of the WNK pathway, including
WNK1, WNK4, kelch-likes (KLHLSs), and cullins, have been shown
to cause increased expression of WNKs and ion reabsorption
defects in kidney that lead to hypertension-related genetic dis-
eases, such as Gordon’s syndrome (pseudohypoaldosteronism IT)
(12-16). In addition, WNKs have been linked to the regulation
of cell proliferation (17, 18), cell death (19), cell migration (20-23),
endocytosis (24-27), and angiogenesis (22, 28). They also impact
multiple signal transduction pathways, including the ERK1/2 and
ERKS MAP kinase pathways (17, 29).

Autophagy is a process conserved throughout evolution that
degrades intracellular materials to remove damaged and outdated
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components and to supply cells with nutrients and building blocks
(30-33). Autophagy is induced by cellular stress and protects
against infections by pathogens (34-40). Critical to maintain in-
tracellular homeostasis, autophagy has roles in diseases, such as
neurodegeneration (41, 42) and cancer (43, 44). In this study, we
show that WNKI1 is involved in regulating autophagy.

Results
WNK1 Depletion Increases Autophagy. To analyze its role in auto-
phagy, WNK1 was knocked down with small interfering RNA
(siRNA) in U20S cells stably expressing green fluorescent protein-
tagged light chain 3 (GFP-LC3) (32, 45). WNKI1 depletion in-
creased the number of GFP-LC3 puncta (Fig. 1 4 and B), showing
that reducing the amount of WNKI increased autophagosome
formation. Bafilomycin, which inhibits autophagosome-lysosome
fusion, increased the accumulation of GFP-LC3 puncta in WNKI1-
depleted cells (Fig. 1 A and C), indicating that the knockdown of
WNKI1 increased autophagic flux. The accumulation of LC3-I1, a
marker of autophagy (46), in bafilomycin-treated cells increased
with WNK1 depletion (Fig. 1 D and E), consistent with the con-
clusion that reduced WNKI1 expression accelerated autophagy.
We depleted WNKI1 from HeLa cells and found a decrease in
the selective autophagy substrate p62 (SQSTM1) (47) and an
increase in LC3-II in both nutrient-replete and nutrient-starved
cells (Fig. 1 F and G). We found similar increases in autophagy
following WNK1 knockdown using multiple siRNA oligonucle-
otides and also in HEK293T and A549 cells (Fig. S1 and Table
S1). We conclude that WNKI inhibits basal and starvation-
induced autophagy in multiple systems.

WNK1 Depletion Increases the Activity of PI3KC3. The class III
phosphatidylinositol 3-kinase (PI3KC3) complex initiates autophagy

