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Angiogenesis is essential for growth of new blood vessels, remodeling existing vessels,
and repair of damaged vessels, and these require reorganization of endothelial cell–cell
junctions through a partial endothelial–mesenchymal transition. Homozygous disrup-
tion of the gene encoding the protein kinase WNK1 results in lethality in mice near
embryonic day (E) 12 due to impaired angiogenesis. This angiogenesis defect can be
rescued by endothelial-specific expression of an activated form of the WNK1 substrate
kinase OSR1. We show that inhibition of WNK1 kinase activity not only prevents
sprouting of endothelial cells from aortic slices but also vessel extension in inhibitor-
treated embryos ex vivo. Mutations affecting TGF-β signaling also result in abnormal
vascular development beginning by E10 and, ultimately, embryonic lethality. Previously,
we demonstrated cross-talk of WNK1 with TGF-β–regulated SMAD signaling, and
OSR1 was identified as a component of the TGF-β interactome. However, molecular
events jointly regulated by TGF-β and WNK1/OSR1 have not been delineated. Here,
we show that inhibition of WNK1 promotes TGF-β–dependent degradation of the tyro-
sine kinase receptor AXL, which is involved in TGF-β–mediated cell migration and
angiogenesis. We also show that interaction between OSR1 and occludin, a protein asso-
ciated with endothelial tight junctions, is an essential step to enable tight junction turn-
over. Furthermore, we show that these phenomena are WNK1 dependent, and sensitive
to TGF-β. These findings demonstrate intimate connections between WNK1/OSR1
and multiple TGF-β–sensitive molecules controlling angiogenesis and suggest that
WNK1 may modulate many TGF-β–regulated functions.
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Angiogenesis is a highly regulated process which is turned on transiently during devel-
opment, reproduction, and wound repair, which involves formation of new capillaries
by sprouting or by splitting off from the original vessel (intussuception) (1, 2). Homo-
zygous disruption of the gene encoding the protein kinase with no lysine (K) 1 (WNK1)
results in a lethal developmental failure in mice around embryonic day (E) 12, due to
impaired angiogenesis (3, 4). WNK1 is the most ubiquitously expressed of a family of
four related, multifunctional, and atypical protein-serine/threonine kinases, notable for
their unique catalytic lysine location (5). WNK1 phosphorylates substrates, the best char-
acterized of which are oxidative stress-responsive 1 (OSR1) and STE20/SPS-1–related
proline-alanine–rich kinase (SPAK, STK39), critical for maintaining cellular ion homeo-
stasis (5–9). The phenotype of the WNK1 global knockout mouse mimics the defects
caused by endothelial-specific ablation of WNK1 and is rescued either by endothelial-
specific expression of WNK1 (3) or an activated form of OSR1 (4). Additionally, deple-
tion of WNK1 and OSR1 decreased in vitro vascular cord formation and cell migration
in endothelial cells (10), indicating a crucial role of WNK1-activated OSR1 signaling in
angiogenesis, cell migration, and vascular remodeling.
Recently, we identified the transcription factor Slug (SNAI2) in WNK1-mediated

control of cell migration and vascular network formation (10). Slug is a master regula-
tor of endothelial–mesenchymal transition (Endo-MT) and is important in regulating
angiogenic sprouting (11, 12). Partial Endo-MT is characterized by transient loss of an
endothelial phenotype and acquisition of mesenchymal characteristics such as loss of
cell–cell junctions, polarity, and gain of motility to promote angiogenic sprouting and
cell migration (2, 10–19). During vein-graft remodeling, Slug mediates mesenchymal
transition via the SMAD2/3 axis–mediated transforming growth factor-β (TGF-β) sig-
naling (11, 17), a widely known inducer of mesenchymal transition (20, 21). We previ-
ously showed that WNK1 interacts with and phosphorylates SMAD2 and regulates its
function (15, 22). We thus hypothesized that WNK1 signaling takes part in the regula-
tion of TGF-β/SMAD–dependent Endo-MT for promoting onset of cell sprouting,
migration, and vascular remodeling.
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Phenotypic plasticity in several cancers is dependent on the
expression of the receptor tyrosine kinase AXL. In normal mam-
mary epithelial cells, AXL was also shown to be a driver of stem-
ness (23, 24). Of note, WNK1 was identified as a signature gene
in breast cancer initiation by transposon insertional mutagenesis
in mice (25). We observed a connection between WNK1 and
AXL in breast cancer cells (26). Interestingly, several characteristics
of epithelial–mesenchymal transition overlap with those in endo-
thelial cells (19). Endothelial-expressed AXL is known to modu-
late angiogenesis (27–29). The catalytic activity of AXL induces
endothelial tube formation in vitro, and knockdown of AXL in
breast cancer cells and in endothelial cell coculture impairs this
process (28, 29). AXL was identified as a downstream effector of
TGF-β and modulates expression of TGF-β/SMAD–dependent
target genes involved in cell migration in hepatocellular carcinoma
(30–32). Moreover, inhibition of AXL decreases autocrine TGF-β
signaling in hepatocellular carcinoma and impairs secretion of
proangiogenic factors in breast cancer cells, which, in turn, affects
the function of endothelial cells in coculture and in vivo (30, 33).
Paracrine angiogenic factors have also been shown to be expressed
in endothelial cells, suggestive of an autocrine signaling loop (34).
In view of these observations, we investigated the potential of an
AXL and WNK1 signaling collaboration in endothelial cells to
regulate endothelial cell migration and tube formation.
Mesenchymal transition involves loss of a fraction of cell–cell

contacts. TGF-β initiates cytoskeletal turnover and a drastic
down-regulation and disintegration of tight junctions to pro-
mote migration in endothelial cells (35, 36). Upon TGF-β
stimulation, the TGF-β receptor type II redistributes into
tight junctions, which leads to dissolution of tight junctions
(37, 38). Occludin also localizes to endothelial tight junc-
tions. While occludin is not necessary for the formation of tight
junctions, occludin is vital in regulating tight junction integrity
(37, 38). Occludin is likewise important for directional migra-
tion of epithelial cells (39). Furthermore, recent studies have
shown that occludin is also involved in endothelial neovasculari-
zation and angiogenesis (40).
Adherens junctions are required for endothelial cell stabiliza-

