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The protein kinase WNKI1 (with-no-lysine 1) influences trafficking of ion and
small-molecule transporters and other membrane proteins as well as actin polym-
erization state. We investigated the possibility that actions of WNK1 on both pro-
cesses are related. Strikingly, we identified the E3 ligase tripartite motif-containing 27
(TRIM27) as a binding partner for WNK1. TRIM27 is involved in fine tuning the
WASH (Wiskott—Aldrich syndrome protein and SCAR homologue) regulatory complex
which regulates endosomal actin polymerization. Knockdown of WNK1 reduced the
formation of the complex between TRIM27 and its deubiquitinating enzyme USP7
(ubiquitin-specific protease 7), resulting in significantly diminished TRIM27 protein.
Loss of WNKI1 disrupted WASH ubiquitination and endosomal actin polymerization,
which are necessary for endosomal trafficking. Sustained receptor tyrosine kinase (RTK)
expression has long been recognized as a key oncogenic signal for the development and
growth of human malignancies. Depletion of either WNK1 or TRIM27 significantly
increased degradation of the epidermal growth factor receptor (EGFR) following ligand
stimulation in breast and lung cancer cells. Like the EGFR, the RTK AXL was also
affected similarly by WNK1 depletion but not by inhibition of WNKI1 kinase activity.
This study uncovers a mechanistic connection between WNKI1 and the TRIM27-USP7
axis and extends our fundamental knowledge about the endocytic pathway regulating
cell surface receptors.
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WNKI1 (with-no-lysine 1) (1) is a serine—threonine protein kinase that participates in
signaling cascades controlling cellular responses to osmotic stress (2, 3). The best-known
function of the WNK pathway is to phosphorylate the related kinases OSR1 (oxidative
stress—tesponsive kinase 1) and SPAK (STE20/SPS1-related proline/alanine-rich kinase),
which control activities and localizations of cation chloride cotransporters such as the
sodium chloride cotransporter, and certain ion channels (4-7).

WNKI1 is ubiquitously expressed in mammalian tissues. The kinase has been con-
sistently observed to localize to punctate structures scattered throughout the cytoplasm,
a population of which is thought to be endocytic vesicles (8-10). Indeed, WNKI1
affects the endocytosis of the renal outer medullary K* channel by interacting with an
endocytic scaffold protein Intersectin (11). WNKI also promotes the cell surface
abundance of the glucose transporters (GLUT) 1 and 4 via the GTPase-activating
protein TBC1D4 that regulates the activity of Rab proteins (12, 13). Moreover, we
previously found that WNK1 has an inhibitory effect on the activity of class III phos-
phatidylinositol 3-kinase which is critical in autophagy as part of the protein degra-
dation pathway (14, 15).

The E3 ubiquitin ligase tripartite motif-containing 27 (TRIM27) has emerged as a regu-
lator of endocytic trafficking. TRIM27 localizes to endosomes through interactions with
retromer components such as Vps35 and Vps26 (16, 17). The interaction is essential for
Wiskott—Aldrich syndrome protein and SCAR homologue (WASH)-mediated actin networks
on the surface of endosomes (16, 18). The retromer complex regulates protein recycling from
endosomes to the trans-Golgi network or the cell surface (19, 20). Here, we identified an
unexpected association between WNK1 and TRIM27, thereby altering WASH ubiquitina-
tion. In examining WINKI actions in triple-negative breast cancer (TNBC) cell lines, we
observed differences in epidermal growth factor (EGF) receptor trafficking in cells depleted
of WNKI1. However, the molecular mechanisms underlying WINKI-mediated endocytic
trafficking of growth factor receptors are poorly defined. In this study, we provide evidence
for a critical role of WNKI in regulating endocytic trafficking of a subset of receptor tyrosine
kinases (RTKs) in TNBC cells.
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Significance

Removal of receptor tyrosine
kinase (RTK) from the plasma
membrane by endocytosis and
subsequent degradation are the
major negative regulatory
mechanisms to attenuate RTK
signaling. RTKs, such as the
epidermal growth factor receptor
(EGFR) and the TAM (Tyro3-Axl-
Mer) receptor kinase AXL, are
highly expressed in human
cancers. In this study, we
describe a function of WNK1
(with-no-lysine 1) in facilitating
WASH (Wiskott-Aldrich syndrome
protein and SCAR homologue)
ubiquitination and activation
through regulating TRIM27-USP7
(tripartite motif-containing
27-ubiquitin-specific protease 7)
complex formation. The
consequences of inhibiting this
process are a reduction of
endosomal F-actin (filamentous
actin) assembly and a
disturbance of endocytic sorting
of certain RTKs, leading to
enhanced degradation of EGFR
and AXL in human breast cancer
cells.
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Results