Significance

With-no-lysine (K) 1 (WNK1) is widely expressed, yet little is
known about its actions beyond its well-studied regulation of ion
transport proteins. We find that WNK1 suppresses autophagy in
multiple cell types, indicative of WNK1 actions outside of ion
transport. Because autophagy is a complex cellular pathway with
many regulatory inputs, identifying steps influenced by WNK1
may also be of value to better understand how autophagy is
controlled. Our results show a connection between WNK1 and
regulation of PI3KC3 that may have implications for other pro-
cesses mediated by products of this lipid kinase complex. This study
demonstrates a function of WNK1 as a regulator of autophagy.
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Fig. 1. WNK1 depletion increases autophagy. (A) U20S GFP-LC3 cells were
treated with 20 nM siControl or siWNK1 oligonucleotides. After 3 d, fresh
medium was added containing DMSO or bafilomycin for 4 h. Cells were ana-
lyzed by immunofluorescence. The images were deconvoluted, opened in
Imaris 8 (Bitplane), and were subjected to background subtraction (filter width,
26.6 pm). The DAPI channel was masked and output was generated for GFP
channel to remove the nuclear GFP from the analysis. The puncta-size threshold
was set at 0.3 p and puncta was selected by adjusting the quality in the spots.
Then, the puncta were automatically counted by the software. At least 40 cells
were selected per condition in each experiment. (Scale bars, 12 pm.) (B) Quan-
titation of change in number of GFP-LC3 puncta per cell in A. (C) Quantitation
of relative change in GFP-LC3 puncta in bafilomycin-treated cells in A. (D) WNK1
was knocked down in U20S GFP-LC3 cells which were then treated with bafi-
lomycin as in A. Immunoblots are shown. (E) Quantitation of relative change of
LC3-Il in bafilomycin-treated cells in D. (F) HeLa cells were treated with 20 nM
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upon activation (48, 49). The complex contains Vps34 as its catalytic
subunit, which converts the cellular phosphatidylinositol (PI) to
phosphatidylinositol 3-phosphate (PI3P) to assist in autophagosome
formation. Because PI3P binds to FYVE domain-containing proteins,
a localized increase in PI3KC3 activity will be detected as an increase
in FYVE domain puncta (50). We expressed a GFP-2xFYVE do-
main construct in U20S cells and validated its ability to detect
PI3KC3 activity using starvation to induce autophagy. As expected,
starvation increased the fraction of cells that displayed dominantly
punctate GFP-2xFYVE staining (Fig. 2). Wortmannin, which inhibits
PI3KC3 (51), converted the staining pattern from punctate to diffuse
(Fig. S24). Similar to starvation, depletion of WNKI1 increased the
fraction of cells in which GFP-2xFYVE staining was punctate,
whether in nutrient-rich or nutrient-poor medium (Fig. 2). Similar
effects of WNKI1 depletion on PI3KC3 were also observed in HeLa
cells (Fig. S2B). These data support the conclusion that WNK1
knockdown increases PI3KC3 complex activity.

WNK1 Depletion Increases the Amount and Phosphorylation of Unc-
51-Like Kinase 1. The initiation step of autophagy is catalyzed by
the unc-51-like kinase 1 (ULK1) protein complex, which activates
PI3KC3, thereby inducing autophagy (52, 53). ULK1 activity is
controlled by the upstream kinases, the mammalian target of
rapamycin complex 1 (mTORCI) and the AMP-activated protein
kinase (AMPK) (54, 55). Phosphorylation of ULK1 by AMPK at
S555 activates ULK1, whereas ULK1 phosphorylation by mTORC1
at S757 inhibits ULK1. Depletion of WNKI1 increased the phos-
phorylation of S555 (pS555) as well as the total amount of ULKI,
resulting in a net increase in the ratio of pS555 ULK1/ULKI1 (Fig. 3
A-C). pS757 ULK]1 also increased with WNKI1 depletion; however,
the ratio of pS757 ULK1/ULKI1 did not change (Fig. 3 4 and D).

We assessed mTORCI activity independently by measuring
phosphorylation of p70 S6 kinase (56) and found that the activity
of mTORC1 was unchanged by WNK1 depletion (Fig. 3E). In
contrast, the loss of WNKI1 increased phosphorylation of the
activating site T172 on AMPK, suggesting enhanced AMPK
activation (Fig. 34), and consistent with increased ULK1 pS555.
The AMP/ATP ratio in cells depleted of WNK1 was unchanged
(Fig. S3). Treatment of cells with the AMPK inhibitor compound
C decreased ULK1 pS555 and prevented the increase caused by
WNKI1 depletion (Fig. 3 F and G). Compound C had relatively
little effect on the reduction of p62 caused by WNKI1 depletion
(Fig. 3 F and H). From these data, we suggest that autophagy
inhibition exerted by WNKI1 is partially dependent on its effect
on ULK1 but depends more on other mechanisms.

WNK1 Colocalizes and Interacts with UV Radiation Resistance-
Associated Gene. We analyzed whether WNKI1 can interact with
components of the PI3KC3 complex as a possible mechanism by
which it exerts additional inhibitory effects on autophagy. Of
several components tested, we found that WNKI1 bound to UV
radiation resistance-associated gene (UVRAG) in vitro using a
GST pull-down assay with recombinant Flag-UVRAG and GST-
WNK1 fragments (Fig. 44). Flag-UVRAG bound GST-WNK1
1-490 but not GST-WNKI1 491-700 or GST alone (Fig. 4B).
These data indicate that UVRAG can interact with the N-terminal
region of WNKI.