tion and homeostasis because they promote contact inhibition
of growth and decrease cell responsiveness to apoptotic stimuli.
Adherens junctions in endothelial cells primarily consist of
VE-cadherin (41, 42). VE-cadherin is also known to be an
endothelial cell–specific regulator of TGF-β/SMAD signaling (41).
TGF-β induces TGF-βRII association with VE-cadherin, and
this clustering promotes TGF-β signaling, which, in turn, desta-
bilizes cell–cell junctions (43). Moreover, VE-cadherin is essen-
tial for TGF-β–induced endothelial cell migration (41).
In this study, we identify multiple molecular events that

underlie WNK1-mediated control of angiogenesis and endothe-
lial motility. We show that WNK1 is required for maintaining
expression of the tyrosine kinase receptor AXL, which is
involved in promoting secretion of angiogenic factors. In addi-
tion, we also demonstrate regulation of several TGF-β1 signal-
ing mediators by WNK1. We show that interaction between
OSR1 and occludin is an essential step to regulate tight junc-
tions and angiogenesis in a WNK1-dependent manner.

Results

WNK Activity Is Required in the Endothelium for Angiogenesis.
Global or endothelial-specific deletion of the WNK1 gene in
mice results in death by ∼E12 due to failed vascular develop-
ment (3, 44). In mice, mutations affecting TGF-β signaling
result in abnormal vascular development between E8 and E10

and, ultimately, embryonic lethality (45). Previous studies show
that WNK1 knockout or depletion blocks angiogenesis during
development and in cell-culture models in vitro (10) (SI
Appendix, Fig. S1A). WNK inhibitors have been shown to
interfere with cell migration but have not been reported in
angiogenesis assays, to our knowledge (28). Here, we tested the
efficacy of WNK inhibitors in blocking angiogenesis in multi-
ple systems. Similar to WNK1 depletion, the WNK inhibitor
WNK463 reduced cord formation in primary human umbilical
vein endothelial cells (HUVECs), indicating that the kinase
activity of WNK1 is required for angiogenesis (Fig. 1A and B).
This inhibitor was shown to have high selectivity for WNKs,
with remarkably little detectable inhibition of a panel of more
than 400 other protein kinases (46). Real-time imaging of cord
formation showed that primary HUVECs treated with
WNK463 exhibited defects in cell migration, which is essential
to angiogenesis (10) (SI Appendix, Movies S1 and S2).

Inhibition of endothelial cord formation was also observed
in cells exposed to the WNK inhibitor SW133708 (Fig. 1A
and B). SW133708 was identified in a screen for WNK1 inhib-
itors in the UT Southwestern High Throughput Screening
Core (26). We next tested whether inhibition of WNK1 using
SW133708 inhibited angiogenesis in mouse embryos between
E8 and E10, during which time key angiogenic events occur,
including development of intersomitic blood vessels (47). Inter-
somitic vessels are among the first vessels in the embryo to
form by sprouting angiogenesis from preexisting blood vessels
(47). Staining of mouse embryos with the endothelial marker
PECAM showed that whole-embryo ex vivo treatment with the
WNK1 inhibitor on ∼E9.0 decreased the length of intersomitic
vessels (Fig. 1C and D). This provides evidence that WNK1
activity is involved in sprouting angiogenesis during embryonic
blood-vessel development. We then tested whether WNK1 is
involved in processes underlying postnatal sprouting angiogene-
sis, using mouse aortic-ring explants. We found that WNK463
suppressed sprouting of endothelial cords from the aorta and
decreased the length of the cords emerging from the aortic
explants (Fig. 1E–G and SI Appendix, Fig. S1B). These observa-
tions further support the conclusion that WNK1 activity is
involved in angiogenesis (Fig. 1H).

Angiogenesis defects in WNK1-null mice are rescued by
endothelial-specific expression of OSR1 (4). Consistent with
this observation, we found that depletion of OSR1 also attenu-
ated cord formation in primary HUVECs (10) (SI Appendix,
Fig. S1A). Among the best validated targets of OSR1 are the
sodium–potassium–2 chloride cotransporters, NKCC1 and
NKCC2, that regulate ion balance and cell volume (48). NKCC1
is broadly expressed in tissues, including endothelial cells, and
inhibition of NKCC1 activity is implicated in suppressing tumor
angiogenesis (49). NKCCs are inhibited by furosemide-related
diuretics such as bumetanide. We compared effects of bumetanide
with WNK463 and observed that bumetanide inhibited cord for-
mation of primary HUVECs but not nearly as effectively as
WNK463 (Fig. 1A and B). These findings suggest that OSR1 is a
significant mediator of WNK1-dependent angiogenesis; how-
ever, NKCC1 is only one of multiple inputs that contribute to
WNK1-dependent angiogenesis downstream of OSR1.

WNK1 Stabilizes the TGF-β–Sensitive Angiogenic Tyrosine Kinase
AXL. We previously showed the involvement of Slug in WNK1-
mediated cell migration (10). Slug is transcriptionally activated
by AXL in a feed-forward manner via TGF-β signaling as well as
through SMAD3 (10, 50). AXL was shown to promote migra-
tion and partial mesenchymal transition in addition to being
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involved in angiogenesis (28, 29). Thus, we examined the possi-
ble regulation of AXL by WNK1. Depletion of WNK1 using a
previously validated WNK1 small interfering RNA (siRNA)
(10, 51) decreased AXL protein expression (Fig. 2A). Similarly, we
found that inhibition of WNK using WNK463 or SW133708
decreased AXL expression in human dermal microvascular endo-
thelial cells (HDMECs) or HUVECs, respectively (Fig. 2B–D).
However, knockdown of OSR1 had no effect on AXL in endo-
thelial cells (see Fig. 4E).
In contrast to the full-length protein, the amount of the

cleaved AXL fragment was unchanged by WNK inhibition
(Fig. 2E and F). However, in the presence of WNK463, treat-
ment with the proteasomal inhibitor MG132 decreased expres-
sion of AXL but increased accumulation of the cleaved AXL
fragment (Fig. 2E and F). These findings suggest that inhibition
or depletion of WNK1 increases cleavage of full-length AXL,
which then undergoes proteasomal degradation. Supporting the