WNK1 Depletion Disrupts WASH Ubiquitination and Endosomal
F-Actin (filamentous actin) Nucleation. WNK1 has been linked
to alterations in the actin cytoskeleton associated with changes
in cell migration, as well as changes in surface localization of a
variety of membrane proteins RTKs (21-23). Endosomal sorting
and recycling require remodeling of actin networks (24, 25). Actin
filaments formed by the assembly of actin monomers are involved
in the movement of endocytic vesicles to specific destinations
(26, 27). To investigate WNKI actions in the actin cytoskeleton, we
used two different siRNAs (small-interfering RNAs) (siWNKI1-1
and siWNK1-2) to knockdown WNKI1 expression in two TNBC
cell lines, MDA-MB-231 and SUM159. The western blot analysis
showed that WNKI protein was significantly decreased by both
siRNAs (S Appendix, Fig. S1A). siWNKI1-1 (referred to as
siWNK1) was used in the following experiments due to its low
cytotoxicity and lack of off-target effects as noted in previous
studies (14, 22). WNKI knockdown in the siWNKI-treated
cells was further validated by quantitative PCR (qPCR) and by
immunofluorescence staining (S/ Appendix, Fig. S1 Band C). We
first tested whether actin assembly is altered in response to WNK1
depletion. We assessed the ratio of F-actin/G-actin (monomeric
globular actin) in siCTRL- or siWNKI-treated TNBC cells.
Biochemical analysis of actin fractionation revealed that WNKI1-
depleted cells displayed a significant decrease in the F/G-actin ratio
compared to controls. This result indicates decreased cellular actin
polymerization in WNK1 knockdown cells (Fig. 1 4 and B). In
the light of previous findings demonstrating that F-actin is highly
localized in endosomes and regulates endosomal dynamics for the
recycling of cargoes (25, 26), we performed immunofluorescence
staining to analyze the intracellular distribution of F-actin on
endosomes. In both TNBC cell lines, dense F-actin structures
(phalloidin) are highly colocalized with Rab5-positive endosomes
(Fig. 1 Cand D; purple staining). The endosomal F-actin clusters
in WINKI1-depleted cells are almost unnoticeable with faint diffuse
staining (Fig. 1 C and D). The density of endosomal F-actin is
significantly reduced by WNKI knockdown in both TNBC cell
lines (Fig. 1 E and F), leading to the conclusion that WNK1
enables formation of F-actin at endosomes.

Actin filament polymerization and organization are tightly
controlled by the actin-related protein 2/3 (Arp2/3), which facil-
itates F-actin nucleation in cells (28). The activity of Arp2/3 is
regulated by WASH (29, 30). WASH has been reported to reg-
ulate endosomal actin polymerization via ubiquitination-induced
conformational change into an active state (16, 18). We therefore
asked whether reduced endosomal F-actin assembly in
WNKI1-depleted cells is triggered by altered WASH ubiquitina-
tion. To investigate this further, we evaluated the degree of
WASH ubiquitination with and without stimulation by EGF by
coimmunoprecipitation experiments. As shown in Fig. 1 G and
H, WNKI depletion dramatically reduced endogenous WASH
ubiquitination, indicating diminished activity of the WASH
complex by WNK1 knockdown. To further validate the possible
association of WASH-dependent actin polymerization with
endocytosis (16, 24), we performed EGFR (EGF receptor) deg-
radation assays to determine whether depletion of WNK1 affects
endosomal trafficking of EGFR. Interestingly, EGFR degradation
kinetics upon knockdown of WNKI1 were significantly increased
in SUM159 cells after 15 min of treatment with EGF as com-
pared with that in siCTRL-treated cells (Fig. 1 / and K), while
EGFR in serum-starved cells was unaltered by WINKI1 knock-
down (Fig. 1/). Similar results were observed in MDA-MB-231
cells, another TNBC cell line (Fig. 1 Z-N). Antibodies, one that
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targets the extracellular and a second that targets the intracellular
domain of the EGFR, reveal similar EGFR degradation kinetics,
ruling out the possibility of undetected posttranslationally mod-
ified EGFR in WNK1 knockdown cells (Fig. 1 7and L). WNK1
depletion from A549 human non-small-cell lung cancer cells and
HelLa cervical cancer cells also resulted in acceleration of
ligand-stimulated EGFR degradation (87 Appendix, Fig. S2),
indicating that enhanced EGFR degradation by WNK1 deple-
tion is not a cell type—specific result. Taken together, these results
highlight the importance of WNKI in WASH-mediated actin
polymerization and protein trafficking.

Loss of WNK1 Increases Susceptibility of TRIM27 to Degradation.
It has previously been reported that the E3 ubiquitin ligase TRIM27
regulates WASH ubiquitination, thereby causing its activation
(16, 18). Because we observed disruption of WASH ubiquitination
by WNKI1 knockdown, we analyzed TRIM27 protein in siWNK1-
treated MDA-MB-231 and SUM159 cells. Cells were cultured in
a medium containing fetal bovine serum (FBS) and transferred to
a serum-free medium or stimulated with EGF in the absence of
FBS. We did not observe any basal changes in the levels of TRIM27
in WNKI1 knockdown cells (Fig. 2 A, B, E, and F). Notably, EGF
stimulation of WINKI1-depleted cells significantly decreased the
amount of TRIM27 when compared to siCTRL-treated cells
(Fig. 2 A, C, E, and G), while the amount of ubiquitin-specific
protease 7 (USP7), an upstream regulator of TRIM27 (18, 31),
was not changed in siWNKI1-treated cells under any of the three
culture conditions (Fig. 2 D and H). Unexpectedly, serum-free
conditions also decreased TRIM27 protein (Fig. 2 A4, C, E, and
G), suggesting that TRIM27 turnover is enhanced by dynamic
changes of the actin cytoskeleton. Indeed, reorganization of the
actin cytoskeleton occurs not only in response to growth factor
signaling but also by serum starvation (32, 33). We confirmed that
WNKI1 depletion in MDA-MB-231 cells did not cause a detectable
change of TRIM27 mRNA (Fig. 2/), demonstrating that reduced
TRIM27 protein caused by WNKI1 knockdown is likely to be due to
protein destabilization rather than transcriptional effects. Although
significant mRNA expression changes were observed in WNKI-
depleted SUM159 cells, we have not observed that the changed
TRIM27 mRNA leads to changes in TRIM27 protein (Fig. 2 B
and 7). Next, we wondered whether WNK1 acts through TRIM27
in regulating WASH activity. We examined the ubiquitination of
endogenous WASH in both TNBC cells treated with siCTRL,
siWNKI, or siTRIM27 and found that TRIM27-depleted cells
displayed strongly attenuated ubiquitination of WASH, similar to
that in WNK1-depleted cells (Fig. 2 /and K). These results suggest
that TRIM27 is an important downstream mediator of WNKI-
dependent actin polymerization.