To determine whether these proteins were in proximity in cells,
we assessed the localization of endogenous WNK1 and UVRAG
by immunofluorescence. WNKI1 is found in a punctate pattern
throughout the cytoplasm of many cells (18, 57, 58) and displayed

siControl or siWNK1#2 for either 3 d or repeated after 2 d. Before lysis cells
were incubated in medium without or with nutrients for 4 h. Proteins were
analyzed by immunoblotting. (G) Quantitation of relative change of p62 in
F. *P < 0.05, **P < 0.01, ****P < 0.0001.
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Fig. 2. WNK1 depletion increases the activity of PI3KC3. (4) WNK1 was
knocked down with 20 nM siRNA in U20S cells. After 1 d, the cells were
transfected with a GFP-2xFYVE domain-expressing plasmid. After 2 d, cells
were placed in normal or starvation medium containing DMSO (Fig. S2) for
4 h and then analyzed by immunofluorescence. The images were opened in
Imaris 8 (deconvoluted) or ImageJ; images opened in Imaris 8 were subjected
to background subtraction (filter width 26.6 pm). Cells were categorized as
having obvious GFP-2xFYVE puncta or with diffuse GFP-2xFYVE expression.
At least 100 cells were selected per condition in each experiment. (Scale bars, 12 pm.)
(B) Quantitation of the fraction of GFP-2xFYVE punctate cells in A. **P < 0.01.

some colocalization with UVRAG (Fig. 4C). Activation of autophagy
by starvation decreased the colocalization between the two proteins
(Fig. 4 C and D). Depletion of WNK1 in U20S cells changed the
distribution of UVRAG, as observed by immunofluorescence, in-
dicating that WNK1 may influence the cellular localization of
UVRAG (Fig. S4). Therefore, we suggest that WNKI also affects
the PI3KC3 complex via its component UVRAG.

The Depletion of SPAK in Cells Increases Autophagy. Because most

of the known functions of WNKs are mediated by their downstream
targets OSR1 and SPAK, we compared their effects on autophagy.

14344 | www.pnas.org/cgi/doi/10.1073/pnas.1617649113

Depletion of SPAK, but not OSR1, caused a reduction of p62 (Fig.
5) and increased the ratio of LC3-II/LC3-I (Fig. 5 C and E). These
data show that the WNKI1 downstream kinase SPAK also inhibits
autophagy under nutrient-rich and -starved conditions, and may
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Fig. 3. WNKT1 depletion increases the amount and phosphorylation of ULK1.
(A) Hela cells were treated with 20 nM siControl or siWNK1, plus an additional
20 nM siControl. After 3 d, cells were placed in fresh medium for 4 h, lysed, and
proteins were analyzed by immunoblotting. (B) Quantitation of relative change
of ULK1 expression in A. (C) Quantitation of relative change in total ULK1
pS555 and ULK1 pS555/total ULK1 in A. (D) Quantitation of relative changes in
total ULK1 pS757 and ULK1 pS757/total ULK1 in A. (E) Hela cells were treated
with 10 nM siControl or siWNK1#2 for 3 d, placed in normal or starvation
medium for 2 h, lysed (see Fig. S1E for lysis buffer) and proteins were analyzed
by immunoblotting; secondary antibodies conjugated with horseradish perox-
idase were detected by enhanced chemiluminescence. (F) WNK1 was knocked
down by 20 nM siRNA in Hela. After 3 d, cells were treated with DMSO (con-
trol) or 10 pM compound C for 4 h, lysed and proteins were analyzed by
immunoblotting. (G) Quantitation of ULK1 pS555 relative change in E. (H)
Quantitation of relative change in p62 in E, n = 4. Compound C decreased p62
in siControl, P < 0.0001 and with siWNK1, P < 0.01. Despite the fact that
compound C inhibits AMPK, it has been shown previously to induce autophagy
(73). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. NS, not significant.
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Fig. 4. WNKI1 colocalizes and interacts with UVRAG. (A) Rat WNK1 fragments.
WNK1 1-490 encompasses the kinase domain, residues 193-490. (B) Recombi-
nant Flag-UVRAG proteins were captured in vitro with the indicated GST pro-
teins. Binding was detected by immunoblotting and chemiluminescence as in
Fig. 3E. (C) U20S cells were plated on glass coverslips. After 3 d, fresh normal or
starvation medium was added for 4 h. Cells were analyzed by immunofluo-
rescence. Images were deconvoluted and corrected for background as in Fig. 2.
Colocalization thresholds for WNK1 and UVRAG channels were calculated and a
colocalization channel was generated by the Imaris 8 software. The colocali-
zation image shown was captured by the software. (Scale bars, 12 pum.)
(D) Quantitation of the change of colocalization between WNK1 and UVRAG in
C, using the relative Manders’ coefficient. *P < 0.05.