hypothesis that WNK1 acts on AXL stability rather than biosyn-
thesis, we found that WNK463 does not affect AXL mRNA in
HUVECs (Fig. 2G). We then tested whether TGF-β signaling
cooperates with WNK1 in mediating AXL turnover. Treatment
with the TGF-β receptor inhibitor galunisertib in non–serum-
starved conditions increased AXL expression, and cotreatment
with WNK463 prevented this increase (Fig. 2E and H). These
data suggest cooperation between WNK1 and TGF-β pathway
components in mediating decreases in AXL expression. Because
AXL signaling regulates endothelial permeability (22, 24), we
propose that the control of AXL protein by WNK1 contributes
to multistep regulation of endothelial tight junction integrity re-
quired during angiogenesis and vascular remodeling in a TGF-β–
dependent manner.

Knockdown of AXL is known to reduce endothelial auto-
crine secretion of proangiogenesis factors mediated by the
TGF-β pathway (30). Therefore, we asked whether inhibition
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Fig. 1. WNK activity is required in the endothelium for angiogenesis. (A) Representative bright-field images of cord formation in HUVECs treated with
DMSO, WNK463 (1 μM), SW113708 (10 μM), or bumetanide (20 μM); Scale bar, 1 mm. (B) Corresponding quantification of the images in A shows decreased
length of cords in HUVECs treated with WNK463 or SW113708 for 4 to 6 h compared with DMSO control; n = 3. Only partial decrease in the cord length was
seen with bumetanide treatment (20 μM). (C) Representative confocal images show PECAM staining in embryos treated with SW113708 (10 μM) or DMSO
control applied to E9.25 embryos for 6 h in a BTC Precision chamber. (D) Corresponding quantification shows reduced length of intersomitic vessels (ISV)
with SW113708 treatment compared with DMSO control; n = 4 (n = 29 images with DMSO; n = 58 images with SW133708). (E) Simulated bright-field images
show sprouting cord formation by day 6 of DMSO and WNK463 (1 μM) treatment of mouse aortic ring slices. (F) Corresponding quantification shows
decrease in the number of sprouted cells and (G) relative length of cords from the aortic explants in WNK463 treatment compared with DMSO control;
n = 5. (H) Model depicting reduced angiogenesis upon WNK1 inhibition. Graphics created with BioRender.com. Data are represented as mean ± SE, analyzed
by unpaired two-tailed Student’s t test or one-way ANOVA. *P < 0.05, **P < 0.005, ***P < 0.0005.
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of WNK leads to changes in secretion of angiogenesis factors
from endothelial cells. Primary HUVECs were serum starved
and the supernatants were collected during cord formation
assays in cells treated with either DMSO or WNK463. We
measured angiogenic factors secreted into the conditioned
medium, using an angiogenesis array. We found that the secre-
tion of thrombospondin-1 and pentraxin-3 was decreased in
the conditioned medium collected from endothelial cells
treated with WNK463, compared with the control, suggestive
of autocrine signaling of these angiogenic factors, as has been
previously reported (52, 53) (Fig. 2I). TGF-β1 decreases

pentraxin-3 expression in a SMAD2/3–dependent manner (54),
consistent with a TGF-β–mediated regulation of AXL by WNK1
(Fig. 2J).

WNK1 Enhances Stability of TGF-β–Dependent Factors. Given
the intersection of TGF-β1 signaling and WNK1 signaling
pathways, we tested if inhibition of WNK1 regulates other
TGF-β1–sensitive components in endothelial cells. First, we
tested whether WNK1 regulated SMAD2/3. We found that
inhibition as well as knockdown of WNK1, using a previously
validated WNK1 siRNA (10, 51), decreased SMAD2/3 in a

Fig. 2. WNK1 stabilizes the TGF-β–sensitive angiogenic tyrosine kinase AXL. (A) Western blot quantification shows decreased AXL expression upon WNK1
siRNA (control siRNA) depletion or siControl in HUVECs; n = 4. (B) Representative Western blots show AXL expression in cells treated with SW113708 (10 μM)
overnight. (C) Corresponding quantification of the Western blots in B shows decreased AXL expression upon SW113708 treatment compared with DMSO
control in HUVECs; n = 4. (D) Western blot quantification shows decreased AXL expression upon overnight WNK463 treatment compared with DMSO control
in HDMECs; n = 5. (E, Left) Representative Western blot shows full-length and cleaved fragment of AXL upon treatment with DMSO control or the proteaso-
mal inhibitor MG132 (10 μM) with or without WNK463 (1 μM) cotreatment in HUVECs. (Right) Representative Western blots show AXL expression in HUVECs
treated with DMSO control or WNK463 (1μM) overnight and co-treatment with or without the SMURF1 inhibitor A01 (2μM) or TGFβ receptor inhibitor
(TGFBRi: galunisertib, 1μM). (F) Corresponding quantification of Left panels in E shows increased accumulation of cleaved fragment of AXL upon
WNK463+MG132 treatment compared with MG132 alone; n = 3. (G) Quantification of 18S normalized relative mRNA expression in HUVECs shows no change
in mRNA expression of AXL treated with WNK463 compared with DMSO control; n = 6. (H) Corresponding quantification of Right panels in E show differences
in AXL expression in cells treated with A01+WNK463 compared to A01 alone; n = 3. (I) Quantification of angiogenic factors secreted into conditional medium
4 h after initiation of cord formation in HUVECs treated with DMSO control or WNK463 (1 μM); n = 3. (J) Model figure shows the collaboration among WNK1
and TGF-β signaling in regulating AXL. Graphics were created with BioRender.com. Data are represented as mean ± SE analyzed by unpaired two-tailed Stu-
dent’s t test or one-way ANOVA. *P < 0.05, **P < 0.005, ***P < 0.0005.
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TGF-β1–dependent manner (Fig. 3A–C), consistent with our
previous findings in HeLa cells (15). We also found that inhibi-
tion as well as knockdown of WNK1 decreased ALK1, the
endothelial-enriched TGF-β receptor type I in a TGF-β1–
dependent manner (Fig. 3D and E). Non–SMAD-dependent sig-
naling pathways are involved in regulation of Rho-like GTPase
signaling pathways such as RhoA (55). Decreasing RhoA in
endothelial cells suppresses angiogenesis (50). Therefore, we asked
whether WNK1 regulates RhoA and found that inhibition of
WNK1 decreases total RhoA (Fig. 3F and G). These results sug-
gest that WNK1/OSR1 affect TGF-β signaling output via regula-
tion of several TGF-β signaling mediators (Fig. 3H).