We further questioned whether the kinase activity of WNKI1 was
required for TRIM27 stability. We treated both MDA-MB-231 and
SUM159 cells with the pan-WNK kinase inhibitor WNK463 to
block WNKI catalytic activity (34). Surprisingly, this small-molecule
compound had no significant effect on either TRIM27 or USP7
turnover compared to Dimethyl sulfoxide (DMSO)-treated cells
under all three culture conditions (Fig. 3 A-H), while WNK463
significantly suppressed phosphorylation of SPAK/OSR1, down-
stream effectors of WNKI1 (Fig. 3 A and E). We also evaluated the
kinetics of EGFR degradation in WNK463-treated TNBC cell lines
to determine the possible action of the WINKI1-SPAK/OSR1 axis
on the EGFR proteolytic process. The kinetics of EGFR degradation
in WINK463-treated cells were not significantly different from those
in the DMSO control (Fig. 3 7 and /), which indicates that the
action of WNKI1 in TRIM27 stabilization is independent of its
catalytic activity.
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Fig. 1. WNK?1 depletion disrupts WASH ubiquitination and endosomal F-actin nucleation. (A and B) Equal amounts of cell lysates from siCTRL- or siWNK1-treated
SUM159 (A) or MDA-MB-231 (B) cells were fractionated by ultracentrifugation to separate F-actin and G-actin and immunoblotted with the indicated antibodies. The
bar graph shows the normalized F/G ratio values. *P < 0.05, **P < 0.01, unpaired two-tailed t test (n = 3). (Cand D) siCTRL- or siWNK1-treated cells were serum starved
for 2 h and then stimulated with 40 ng/mL EGF for 10 min (SUM159) or 15 min (MDA-MB-231). Cells were stained using anti-Rab5 (green), phalloidin (purple), and DAPI
(blue). Areas within dotted white squares are enlarged and shown on the Right. These focal planes were chosen based on Rab5 signals. (Scale bar, 10 pm.) (E and F)
Quantitation of endosomal F-actin intensity on Rab5-positive endosomes in siCTRL- or siWNK1-treated cells. Data are mean + SEM. of n > 65 cells per condition.
#**%%P < 0.0001 (unpaired two-tailed t test). MFI, mean fluorescence intensity. (G and H) SUM159 (G) or MDA-MB-231 (H) cells were treated with siCTRL or siWNK1 for
72 h and then incubated with MG132 (10 pM) and EGF (40 ng/mL) in the absence of FBS for 6 h. Proteins were immunoprecipitated (IP) with Immunoglobulin G (IgG)
or anti-WASH1 and immunoblotted with indicated antibodies. (/-N) siCTRL- or siWNK1-treated SUM159 (/) and MDA-MB-231 (L) cells were incubated in serum-deprived
medium with cycloheximide (CHX) (50 pg/mL) for 2 h and then stimulated with EGF (40 ng/mL) in the presence of CHX for the indicated times. Lysates were subjected
to sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotted with indicated antibodies. (/ and M) EGFR quantification after serum
starvation for 2 h. ns = no significance. (K and N) Quantification of EGFR normalized to actin in siCTRL- or siWNK1-treated cells. Data are representative of three
independent experiments (mean + SEM). *P < 0.05, **P < 0.01, and ***P < 0.001, unpaired two-tailed t test.

WNK1 Facilitates Formation of the TRIM27-USP7 Complex. To  Cell lysates of MDA-MB-231 or SUM159 cells were subjected
understand the mechanistic link between WNK1 and TRIM27,  to immunoprecipitation with a WNKI antibody. TRIM27 was
we first determined whether the two proteins form a complex.  detected in precipitates with endogenous WNKI, suggesting
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that WNKI and TRIM27 may form a complex (Fig. 44). In
contrast, USP7 and EGFR were barely detectable in the WNK1
immunoprecipitates (Fig. 44). Interaction between WNKI and
TRIM27 was also observed in extracts of the other cell lines, Hela
and 293T cells (8] Appendix, Fig. S3 A and B). To further analyze
their interaction at a cellular level, we performed a proximity
ligation assay (PLA) in both TNBC cell lines to detect in situ
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Fig. 2. Loss of WNK1 increases susceptibility of TRIM27 to
degradation. (A-H) SUM159 (A) and MDA-MB-231 (E) cells were
treated with siCTRL or siWNK?1 for 72 h (Con), serum starved
for 2 h (SF), and treated with 40 ng/mL of EGF for 15 min
(SUM159) or 30 min (MDA-MB-231). (B and F) Quantification
of TRIM27 protein in FBS-containing complete medium (Con)
shown in A and E. Unpaired two-tailed t test (mean + SD), ns
= no significance (n = 3). (C, D, G, and H) Quantification of
TRIM27 (C and D) or USP7 (G and H) proteins. Data shown
as a ratio of TRIM27 in each condition over the initial
amount (Con) in siCTRL- or siWNK1-treated cells (n =3).
**P < 0.01, unpaired two-tailed t test (mean + SD). (/) gPCR
of TRIM27 in cells were treated with siCTRL, siWwNK1, or
SiTRIM27. Data are mean = SD. **P < 0.01 and ****p <
0.0001, one-way analysis ANOVA. (/ and K) MDA-MB-231 ())
and SUM159 (K) cells were treated with siCTRL, siWNK1, or
SiTRIM27 for 72 h and then incubated with MG132 (10 pM)
and EGF (40 ng/mL) in the absence of FBS for 6 h. Proteins
were [P with IgG or anti-WASH1 and immunoblotted with
indicated antibodies.

protein—protein interactions. Because specific antibodies are not
available for immunofluorescence staining of endogenous TRIM27,
we used HA-tagged TRIM27-transfected MDA-MB-231 or
SUM159 cells and found that WNKI puncta colocalized with
TRIM?27 (Fig. 4 B, Lefi). Likewise, numerous PLA dots derived by
close association between HA-tagged TRIM27 and WINKI1 were
observed intracellularly (Fig. 4 B, Right), while the immunoglobulin