serve as a mediator of WNKI1 actions on autophagy, whereas its
relative OSR1 has no apparent effect on this process.

Discussion

In this study, we show that reduced expression of WNKI1 accel-
erates autophagy in diverse cell types, leading to our conclusion
that a normal function of WNKI is to suppress autophagy.
Previously, WNK2 has been implicated in autophagy, although
as an autophagy activator (59, 60). WNKI1 appears to restrain
autophagy by acting at multiple levels in the process (Fig. 5F).
Increased phosphorylation of AMPK and its substrate ULK1 in
cells with reduced WNKI1 expression indicates a small inhibitory
effect of WNKI1 at the initial autophagy-inducing steps of the
pathway. The fact that compound C has only a minor effect on
autophagy induction by WNK1 depletion is evidence that this
step contributes relatively little to the action of WNKI1 on
autophagy. In contrast to several autophagy regulators, WNK1
works independently of mTORC1, based on the lack of change
in mTORCI1 activity using phosphorylation of ULK1 and p70S6
kinase as readouts.

Autophagy regulation by WNKI1 action on PI3KC3 com-
plexes is most clearly demonstrated by changes in PI3KC3 ac-
tivity and the mechanism is suggested by WNKI1 interaction
with UVRAG. Reduced WNKI increases PI3KC3 activity de-
duced from a cellular reporter assay, indicating that the

Gallolu Kankanamalage et al.

presence of WNKI1 suppresses PI3KC3. WNKI1 colocalization
with UVRAG is reduced upon induction of autophagy, consis-
tent with the idea that the interaction of WNK1 with UVRAG
inhibits autophagy. UVRAG is a component of the PI3KC3
complex that enhances autophagosome maturation (61). The
interaction with WNK1 may redirect UVRAG away from its role
in autophagy. For example, WNKI1 may extract UVRAG from
the PI3KC3 complex or divert UVRAG toward endocytic traf-
ficking, another function of the UVRAG-PI3KC3 complex (62—
64). WNKI itself has been associated with endocytic trafficking
(24-27). Based on our current findings, the UVRAG-PI3KC3
step accounts for the most substantial effect of WNKI1
on autophagy.