WNK1/OSR1 Collaborate with TGF-β to Regulate Tight Junction
Turnover and Localization and Function of Occludin. TGF-β1
differentially regulates RhoA, leads to a decrease in total RhoA,
and causes disintegration of tight junctions (36). TGF-β–
dependent regulation of this process involves molecular mediators
such as the GTPase CDC42 and its target kinase PAK1, and
controlled clearance of endothelial tight junctions is an important
step during vascular remodeling (36, 40, 56–59). We previously
showed that OSR1 phosphorylates PAK1, which prevents its acti-
vation by CDC42 (60). In addition, OSR1 was found to be a
component of the TGF-β interactome (35). Because OSR1 is
one of the mediators of WNK1 action, we explored the possibil-
ity that WNK1 regulates OSR1 to influence endothelial tight
junction turnover.
Occludin localizes to endothelial tight junctions. Although not

necessary for the formation of tight junctions, occludin regulates

tight junction integrity (37, 38). Therefore, we first tested
whether occludin in HUVECs colocalized with OSR1. We
found that colocalization between OSR1 and occludin was
enhanced upon TGF-β1 treatment compared with that in the
untreated condition, as indicated by the increase in Pearson’s
correlation coefficient (Fig. 4A and B). Next, we asked whether
TGF-β1 affected activation of OSR1. We found that TGF-β1
partially reduced phosphorylation of OSR1 on an activating
site, Ser325. When these cells were exposed to the WNK inhib-
itor WNK463, it effectively inactivated OSR1 as expected (Fig.
4C and D). These results indicate a collaboration among TGF-
β and WNK signaling pathways in regulating occludin.

The association between OSR1 and occludin provoked us to
ask how WNK1/OSR1 regulates occludin function. We found
that depletion of OSR1 decreased occludin but not AXL pro-
tein in HDMECs (Fig. 4E and F). In addition, we found that
inhibition of OSR1 activity by inhibiting WNK1 with
WNK463 also decreased occludin protein in primary HUVECs
(Fig. 4G and H). A comparable decrease in occludin protein
amount was observed in WNK463-treated cells in which pro-
tein synthesis was suppressed with cycloheximide (SI Appendix,
Fig. S2). In addition, we found no differences in occludin
mRNA expression upon siRNA-mediated depletion of OSR1
(Fig. 4I). These findings suggest that the decrease in occludin
protein expression upon WNK inhibition is not due to differ-
ences in transcription or translation of occludin mRNA;
instead, the decrease suggests an effect on occludin stability.

Next, we tested whether OSR1 phosphorylates occludin and
found that occludin immunoprecipitated from HUVECs was
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not phosphorylated by constitutively active OSR1 in vitro (SI
Appendix, Fig. S3). These observations indicate WNK1-dependent
OSR1 function regulates occludin by controlling its protein
turnover but apparently not by directly phosphorylating it.

The C-Terminal Domain of OSR1 Interacts with Occludin to
Influence Tight Junction Turnover. Given the colocalization
of OSR1 with occludin (Fig. 4A and B), we asked whether
colocalization indicated a stable association between the two
proteins. Under control conditions, we saw no detectable
endogenous coimmunoprecipitation of the two proteins; how-
ever, treatment with TGF-β1 caused a modest but detectable
immunoprecipitation of OSR1 with occludin, consistent with
their colocalization in TGF-β1–stimulated cells. Their associa-
tion was strongly enhanced in cells exposed only to the WNK
inhibitor WNK463 (Fig. 5A), which effectively inactivates
OSR1 (46). In primary HUVECs, this association was lost in
the presence of both TGF-β1 and the WNK inhibitor (Fig. 5A).
Similarly, OSR1 colocalization with occludin, quantified by
Pearson’s correlation coefficient, was higher in the presence of
WNK463 compared with control conditions (SI Appendix, Fig.
S4). As noted, TGF-β1 partially reduced phosphorylation of
OSR1 on an activating site, Ser325 (Fig. 4C and D), but it is
unlikely that only inactive OSR1 associates with occludin,
because this association was lost in the presence of both TGF-β1
and WNK463.
Structure–function analysis of the carboxyl-terminal (CCT)

domain of OSR1 showed that it is a docking domain for proteins

that contain R-F-x-V/I and/or a variant motif, R-x-F-x-V/I,
forming a basis for its substrate recognition (61–63). Therefore,
we evaluated whether the interaction of OSR1 with occludin
could be mediated by this type of docking motif. To test this
possibility, we coincubated the occludin immunoprecipitates
from primary HUVECs with the peptide SAGRRFIVSPVPE
that is capable of blocking the interaction between the OSR1
CCT and motif-containing proteins (62). We found that the
amount of OSR1 coprecipitating with occludin was dimin-
ished in the presence of the blocking peptide (Fig. 5B and C).
In human embryonic kidney (HEK293) cells overexpressing
FLAG-occludin, we found a similar decrease in the amount of
endogenous OSR1 coimmunoprecipitating with occludin in the
presence of the blocking peptide (Fig. 5D). In addition, we
found that overexpressed FLAG-occludin coimmunoprecipitated
with myc-CCT-OSR1 (Fig. 5E). These observations suggest that
occludin interacts with the C-terminal region of OSR1.