Fig. 3. Inhibition of WNK kinase activity has little effect on
TRIM27 or EGFR levels. (A-H) MDA-MB-231 (A) and SUM159
() cells pretreated with DMSO or WNK463 (1 uM) for 18 h
(Con) were serum starved for 2 h in the presence of DMSO
or WNK463 and then stimulated with EGF (40 ng/mL) in the
presence of DMSO or WNK463 for 15 min (SUM159) or 30 min
(MDA-MB-231). (B and F) Quantification of TRIM27 protein as
in A and E. Statistical significance by an unpaired two-tailed
t test (mean £ SD), ns = no significance (n = 3). (C, D, G, and
H) Quantification of TRIM27 (C and D) or USP7 (G and H)
over the initial amount (Con). Data are mean + SD of three
independent experiments, unpaired two-tailed t test. (/and )
MDA-MB-231 (/) and SUM159 (J) cells pretreated for 18 h with
DMSO or WNK463 (1 pM) were serum starved for 2 h in the
presence of CHX (50 pg/mL) and DMSO or WNK463 and then
stimulated with EGF (40 ng/mL) in the presence of CHX and
WNK463 for 90 min. The Bottom panels show EGFR in DMSO-
or WNK463 (1 pM)-treated cells following EGF stimulation.
Data are representative for three independent experiments
(mean + SEM), unpaired two-tailed ¢ test.
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G control yielded no signal (Fig. 4 B, Middle). These results indicate
that TRIM27 and endogenous WNKI colocalize and interact.
TRIM27 forms a complex with USP7 (16, 31). The deubiquit-
inating enzyme USP7 can remove the ubiquitin from TRIM27
and stabilize it (18, 31). Hence, their interaction is critical for
TRIM27 stability and its regulation of ubiquitination-dependent
WASH activity (16, 18). As expected, in USP7 knockdown TNBC
cells, the amount of TRIM27 protein was remarkably decreased
regardless of culture conditions (Fig.4C and S/ Appendix,
Fig. S3C), raising the possibility that the downregulation of
TRIM27 in WNKI-depleted cells might be due to reduction of
its complex formation with the deubiquitinating enzyme.
Therefore, we investigated whether WNK1 stabilizes TRIM27
proteins through regulating TRIM27-USP7 complex formation.
Immunoprecipitation performed using a USP7 antibody on the
lysates of WINKI1- or TRIM27-depleted SUM 159 cells confirmed
that TRIM27 coimmunoprecipitated with USP7 (Fig. 4D).
Importantly, the amount of coprecipitated TRIM27 was decreased
in siWNK1-treated cells, while the amount of precipitated USP7
was not changed (Fig. 4D). Reduced complex formation was also
observed in MDA-MB-231 and 293T cells by depleting WNK1
(SI Appendix, Fig. S3 D and E), indicating that WNKI facilitates
an interaction between USP7 and TRIM27. Interestingly, however,
reduced complex formation in WINK1-depleted cells does not sig-
nificantly affect total TRIM27 in cells cultured with FBS (Fig. 4
D, Left and SI Appendix, Fig. S3 D and E). 'This is apparently due
to the absence of stimulus-mediated TRIM27 degradation, as
shown by increased degradation of TRIM27 following starvation
and EGF stimulation (Fig. 2 4 and E). Furthermore, dissociation
of TRIM27 from USP7 caused by WNK1 knockdown was even
more pronounced following EGF stimulation (Fig. 4 D, Righs),
suggesting WINK1-mediated fine tuning of TRIM27-USP7 com-
plex formation in response to cytoskeletal dynamics. In addition,

the PLA confirmed the existence of a TRIM27-USP7 complex
in situ, which was reduced in WNK1-depleted cells by least 50%
compared to control (Fig. 4E). These results demonstrate that
WNKI1 depletion reduces the formation of the TRIM27-USP7
complex and, thereby, TRIM27 protein.

TRIM27 Knockdown Accelerates RTK Degradation. The preceding
results presented WNKI as a regulator involved in endosomal
trafficking of EGFR through regulating TRIM27-mediated
ubiquitination of WASH. To directly evaluate the requirement
of TRIM27 for EGFR trafficking, we assessed rates of ligand-
induced EGFR degradation in TRIM27-depleted cells by western
blot analysis. MDA-MB-231 or SUM159 cells were depleted of
TRIM27 using siRNA; upon TRIM27 knockdown, the amount
of its upstream regulator USP7 did not change significantly (Fig. 5
Aand B). Similar to what occurs in WNK1-depleted cells as shown
in Fig. 1 I-N, TRIM27 knockdown in SUM159 cells accelerated
EGEFR degradation compared to that in control cells, with only
about 20% of the initial EGFR content remaining at 20 min
poststimulation (Fig. 54). In MDA-MB-231 cells, more than half
of the EGFR was degraded in WNK1 knockdown cells after 1 h of
EGF stimulation, whereas 80% was still present in the control cells
(Fig. 5B). These findings suggest that WNKI depletion facilitates
EGEFR degradation through TRIM27 destabilization.

Reduced interaction between TRIM27 and USP7 in WNKI-
depleted cells (Fig. 4 D and E and SI Appendix, Fig. S3 D and E)
led us to examine whether USP7 is vital for TRIM27-mediated
endosomal trafficking of EGFR. W, therefore, performed EGFR
degradation assays in TNBC cells depleted of USP7. As expected,
USP7 knockdown dramatically reduced TRIM27 and enhanced
EGFR degradation compared to control cells upon EGF stimulation
(Fig. 5 Cand D). Considering that TRIM27 depletion accelerated
EGFR degradation without a change in USP7 amount (Fig. 5 4
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and B), enhanced EGFR degradation observed in USP7-depleted
cells might be attributed to USP7 knockdown-mediated downreg-
ulation of TRIM27 (Fig. 5 Cand D).