Previous studies using gene disruption in mice suggested that
OSR1 and WNKI1 have some overlapping functions in endo-
thelial cells during cardiovascular development (65), and further
in vitro studies suggested different functions of OSR1 and SPAK
(22). In examining the possibility that OSR1 or SPAK induce the
effects of WNKI1 on autophagy, we found that depletion of SPAK,
but not OSR1, stimulated autophagy. From side-by-side comparison
in multiple experiments, depletion of SPAK causes only a fraction
of the increase in autophagy caused by decreased WNKI1 expres-
sion. This is added evidence suggesting that there is more than one
mechanism through which WNKI1 slows autophagy.
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Fig. 5. SPAK depletion increases autophagy. (A) HelLa cells were treated with
30 nM siRNA for OSR1 and SPAK, individually or in combination (total 60 nM),
as indicated. After 3 d, fresh medium was added for 4 h before harvest and
protein immunoblotting. (B) Quantitation of the relative p62 change in A. *P <
0.05. NS, not significant. (C) HelLa cells were treated with 20 nM siRNA for
SPAK and after 3 d, cells were starved for 4 h. Lysate proteins were immu-
noblotted. (D) Quantitation of the relative p62 change in C. *P < 0.05.
(E) Quantitation of the relative change of LC3-II/LC3-I ratio in C. **P < 0.01. (F)
A model of autophagy regulation by WNK1.
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Osmotic stress has been shown to induce autophagy (66, 67).
Because WNKI is activated by osmotic stress, we tested the idea that
the osmotic response occurs via WNKI. If so, loss of WNK1 should
have prevented any further activation of autophagy by hypo- or
hyperosmotic stress. We found that autophagy was further stimulated
by exposure to either type of osmotic challenge even in cells with little
WNKI expression (Fig. S5). Thus, we were unable to make a con-
nection between osmotic stress-induced autophagy and WNKI1 and
expect that the osmotic response is mediated by some other pathway.

Some mechanisms have been identified for regulating the
amount of the autophagy kinase ULK1 (68, 69). One of these
involves the Kelch-like adaptor, KLHL20, which connects ULK1
to cullin 3 for degradation by an Fbox E3 ligase. WNKs are also
regulated by binding Kelch-like adaptors, KLHL2 and KLHL3,
which target them for degradation (12-16). Concentrations of
WNKSs can be changed relatively rapidly in cells by this type of
degradative process with pathophysiological implications (70).
Changing the WNKI1 amount through degradation, distinct from
changing WNKI1 activity, may be a physiologically significant
mechanism to induce autophagy. We demonstrate here that
WNKI1 can exert inhibitory control over autophagy that is sen-
sitive to WNKI1 expression. Among our findings, the connection
between WNKI1 and regulation of PI3KC3, although not fully
defined mechanistically, may have implications for other pro-
cesses mediated by products of this lipid kinase.

Materials and Methods

Materials. The following antibodies were used: WNK1, SPAK, OSR1, ULK1, ULK1
pS555, ULK1 pS757, AKT1 (Cell Signaling Technology); p62, GAPDH, GST (Santa
Cruz); LC3 (MBL); UVRAG, Flag M2 (Sigma-Aldrich); HRP-conjugated secondary
antibodies (MBP). The following siRNAs were obtained from Life Technologies/
Ambion: siOSR1 (Silencer select validated s19303), siSPAK (Silencer select validated
$26208); WNK1 siRNAs are in Table S1. The following plasmids were used: pFlag-
UVRAG-11d, [hUVRAG cloned into pFlag-11d, made by combining pFlag-CMV2
(Sigma) and pET-11d (Stratagene)], pGEX-KG-WNK1 1-490, pGEX-KG-WNK1
491-700 (71). Chemicals were obtained as indicated: compound C (Calbiochem),
bafilomycin (LC Laboratories), wortmannin (Sigma-Aldrich).

Cell Culture and Transfection. Hela, U20S, and U20S GFP-LC3 were grown in
DMEM with 10% (vol/vol) FBS, 1% (vol/vol) L-glutamine at 37 °C, 5% CO,. Earl’s
balanced salt solution was the starvation medium. Knockdown was for 3 d,
except in indicated experiments in which it was repeated with a 2-d interval.
When plated, cells were transfected with the indicated concentrations of siRNA
using Lipofectamine RNAIMAX reagent (Life Technologies) according to the
manufacturer’s instructions. The medium was changed the day after trans-
fection. Plasmid transfection was with Lipofectamine 2000 (Life Technologies),
according to manufacturers’ instructions. The Lipofectamine 2000 to DNA ratio
used was 2 pl:1 pg. In some cases, DMSO was included as a solvent control.