WNK1 Influences VE-Cadherin Expression in a TGF-β–Dependent
Manner. The adherens junction protein VE-cadherin is an
endothelial cell–specific regulator of TGF-β/SMAD signaling
(41). TGF-β induces TGF-βRII association with VE-cadherin;
this clustering promotes TGF-β signaling, and VE-cadherin is
essential for TGF-β–induced endothelial cell migration (41).
Therefore, we investigated the effect of WNK1 inhibition on
TGF-β–dependent regulation of VE-cadherin. We observed
that inhibition of WNK1/OSR1 activity with WNK463 caused
a decrease in VE-cadherin expression in a TGF-β1–dependent
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Fig. 4. WNK1/OSR1 collaborate with TGF-β to regulate tight junction turnover and localization and function of occludin. (A) Representative confocal images
of immuno-fluorescently labeled endogenous occludin (red), OSR1 (green), and nucleus (DAPI: blue) in primary HUVECs with or without TGF-β1 (10 ng/mL)
stimulation (no TGF-β1, n = 16; TGF-β1, n = 18). Merged panel (yellow) shows colocalization between occludin and OSR1. Scale bar, 20 μm. (B) Corresponding
quantification of images in A colocalizing pixels was done by measuring Pearson’s correlation coefficient shows increased colocalization with TGF-β1 treat-
ment. (C) Representative Western blots show expression of phosphorylated Ser325 OSR1 in HUVECs treated with WNK463 (1 μM) and/or TGF-β1 (1 ng/mL).
(D) Corresponding quantification of images in C shows decreased phosphorylated OSR1 (pOSR1) upon TGF-β1 treatment; n = 4. (E) Representative Western
blots of occludin protein levels upon OSR1 knockdown in HDMECs. C, control siRNA; O, OSR1 siRNA. (F) Corresponding quantification of images in E shows
decreased occludin expression 72 h after siOSR1 treatment compared with siControl (control siRNA), n = 5. (G) Representative Western blots show occludin
protein levels treated with WNK463 compared with DMSO control. D, DMSO; W, WNK463. (H) Corresponding quantification of Western blots in G shows
decreased occludin amount in WNK463-treated condition compared with DMSO control in HUVECs; n = 3. (I) Quantification of 18S-normalized relative
mRNA expression in HDMECs shows no change in mRNA expression of occludin or TM-4(�) occludin (occludin isoform lacking fourth transmembrane
domain) treated with siOSR1 compared with siControl; n = 5. Data are represented as mean ± SE analyzed by unpaired two-tailed Student’s t test or one-
way ANOVA. *P < 0.05, ***P < 0.0005.
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manner (Fig. 6A–D). In addition, we found that treatment with
WNK463 led to a decreased, continuous VE-cadherin staining
pattern (suggestive of mature adherens junctions), consistent with
a need for WNK1 to promote mature adherens junctions (Fig.
6E and F) (64). We also show that inhibition of WNK1 in
HUVECs increases endothelial cell junction permeability using a
Transwell assay (SI Appendix, Fig. S5A). Both findings suggest
that inhibition of WNK1 negatively impacts the maturation of
adherens junctions in endothelial cells. Together, these data sug-
gest that WNK1/OSR1 can regulate the integrity of adherens
junctions and their TGF-β–dependent actions.

Discussion

Our study shows that TGF-β signaling components such as the
TGF-β receptor, RhoA, SMADs, occludin, VE-cadherin, and
AXL are interconnected and act in a collaborative manner with
WNK1/OSR1 signaling pathways (Fig. 6G and SI Appendix,
Fig. S6A). This phenomenon may contribute, in part, to the
context specificity in TGF-β signaling to influence endothelial
remodeling.
Homozygous deletion of WNK1 results in embryonic lethal-

ity in mice by ∼E12 as a result of defective angiogenesis and
vascular development (3, 4). Here, we provide additional evi-
dence that WNK1 is involved in sprouting angiogenesis during
embryonic development as well as in postdevelopment condi-
tions by utilizing both pre- and postnatal mouse explants.
These findings suggest WNK1 is vital in mediating angiogene-
sis in both physiological (wound healing) and pathophysiologi-
cal conditions (e.g., cancer). As a direct WNK1 substrate,
OSR1 is one of the major mediators of WNK1 action, based on
numerous lines of evidence. In addition, OSR1 was found to be
a component of the TGF-β interactome (35). TGF-β1 regulates
RhoA, leads to a decrease in total RhoA, and causes breakdown
of the tight junctions (36). This process involves molecular
mediators such as the GTPase CDC42 and its target kinase
PAK1 for fine-tuned clearance of endothelial tight junctions,

which is critical during vascular remodeling (36, 40, 56–59).
We previously reported that OSR1 phosphorylates PAK1 and
this prevents its activation by CDC42 (60). Because OSR1 is
one of the known mediators of WNK1 action, we explored the
possibility that WNK1 regulates OSR1 to influence endothelial
tight junction turnover. We show that OSR1 is involved in
WNK1-mediated regulation of turnover of tight junctions and
adherens junctions, in part, through its interaction with occludin
via a TGF-β–sensitive process. While occludin is not necessary
for the formation of tight junctions, occludin is vital to tight
junction integrity (37, 38). Interestingly, occludin is also impor-
tant for directional migration of epithelial cells (39). Control of
both tight junction integrity and directional migration of endo-
thelial cells is central to angiogenesis (40, 47). One mechanism
underlying the importance of WNK1/OSR1 to angiogenesis is
the capacity to target occludin turnover. This same capacity may
also contribute to effects of the WNK1 pathway on Endo-MT.
We postulate that OSR1 interacts with and stabilizes occludin in
endothelial tight junctions as loss of OSR1 depletes occludin, as
does TGF-β1 signaling (36). Thus, WNK1/OSR1 is a critical
mediator of TGF-β–dependent tight junction turnover. How-
ever, the mechanistic basis for the action of occludin in regulat-
ing tight junction turnover in endothelial cells is not known.