We next measured effects of WNKI1 depletion on mRNAs of
selected RTKs known to undergo endosomal trafficking. While
most tested mRNAs did not differ significantly between WNK1
knockdown and control MDA-MB-231 cells, mRNAs encoding
the EGFR and fibroblast growth factor receptor 1 (FGFR1) were
moderately increased in WNK1-depleted cells (Fig. 5E), suggesting
that WNKI depletion induced upregulation of EGFR mRNA acts
as a compensatory survival mechanism due to accelerated degrada-
tion of EGFR protein in TNBC cells. To further assess whether
WNKI plays a selective role in EGFR endosomal trafficking or
not, serum-starved siCTRL-, siWNKI-, or siTRIM27-treated
TNBC cells were stimulated with FBS, which catalyzes endosomal
trafficking of the RTKs. Like EGFR, the AXL RTK (AXL) and
FGFR1 have been associated with tumor progression and are con-
tinuously internalized and recycled or sorted into late endosomes
for degradation (35, 36). Remarkably, enhanced degradation of
AXL was also observed in WINKI1-depleted TNBC cells (Fig. 5 £,
G, 1, and ). Knockdown of TRIM27 also significantly decreased
AXL by 30% in SUM159 cells and 60% in MDA-MB-231 cells
as compared to controls at 30 min poststimulation but to a lesser
extent than WNKI1 knockdown (Fig. 5 F, G, 7, and /). This differ-
ence suggests that other complex actions of WNKI1 may be involved
in processing these RT'Ks (14, 37). These results are consistent with
our previous study showing that WNKI depletion suppresses
expression of AXL protein without reducing its mRNA (22). By
contrast, FGFR protein levels were unchanged by knockdown of
either WNK1 or TRIM27 in both TNBC cells (Fig. 5 F, H, 7, and
K), although its mRNA level was slightly increased (Fig. 5E).
Collectively, these data suggest that WNKI regulation of TRIM27
turnover plays selective roles for specific surface receptors in specific
cell types rather than globally controlling the fate of surface recep-
tors in cells stimulated with growth factors or serum.

Loss of WNK1 Directs Proteolytic Processing of EGFR. In
mammalian cells, lysosomal and proteasomal degradation pathways
are two major proteolytic systems controlling protein turnover. Both
pathways participate in ligand-stimulated EGFR degradation (38,
39). Next, we tested which of these proteolytic pathways for EGFR
degradation was affected by WINK1 depletion. MDA-MB-231 and
SUM159 cells were treated with EGF in the presence or absence of
the lysosome inhibitor bafilomycin A1 or the proteasome inhibitor
MG132. We found that either proteasome or lysosome inhibitors
efficiently suppressed EGFR degradation upon EGF stimulation; in
particular inhibition by bafilomycin Al led to a greater accumulation
of EGFR (Fig. 6 A-D), indicating that ligand-stimulated EGFR
is degraded significantly by the lysosome-dependent pathway.
Interestingly, neither lysosomal nor proteasomal inhibitors fully
prevented the decrease in EGFR in WNKI1-depleted cells (Fig. 6
A-D). These results suggest that WNKI is a crucial factor regulating
EGEFR stability upon EGF stimulation.

Activated RTKs such as ligand-bound EGFR are endocytosed
and sequestered within early endosomes and then actively sorted
into either recycling or late endosomes for recycling or lysosomal
degradation, respectively (40, 41). These processes influence the total
number of free receptors on the cell surface. Altered kinetics of EGFR
degradation might be caused by changes in internalization or endo-
somal trafficking. Therefore, we next performed cell surface biotiny-
lation assays (42) to determine whether WINK1 depletion influenced
endosomal trafficking of EGFR. We detected similar amounts of
biotinylated surface EGFR after serum starvation in siCTRL- and
siWNKI1-treated cells (Fig. 6 E, F, H, and I). Time course analysis

https://doi.org/10.1073/pnas.2300310120

in the assays to measure the remaining surface levels of EGFR showed
that EGF stimulation in WINK1-depleted cells induced a continuous
reduction of EGFR at the cell surface, similar to that observed in the
control cells (Fig. 6 £'and G), indicating that loss of WNKI1 has no
apparent effect on the internalization event during ligand-induced
endocytosis of EGFR. As the acceleration of EGFR degradation in
WNKI knockdown cells is litdle influenced by its internalization,
changes in postinternalization events are implicated. We examined
the amount of EGFR that was internalized upon EGF stimulation.
Both siCTRL- and siWNKI-treated cells exhibited similar accumu-
lation kinetics of EGFR within the first 15 min (Fig. 6 A and ).
However, later kinetics of accumulation were dramatically reduced
in WNKI1-depleted cells, while a noticeable accumulation of the
internalized EGFR was observed in control cells (Fig. 6 / and ),
supporting the idea that WNKI is responsible for controlling EGFR
stability. Together, these results suggest that WNK1 influences endo-
somal trafficking of EGFR after its internalization.