Immunofluorescence and Image Representation. Unless stated otherwise, the
following protocol was used for immunofluorescence. Cells on glass coverslips
were fixed with 4% (vol/vol) paraformaldehyde in PBS for 15 min at room
temperature followed by permeabilization with 0.1% of Triton X-100 in PBS
for 4.5 min and blocking with 10% (vol/vol) normal goat serum (Invitrogen).
Incubation with primary antibodies for 1 h at room temperature or over-
night at 4 °C was followed by fluorescently labeled Alexa Fluor secondary
antibodies diluted 1:500 for 1 h at room temperature. Coverslips were
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mounted on DAPI Fluoromount-G (SouthernBiotech) medium. Fluorescent
images were obtained with a Zeiss LSM 880 laser scanning confocal microscope
as z-stacks. Where indicated, the images were deconvoluted by 3D deconvo-
lution using Autoquant X3 (Bitplane). The deconvoluted z-stacks were opened
in FUJI (ImageJ) and compressed into 2D z-projections of maximum intensity
(72). The brightness and contrast of each channel of the image panels was
adjusted similarly across experimental conditions.

SDS/PAGE and Immunoblotting Analysis. The following protocol was used
unless otherwise noted. Cells were lysed with 2x Laemmli SDS sample buffer
[250 mM Tris-HCl, pH 6.8, 10% (wt/vol) SDS, 30% (vol/vol) glycerol], heated
and sonicated or passed through a 25-gauge needle, followed by addition of
5% (volivol) B-mercaptoethanol and 0.02% bromophenol blue. Equal
amounts of protein were resolved on SDS 8% (wt/vol) polyacrylamide gels or
15% (wt/vol) Tricine gels and transferred onto PVDF membranes. Mem-
branes were blocked with Odyssey blocking buffer (#927-40000) diluted in
10 mM Tris, pH 8.0, 150 mM Nacl, 0.1% Tween 20. Membranes were in-
cubated with primary antibodies diluted in the above solution overnight at
4 °C. After washing, they were incubated with Odyssey IRDye secondary
antibodies diluted 1:5,000 at room temperature for 1 h, followed by imaging
with a LI-COR Odyssey imager. The immunoblots were quantified using
Image Studio software (LI-COR).

Recombinant Protein Expression and Purification. Flag-UVRAG was expressed in
Escherichia coli Rosetta2 cells. Expression of recombinant proteins was induced
with 1 mM isopropyl-p-b-thiogalactopyranoside (IPTG) for 3 h. The bacterial
pellet was sonicated after addition of 80 mM Pipes, pH 6.8, 20% (volAol) glycerol,
1 mM MgCl,, 1 mM EGTA, 0.2 mM EDTA, 0.5 M Nacl, 0.5 mM ATP, 0.1% Nonidet
P-40, protease inhibitors. After sedimentation, M2 agarose beads in 80 mM Pipes,
20% (volivol) glycerol, 0.5 mM MgCl,, 0.2 mM EDTA, 0.5 mM ATP, 1 mM DTT with
protease inhibitors were added followed by rotation overnight at 4 °C. The beads
were sedimented, washed with the buffer above containing 300 mM KCI plus
0.1% Nonidet P-40, and again without Nonidet P-40. Beads were transferred to a
spin column and recombinant proteins were eluted with 0.2 mg/mL Flag peptide
in the above buffer with 100 mM KCl and 0.03% Nonidet P-40.

GST Pull-Down Assay. The plasmid pGEX-KG that expresses GST and GST-tagged
WNK1 fragments were expressed in E. coli. After lysis and sonication (see above),
Pierce glutathione agarose beads (Thermo Scientific) were added to the lysates,
rotated at 4 °C and obtained by centrifugation. The beads were washed three
times with lysis buffer, twice with wash buffer with 0.1 M KCl, and mixed with
recombinant Flag-UVRAG proteins in vitro at 4 °C for 1 h. The beads were then
sedimented, washed, and proteins eluted with Laemmli buffer with 5% (vol/vol)
B-mercaptoethanol. Protein association was assessed by immunoblotting.

Statistical Analysis. Prism software (GraphPad) was used for statistical analysis
and the Student’s t test was used to determine the statistical significance of
the changes between the conditions. Results are presented as the mean of
three or more independent experiments unless specified otherwise. *P <
0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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