In this study, we show that full-length AXL is down-
regulated upon WNK1 inhibition. AXL signaling is regulated
via its proteolysis-dependent degradation. One of the mecha-
nisms involved in this process is presenilin-dependent, regu-
lated, intramembrane, proteolysis-associated degradation. This
occurs in two sequential steps: The first step is an ectodomain
shedding, which is attributed to metalloproteases ADAM10 and
tumor necrosis factor α–converting enzyme. The second step is
an intramembrane cleavage by the γ-secretase complex, which
includes presenilin enhancer 2 and presenilin 1 and 2, among
others (65–67). This mechanism leads to the generation of a
cleaved fragment of AXL corresponding to an ∼55 kDa band,
which is rapidly removed through proteasomal degradation
(66). In addition, inhibition of proteasomal activity accelerates
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Fig. 5. The C-terminal domain of OSR1 interacts with occludin to influence tight junction turnover. (A) Representative Western blots show endogenous
coimmunoprecipitation of OSR1 with occludin in primary HUVECs showing enhanced interaction of OSR1 and occludin upon overnight TGF-β (10 ng/mL) and
WNK463 (1μM) treatment; n = 5. (B) Representative Western blots show endogenous coimmunoprecipitation of OSR1 and SMURF2 with occludin in HUVECs
treated with WNK463 (1 μM) overnight, which is diminished upon coincubation with the blocking peptide SAGRRFIVSPVPE. (C) Corresponding quantification
of OSR1 immunoprecipitated over occludin with or without the presence of blocking peptide; n = 5. (D) Representative Western blot show immunoprecipita-
tion (IP) of FLAG-occludin overexpressed in HEK293 cells interacts with endogenous OSR1, which is blocked with coincubation with the blocking peptide
SAGRRFIVSPVPE; n = 5. (E) Representative Western blots show immunoprecipitation of FLAG-occludin overexpressed in HEK293 cells and its interaction with
myc-C-terminal OSR1.
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the proteolytic cleavage process of AXL, leading to reduced lev-
els of full-length AXL in cells (67). This is consistent with our
observations here, which suggest that inhibition of WNK1 leads
to enhanced proteolytic cleavage of AXL.
AXL inhibition enhances the activity of proteolytic enzymes

to promote cleavage of full-length AXL (67). In addition,
WNK1 regulates the endothelial expression of metalloproteases
MMP-2 and MMP-9 (10). Therefore, future studies will be
needed to explore further mechanistic details of regulation of
AXL and/or AXL-targeting proteolytic enzymes by WNK1.
Stimulation of angiogenesis upon injury or by tumors occurs via
secretion of proangiogenic factors (30). We previously showed
that WNK1 promotes transcription of several angiogenic factors
(10). Here, we further show that WNK1 also affects secretion
of angiogenic factors into the conditioned media. Therefore,
WNK1 may be involved in a concerted angiogenic response via
regulating secretion of autocrine proangiogenic factors.
WNK is an atypical family of protein kinases due to the posi-

tioning of the ATP-binding, conserved lysine residue within the
kinase domain (5). Of the 4 mammalian WNK isoforms, WNK1
is the most broadly expressed and the most highly expressed in
endothelial cells, compared with other isoforms (10). WNK1 has
been widely shown to regulate blood pressure in mice (8) and ion
transport across cell membranes of several cell types (49). Mecha-
nistically, WNK1 has been suggested to function as a chloride
sensor through direct binding of a regulatory chloride ion in its
active site, which inhibits its autophosphorylation (68). Recently,

studies have proposed additional mechanisms underlying
osmosensing by WNK1 through a conformational equilib-
rium between inactive, unphosphorylated, chloride-binding
dimer and an autophosphorylation-competent monomer (69).
Interestingly, osmotic pressure has also been shown to pro-
mote angiogenesis, three-dimensional migration, proliferation,
and apoptosis in endothelial cells (55, 70). Recent studies
show osmotic stress results in altered expression of TGF-β
(71), altering TGF-β signaling. Therefore, we hypothesize
that WNK1 may be a critical mediator of osmotic change-
induced TGF-β signaling and angiogenesis.

VE-cadherin is a positive regulator of TGF-β–induced
SMAD2/3 phosphorylation. TGF-β stimulation induces associ-
ation of VE-cadherin with TGF-βRII/TGF-βRI and therefore
it participates in maximal activation of the TGF-β pathway
(41). A recent study showed that OSR1 phosphorylates the
SMAD2/3 linker region to promote TGF-β signaling (22).
Here, we found that WNK1 inhibition leads to decreased local-
ization of VE-cadherin at cell–cell junctions only in the pres-
ence of TGF-β. Therefore, we hypothesize that WNK1/OSR1
signaling regulates VE-cadherin to affect TGF-β–dependent
signaling output in a context-dependent manner.

Signal transduction pathways regulated by TGF-β control a
diverse array of cellular processes, including embryogenesis, angio-
genesis, proliferation, differentiation, migration, and apoptosis
(45). Dysregulation of either ligands or mediators of this signal-
ing pathway often cause disease or developmental defects (45).
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Fig. 6. WNK1 influences VE-cadherin expression in a TGF-β–dependent manner. (A) Representative confocal images of immuno-fluorescently labeled endog-
enous VE-cadherin (red) nucleus (DAPI: blue) in HDMECs with or without TGF-β1 (10 ng/mL) and/or WNK463 (1 μM) treatment. Scale bar, 60 μm. (B) Corre-
sponding quantification shows decreased normalized fluorescence intensity of VE-cadherin in TGF-β1+WNK463 compared with TGF-β1 alone. DMSO: n = 21;
WNK463: n = 23; TGF-β1: n = 8; and TGF-β1+WNK463: n = 55. (C) Representative Western blots show VE-cadherin expression upon overnight TGF-β1
(10 ng/mL) and/or WNK463 (1 μM) treatment in HUVECs. (D) Corresponding quantification of images in C shows decreased VE-cadherin expression in
TGF-β1+WNK463 compared with TGF-β1 alone; n = 4. (E) Representative images showing “line structures” on VE-cadherin staining obtained from confocal
images of HDMECs treated with DMSO or WNK463 (1 μM), both in the presence of TGF-β1 (10 ng/mL) using the MorphologicalSkeleton module. Scale bar,
35 μm. (F) Quantification of continuous VE-cadherin–staining pattern expressed as percentage of total VE-cadherin staining in HDMECs treated with DMSO or
WNK463 (1 μM), both in the presence of TGF-β1 (10 ng/mL). Control: n = 5; WNK463: n = 7. (G) Chord diagram (80) depicting collaborative network among
WNK1, OSR1, and TGF-β signaling mediators. Data are represented as mean ± SE analyzed by unpaired two-tailed Student’s t test or one-way ANOVA. *P <
0.05, **P < 0.005, ***P < 0.0005.
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Signaling specificity and versatility are present in the TGF-β sig-
naling pathway and, importantly, it exhibits differential responses
depending on the cellular context (45, 72, 73). This occurs
through diverse regulatory mechanisms and cross-connections
among SMAD-dependent and SMAD-independent, as well as
TGF-β–dependent and TGF-β–independent, pathways (73, 74).
The efficiency, amplitude, and duration of TGF-β signaling are
tightly regulated by various mechanisms, including SMADs,
proteasome-mediated degradation, phosphorylation by other pro-
tein kinase pathways, and subcellular localization, among others
(73). These observations suggest that dynamic convergence of
inputs via individual signaling nodes and subsequent modifica-
tions may fine tune TGF-β–SMAD signaling pathways to trigger
diverse cellular outcomes. Consistent with this notion, our results
suggest that WNK1 communicates with multiple nodes of the
TGF-β signaling pathway and affects TGF-β signaling output in
a context-dependent manner. In this study, we show that WNK1
collaborates with downstream TGF-β/SMAD signaling compo-
nents including AXL, RhoA, ALK1, SMAD2/3, VE-cadherin,
and occludin to regulate and fine tune essential processes in angio-
genesis such as cell junction turnover in a context-dependent man-
ner. Therefore, we propose that expression and activity of WNK1,
and its ability to sense cell state (e.g., osmotic homeostasis and cell
tension) may contribute, in part, to the context-specificity in
TGF-β signaling.