Loss of WNK1 Decreases Colocalization of Rh-EGF (Rhodamine-
conjugated EGF) with Rab11. The actin network is important
for appropriate trafficking of endosomal vesicles to their specific
destinations (26, 27). As shown in Figs. 1 and 6, enhanced EGFR
degradation in WNKI1 knockdown cells is at least in part due
to the impairment of actin polymerization, which obstructs
trafficking. Hence, we performed EGF pulse—chase experiments
using a fluorescently labeled EGF to monitor the alteration of
EGFR trafficking caused by WINKI1 depletion at the single-
cell level. In control cells, we found that the Rh-EGF-positive
puncta are internalized, accumulated in the cytoplasm after
15 min, and gradually concentrated in a large cluster of vesicles
within the perinuclear region (Fig. 74), where activated EGFR
is thought to encounter phosphatases to be inactivated (43). In
contrast, Rh-EGF signals in WNKI1-depleted cells at 60 min
after the pulse are still detected throughout the cytoplasm, and
the puncta are substantially smaller, consequently resulting in
more puncta than are in cells expressing siCTRL (Fig. 7 A and
B). As compared to control cells, Rh-EGF puncta in WNK1
knockdown cells are more scattered throughout the cytoplasm
with the appearance of discrete vesicles instead of accumulating
around the nucleus (Fig. 7C). Furthermore, some Rh-EGF puncta
within the perinuclear region are near WNKI puncta (Fig. 7 C,
Lefi); however, EGF stimulation did not trigger detectable changes
in WNKI localization (S Appendix, Fig. S4). Consistent with
trafficking patterns of Rh-EGE immunofluorescent staining of
EGEFR confirmed its perinuclear accumulation after 30 min of
EGF treatment in MDA-MB-231 cells (Fig. 7D and ST Appendix,
Fig. S5A). The perinuclear accumulation of EGF-stimulated
EGER is significantly diminished by WNK1 depletion (Fig. 7D
and SI Appendix, Fig. S6A). Similar observations were made
when transferrin trafficking was measured in MDA-MB-231
cells depleted of WNKI1 (S/ Appendix, Fig. S6). In SUM159
cells, EGFR accumulated at the perinuclear region disappeared
by 90 min after EGF stimulation, indicating that SUM159 cells
have a relatively rapid process of EGFR sorting for its degradation,
which was accelerated by WNKI1 knockdown (87 Appendix, Fig. S5
B and C). These observations suggest that WNKI1 is critical for
proper endosomal trafficking of EGFR to the perinuclear region.

After ligand binding, endocytic vesicles converge toward early
endosomes by fusion (44) and are transported toward the peri-
nuclear region (43). Recycling endosomes are mostly clustered
in the perinuclear endocytic recycling compartment (45). To
further investigate the disruption of perinuclear accumulation
of EGFR in WNKI1-depleted cells, we explored cellular locali-
zation of Rh-EGF in TNBC cells. Serum-starved MDA-MB-231
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Fig. 5. TRIM27 knockdown accelerates RTK degradation. (A and B) SUM159 (A) and MDA-MB-231 (B) cells were treated with siCTRL or siTRIM27. After 72 h
incubation, the cells were incubated in serum-deprived medium with CHX (50 pg/mL) for 2 h and then stimulated with EGF (40 ng/mL) in the presence of
CHX. Right panels, Quantification of three independent experiments. EGFR at each time was normalized against that at 0 min (mean + SEM), *P < 0.05 and
**Pp < 0.01, unpaired two-tailed t test. (C and D) siCTRL- or siUSP7-treated MDA-MB-231 (C) and SUM159 (D) cells were serum starved with CHX (50 pg/mL) for
2 h and stimulated with EGF (40 ng/mL) in the presence of CHX for indicated times. Graphs show the relative amount of EGFR. Data are representative of three
separate experiments and are mean + SEM. *P < 0.05 and **P < 0.01, unpaired two-tailed ¢ test. () qPCR of RTK expression in siCTRL- or siWNK1-treated MDA-
MB-231 cells. Data are mean + SD. **P < 0.01, unpaired two-tailed t test. (F-K) siCTRL-, sSiWNKT1-, or siTRIM27-treated MDA-MB-231 (F-H) and SUM159 (/-K) cells
were cultured in serum-deprived medium for 2 h and then stimulated with 10% FBS. The amount of AXL (G and J) or FGFR1 (H and K) present in each time point
normalized to that at 0 min (mean + SD), *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, one-way analysis ANOVA.

and SUM159 cells were treated with Rh-EGF and stained with most of the Rh-EGF signals after a 15-min chase were detected

endosomal markers, including the early endosome marker Rab5,  in the form of large punctate structures within the perinuclear
the late endosome marker Rab7, and the recycling endosome  region in MDA-MB-231 cells (Fig. 7E). Interestingly, internal-
marker Rab11. Consistent with the initial results from Fig. 74,  ized Rh-EGF puncta in the perinuclear area are largely
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overlapped with Rab11, as compared to Rab5- and Rab7-positive
endosome (Fig. 7 F and F), indicating that ligand-stimulated
EGFR in MDA-MB-231 cells is mainly trafficked toward the
endosomal recycling pathway rather than the late endosome for
degradation. Notably, WNKI depletion caused a significant
decrease in colocalization of Rh-EGF with Rab11; a significant
increase in the colocalization between Rh-EGF and Rab7 was
observed in WNKI-depleted cells compared to control cells
(Fig. 7 E and F). A similar trend was also observed in
WNK1-depleted SUM159 cells after 10 min of Rh-EGF chase
(ST Appendix, Fig. S7). The two cell lines show distinctly differ-
ent endosomal distributions of Rh-EGF which may be attributed
to the difference in degradation kinetics between them (Fig. 1
K and N). Additionally, WNKI1 knockdown changes the sub-
cellular distribution of Vps35 from predominantly perinuclear
staining to dispersed puncta throughout the cytoplasm, clearly
indicating disrupted retrograde trafficking in WNK1-depleted
cells (87 Appendix, Fig. S8). Taken together, these results indicate
that WNKI1 adjusts EGFR fate by promoting recycling rather
than degradation in TNBC cells.