Methods

Animals. All animal studies were performed according to UT Southwestern
Medical Center (UTSW) Institutional Animal Care and Use Committee guidelines
(animal protocol no. APN 2017–102338). WT Swiss Webster male mice were
killed by decapitation, the thoracic/abdominal aorta was dissected, and the
ex vivo explants were randomized for use in the aortic ring assay. Embryos at
∼E8.0 were obtained from gestating C57/BL6J mice and utilized in whole-
embryo culture. Embryos were dissected and fixed in 4% paraformaldehyde
(PFA)/phosphate-buffered saline (PBS) for 40 min at 4 °C, then dehydrated in
75% ethanol for storage at�20 °C (56).

Aortic Ring Assay. After dissecting the aorta, they were put in ice-cold PBS,
and surrounding tissues were removed and cut in 1-mm pieces. Meanwhile,
48-well plates were coated with 150 μL of Cultrex RGF BME matrix type
2 (R&D Systems, 3533–005-02) or 200 μL of collagen type I (Fisher Scientific,
CB354249). The plates were left to solidify the matrix for 30 min at 37 °C. Aor-
tic rings were placed with tweezers in the middle of each well, incubated for
10 min, then covered with another 150 μL of Cultrex or collagen matrix, and
incubated for 30 min at 37 °C. They were maintained for ∼13 to 18 d in cul-
ture and supplemented every 2 d with VascuLife media (Fisher Scientific,
50–311-891). Aortas were imaged every 2 d until the end of 18 d in culture.
Interpretation of the assay was done using guidelines outlined in ref. 75. For
analysis, we utilized ImageJ (76) to subtract image background, and we manu-
ally identified the sprouted cells, cords, and aortic rings. The regions of interest
were then converted into binary masks. Subsequently, CellProfiler (77) was
used to extract features (i.e., number of sprouted cells and cord lengths) from
the masked images. Cord lengths were analyzed using the AnalyzeSkeleton
tool in ImageJ.

Mouse Whole-Embryo Culture. The protocol was adapted from Dickinson
and Lauderdale (78). Embryos were dissected with their yolk sac intact at E8.0 in
Dulbecco’s modified Eagle’s medium (DMEM; Sigma-Aldrich, D5796) containing
8% fetal bovine serum (FBS; Sigma-Aldrich, F0926), and 1% penicillin-
streptomycin (Thermo Fisher Scientific, SV30010)/antimycotic with HEPES. The
embryos were cultured for 3 h in medium containing 50% male rat serum and
50% DMEM with HEPES and antibiotics in a Precision Incubator Unit (B.T.C. Engi-
neering). WNK1 inhibitor (SW133708; 10 μM) or DMSO were all added in a
randomized manner to the embryo culture for 6 h. After culture, whole-mount
immunocytochemistry for PECAM and PECAM/endomucin costain was performed

as previously described (78). After culture, embryos were imaged using a Zeiss
Axio Observer epifluorescence microscope, then fixed at 4 °C with 4% PFA/PBS
for 40 min.

Cell Lines. Primary human dermal microvascular endothelial cells (HMEC-1; ATCC,
CRL-3243) were grown in complete MCDB medium (Fisher Scientific, MT15100CV)
supplemented with 10% FBS (Sigma-Aldrich, F0926), 1% L-glutamine, 1% penicillin
and streptomycin, 1 μg/mL hydrocortisone (Sigma Aldrich, H0888 or H6909),
and 10 ng/mL epidermal growth factor (Cell Signaling Technology, 8916SC).
HUVECs (ATCC, PCS-100-013) were grown in complete VascuLife EnGS media kit
(Fisher Scientific, 50–311-891) supplemented per manufacturer’s instructions.
HEK293 cells were obtained from the Dr. Jenna Jewell laboratory (UTSW, Dallas,
TX; cells purchased from ATCC, CRL-1573) and were grown in DMEM supple-
mented with 10% FBS and 1% penicillin-streptomycin. All the cells were main-
tained at 37 °C and 5% CO2.