Discussion

The complex of TRIM27 with its ubiquitin peptidase USP7 was
shown to control endosomal actin polymerization through ubiq-
uitination of the WASH complex, facilitating endosomal traffick-
ing (16, 18). The endosomal localization of TRIM27 is facilitated
by interactions with retromer elements such as Vps35 and Vps26
(16-18). Although the deubiquitylation of TRIM27 by binding
USP7 for WASH-mediated precise actin polymerization has pre-
viously been identified, how their complex formation is regulated
remains obscure. In this study, we identified an unrecognized
function of WNKI in stabilizing TRIM27 through facilitating
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biotin from the cell surface, internalized biotinylated EGFR
was pulled down with NeutrAvidin beads and subjected to
SDS-PAGE and immunoblotted with the indicated antibodies.
(/) Quantification of total biotinylated EGFR normalized to
actin before stripping (0 min without stripping). Unpaired
two-tailed t test (mean + SD), ns = no significance (n = 3). (/)
Quantification of internalized biotinylated EGFR over time
was normalized to data at 0 min without stripping (mean +
SEM), *P < 0.05 and ***P < 0.001, unpaired two-tailed ¢ test.

60
EGF stimulation time (min)

the formation of the TRIM27-USP7 complex to function in actin
assembly for endocytosis (Fig. 7G).

Assembled actin filaments at the surface of endosomes participate
in multiple steps of endocytic trafficking such as membrane fission
and internalization of endocytic vesicles from the plasma membrane
(46). Here, we examined actin assembly on early endosomes fol-
lowing EGF stimulation and found that WNKI1 knockdown
decreases the F-actin density around early endosomes accompanied
by enhanced ubiquitination of the actin nucleation promoting
factor WASH (Fig. 1). In this context, the E3 RING (Really
Interesting New Gene) ubiquitin ligase TRIM27 is emerging as a
key player to mediate polyubiquitylation of WASH (16). The
RING adaptor MAGE-L2, along with USP7 and TRIM27, are
recruited to retromer-positive endosomes, where they form a com-
plex that alters the conformation of WASH1. This complex cata-
lyzes the formation of K63-linked polyubiquitin chains at Lys-220
(16, 18), which are essential for multiple cellular functions (47).
Because of the spatiotemporal dynamics of the actin filaments, it
is possible that transient enrichment of K63-linked polyubiquityl-
ation of WASH occurs during ligand stimulation. Furthermore,
WASH is not solely ubiquitinated via the K63-linkage; thus, other
types of ubiquitination, such as K48, may collaborate in regulation.
This is a problem which warrants further investigation.

The uptake of surface EGFR after ligand stimulation in
WNKI1-depleted cells closely resembled that of wild-type cells
(Fig. 6 £and G), suggesting that the levels of F-actin on endosomes
are not likely to engage with initial internalization. The internalized
endosomes are dispersed throughout the cytoplasm (Fig. 7 and
SI Appendix, Fig. S5), which likely corresponds with defective traf-
ficking of early endosomes due to reduced WASH-mediated actin
assembly on these endosomes. This is consistent with the observa-
tion that decreased endosomal F-actin nucleation by loss of
TRIM27 or USP7 leads to the dispersion of EEA1-positive puncta
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Fig.7. Loss of WNK1 decreases colocalization of Rh-EGF with Rab11. (A) MDA-MB-231 cells treated with siCTRL or siWNK1 were serum starved for 2 h and then
pulsed with Rh-EGF (10 ng/mL) for 5 min and chased over time at 37 °C. Insets are merged images of each. Rh-EGF (red), anti-WNK1 (green), DAPI (blue), and
phalloidin (purple). (Scale bar, 10 pm.) (B) Sizes (Upper) and numbers (Lower) of the Rh-EGF-positive clusters in individual cells were quantified using the Analyze
Particles function in Image). Data are shown as boxes and whiskers with all the individual data points (n = 10 cells per condition). *P < 0.05, unpaired two-tailed
ttest. (C) Fluorescence intensity profile plot of Rh-EGF in siCTRL- or siWNK1-treated MDA-MB-231 cells. Graphs show fluorescence intensity, expressed in arbitrary
units (a.u.), of Rh-EGF (red), anti-WNK1 (green), and DAPI (blue) along the line arrows in the Upper images. (Scale bar, 5 pm.) (D) Serum-starved MDA-MB-231
cells treated with siCTRL or siWNK1 were stimulated with EGF (40 ng/mL) over time and then fixed and stained with anti-EGFR (green), anti-WNK1 (red), DAPI
(blue), and phalloidin (purple) (S/ Appendix, Fig. S6). Quantification shows percentage of cells with EGFR puncta (>2.0 pm diameter) in perinuclear region. Data
are shown as violin plots (n = 63 cells per condition). **P < 0.01 and ****P < 0.0001, unpaired two-tailed t test. (E) Serum-starved siCTRL- or siWNK1-treated
MDA-MB-231 cells were pulsed with Rh-EGF (red; 10 ng/mL) for 5 min and chased for 15 min. The cells were fixed and stained with antibodies against endosome
markers (Rab5, Rab7, or Rab11; green) and DAPI (blue). Images marked with white squares are magnified and shown as Insets. (Scale bar, 5 pm.) (F) Bar graph
showing Manders’ coefficients for colocalization of endosome marker and Rh-EGF. Data are shown as violin plots with all the individual data points (n > 19 cells
per condition). **P < 0.01 and ****P < 0.0001, unpaired two-tailed ¢ test. (G) A schematic illustration of WNK1 regulating WASH-mediated actin dynamics via
TRIM27 stabilization, resulting in proper endosomal trafficking of RTK.
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(16, 18). Precise actin assembly seems to act in the appropriate
positioning and transport of endosomes to prevent entry of the
vesicles into the degradative pathway (16, 48). Supporting this
model, EGFR degradation was significantly increased in cells
depleted of WNKI, as well as in TRIM27- or USP7-depleted cells
(Figs. 1 I-N and 5 A-D). Interestingly, the enhanced degradation
in WNKI1 knockdown cells was not fully restored by either lysosome
or proteasome inhibitors, but was rescued in control cells treated
with them, suggesting that depletion of WNKI may result in a
failure of endocytic vesicles to traffic to the proper cellular compart-
ment. In the context of a degradation abnormality, it is possible
that an aberrant position of endosomal vesicles caused by depletion
of the WNKI1-TRIM27 axis triggers unusual proteolytic processes
such as caspases or serine proteases that do not predominate in other
states (49, 50).

Although WNKI has been implicated in regulating the endo-
cytosis of ion channels and GLUT on the cell surface (11-13), its
functions in the sorting and delivery of surface RTKs for recycling
or degradation are unexplored. Here, we provide evidence that
WNK1-dependent actin dynamics influence postinternalization
events. Unexpectedly, the catalytic activity of WNKI is not
required for TRIM27 stability and regulation of endosomal traf-
ficking of EGFR (Fig. 3). Thus, WINKI acts as a scaffold protein
that positively contributes to the integrity of the TRIM27-USP7
complex, resulting in increased stability of TRIM27 and
WASH-dependent actin polymerization. Similarly, other protein
kinases have been described as assembly factors, via catalytic activ-
ity—independent functions (51, 52). In the case of WNKI, multiple
activity—independent, scaffolding functions have been reported
(53). Endosomal trafficking dependent on WNKI1-TRIM27
appears to be limited to certain RTKs, including EGFR and AXL
(Fig. 5 Fand 1). Further, it has been reported that EGFR forms
functional heterodimers with AXL (35, 54), suggesting that endo-
cytic events involving these RTKs could share some common reg-
ulated steps, e.g., via WNKI1 and TRIM27. It will be critical in
future studies to determine which other RTKs or surface receptors
are regulated by this mechanism.

Growth factors, serum starvation, or mechanical stimulation
induce changes in the actin cytoskeleton structure that influences
the endocytic process (32, 33, 55). We found that serum starva-
tion, with or without EGF, decreased TRIM27 protein in
WNKI1-depleted cells (Fig. 2 A-H). Reduced TRIM27 was clearly
linked with loss of a complex with USP7, which protects TRIM27
from autoubiquitination via its RING finger domain and protea-
somal degradation (18, 31). However, TRIM27 protein remains
unchanged in WINKI1-depleted cells maintained in FBS (Fig. 2 B
and F), even though it does not form a stable complex with USP7
under this condition (Fig. 4 D, Lefi). This suggests that cellular
perturbations by growth factors or serum deprivation promote
TRIM27 autoubiquitination and degradation. Therefore, these
cellular stimuli in WNK1 knockdown cells likely allow TRIM27
to be readily degraded in the absence of its deubiquitinating
enzyme, leading to a reduction of total TRIM27 (Fig. 4 D, Righ).
More recently, it has been shown that starvation facilitates inter-
action between TRIM27 and the serine/threonine kinase ULK1,
which is a key enzyme in autophagy initiation (56), while a normal
culture medium containing FBS diminishes the interaction (57).
We have previously shown that ULK1 expression can be regulated

1. B.Xuetal, WNK1,anovel mammalian serine/threonine protein kinase lacking the catalytic lysine
in subdomain II. J. Biol. Chem. 275, 16795-16801(2000).

2. A Zagorska et al., Regulation of activity and localization of the WNK1 protein kinase by
hyperosmotic stress. J. Cell Biol. 176, 89-100 (2007).

https://doi.org/10.1073/pnas.2300310120

by WNKI1 (14). Thus, it is possible that WNKI1 regulates the
availability of TRIM27 and its interacting partners such as ULK1
to stabilize TRIM27 protein.

Aberrant RTK signaling is frequently observed in cancers and
dysregulated RTK trafficking promotes tumorigenic and meta-
static capacities of cancer cells by activating downstream signaling
cascades linked to poor outcomes (58), suggesting that interfering
with RTK expression and localization may have therapeutic value
in cancer cells. Importantly, recent studies revealed that TRIM27
is elevated in human cancers (59) and is required for TNBC
tumor growth in mouse xenograft models (60). WNKI also has
been linked to multiple cancers (61). Our previous work demon-
strated that WNKI1 regulates endothelial cell migration and angi-
ogenesis by regulating downstream signaling proteins (62). WNK
inhibition reduced the invasive ability and the size of orthotopic
tumors from TNBC cells compared to those in control animals
(22), suggesting that WNKI1 is involved in TNBC tumor pro-
gression and invasion. In fact, as compared to the control, we
found that depleting WINKI expression significantly decreased
the number of invasive cells in the 3D collagen matrix invasion
assay (SI Appendix, Fig. S9). Surprisingly, TRIM27 depletion
largely prevented invasion (SI Appendix, Fig. S9). Thus, the
impact of WNKI1-TRIM27 on endosomal trafficking may influ-
ence RTK-driven oncogenic processes (Fig. 7G). Future studies
are needed to clarify the physiological significance of the
WNKI1-TRIM27 axis in TNBC cells.

In conclusion, our results uncovered the importance of WNKI1
in regulating RTK turnover. We show here that WNKI acts as a
scaffold protein for stabilization of the E3 ubiquitin ligase
TRIM27, resulting in WASH-dependent actin assembly essential
for appropriate endosomal trafficking dynamics.

Materials and Methods

The detailed methods for Antibodies and Reagents, Cell Culture and
Treatment, siRNA, Western Blot Analysis and Immunoprecipitation, Cell Surface
Biotinylation Assay, EGFR Degradation Assay, F-actin and G-actin Fractionation,
Immunofluorescence Staining, PLA, EGF Pulse-chase Assay, qPCR, Transferrin
Trafficking Assay, Three-dimensional Collagen Invasion Assay, and Statistical
Analyses are described in S Appendix.

Data, Materials, and Software Availability. All Study dataareincluded in the
article and/or S Appendix.
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