Constructs. Full-length human OSR1 (NM_005109) was excised from 3× FLAG
CMV 7.1 (Sigma-Aldrich) with the restriction enzymes HindIII and BamHI. The
resulting DNA fragment was ligated into the HindIII-BamHI digested vector
CMV5m (N-terminally myc tagged CMV5). Clones were screened by HindIII-
BamHI digests. Positive clones were verified by Sanger sequencing. OCLN (NCBI
reference sequence: NM_002538.3) was ordered from the Ultimate ORF Lite
human complementary DNA (cDNA) collection (Life Technologies) through the
McDermott Center for Growth and Human Development at UTSW. OCLN was
amplified by PCR with oligos incorporating a HindIII site at the N terminus and
an XbaI site at the C terminus. The 1.6-kb OCLN PCR product was digested with
HindIII-XbaI, purified, and ligated into the N-terminally tagged p3XFLAG-CMV-7.1
vector (Sigma) that had been digested with HindIII-XbaI.

In Vitro Endothelial Cord Formation Assay. Cord formation assay on Cul-
trex RGF BME matrix type 2 (Fisher Scientific, 35–330-1002) were performed as
previously described (10). The cells were imaged with a Zeiss Axio Zoom V16
microscope (Carl Zeiss). Images were analyzed using the Image J software Analyze-
Skeleton tool. Analysis was performed in a blinded manner (to the identities of
the images). For performing real-time imaging of cord formation, primary
HUVEC cells were incubated with 1 μM Calcein AM dye (Fisher Scientific,
35–330-1002) for 20 min in complete medium. Stained cells were washed with
PBS, trypsinized and plated at 10,000 cells/well of a 96-well plate (Greiner
655090) coated with 5 μL of Cultrex matrix, and incubated for 30 min at 37 °C
before starting imaging. Wells were imaged using an IN Cell Analyzer 6000
automated microscope (GE Healthcare) with an environmentally controlled stage
(37 °C and 5% CO2) using a 10×/0.45 numeric aperture objective, 488-nm laser
line, and fluorescein isothiocyanate emission filter. A single field at the center of
each well was acquired every 3 min for 4 h.

Angiogenesis Array. Angiogenic factors secreted into conditioned media were
measured using the Proteome Profiler Human Angiogenesis Array kit (R&D sys-
tems, ARY007), according to the manufacturer’s instructions. The conditioned
media used were from a cord formation assay in which 1 × 105 cells were
seeded uniformly, and which had been pretreated with either DMSO or
WNK463 overnight as well as during the cord formation assay. Briefly, the array
blots were incubated with the conditioned media. After washing and incubating
the blot with horseradish peroxidase (HRP)-conjugated secondary antibody,
ChemiReagent Mix was used for chemiluminescent detection on X-ray film. The
pixel density was analyzed using Image J software, and each pixel density was
normalized to the corresponding pixel density of epidermal growth factor in
each condition to normalize for the sample used for the array.

Coimmunoprecipitation. Cells were lysed in 1× lysis buffer (50 mM HEPES,
150 mM NaCl, 5 mM ethylenediaminetetraacetic acid [EDTA], 2% Triton X-100,
0.1% sodium dodecyl sulfate [SDS]) supplemented with protease inhibitor mix-
ture, phenylmethylsulfonyl fluoride (PMSF), and phosphatase inhibitors (Phos-
Stop; Sigma Aldrich, 4906837001). Cell extracts were harvested and cleared by
centrifugation. We added to the cell lysate, in a 2:1 ratio, 1× immunoprecipita-
tion (IP) buffer (50 mM HEPES, 100 mM NaCl, 5mM EDTA, and 1% 3-[(3-chola-
midopropyl) dimethylammonio]-1-propanesulfonate [Sigma Aldrich, C3023])
supplemented with protease inhibitor mixture, PMSF, and phosphatase inhibi-
tors (PhosStop; Sigma Aldrich, 4906837001). Samples were incubated with pri-
mary antibody (control sample incubated with rabbit immunoglobulin G primary
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antibody) for 3 h at 4 °C and then with Protein A/G PLUS-Agarose beads (Santa
Cruz Biotechnology, sc-2003) for 35 min with head-to-tail rotation. This was per-
formed either in the absence or presence of CCT blocking peptide SAGRR-
FIVSPVPE (United Biosystems). Samples were then washed three times with
1× IP buffer before adding 6× SDS buffer (0.012% bromophenol blue, 30% glyc-
erol, 10% SDS, 350 mM Tris-Cl, with 5% β-mercaptoethanol) and heating at
90 °C for 2 min. Samples were then resolved on 4% to 20% Mini-PROTEAN TGX
Precast Protein Gels (Bio-Rad, 4568096) or 12% polyacrylamide gels before being
transferred to polyvinylidene fluoride (PVDF) membranes. Membranes were then
washed in tris-buffered saline plus Tween (TBS-T) before being blocked with TBS-
based blocking buffer (LI-COR). Membranes were incubated with primary antibod-
ies and then washed again before being incubated with species-specific, light
chain–specific secondary antibodies (Jackson ImmunoResearch Labs, 115–655-
174 and 211–622-171) and imaged using LI-COR imaging.

Immunofluorescence. HUVEC cells were fixed on glass coverslips (Fisher Sci-
entific, 12–545-80) with 4% PFA for 20 min at room temperature. Coverslips
were washed with sterile PBS and blocked in 10% normal goat serum (Life Tech-
nologies, 50–062Z) before incubating with primary antibodies for 1 h at room
temperature. Coverslips were washed with 1× PBS. Subsequently, cells were
incubated with an Alexa Fluor 488 conjugated goat–anti-mouse secondary anti-
body (Thermo Fisher Scientific, A11029) and Alexa Fluor 594 conjugated
goat–anti-rabbit secondary antibody (Thermo Fisher Scientific, A11037) for
45 min at room temperature in dark, and the slides were mounted with DAPI
Fluoromount-G (Thermo Fisher Scientific, 00–4959-52). Immunofluorescence
images were acquired using a Zeiss LSM880 inverted confocal microscope (Carl
Zeiss). Images were deconvolved using AutoQuant software (Media Cybernetics).
The colocalizing pixels were identified and Pearson’s correlation coefficient was
determined using Imaris software (Oxford Instruments). For quantification shown
in Fig. 6B, ImageJ (76) was used to subtract image background. Average inten-
sity for each treatment was obtained using CellProfiler (77). CellProfiler (77)
was used to enhance “line structures” on VE-cadherin images, segment the
VE-cadherin objects, and skeletonize using the MorphologicalSkeleton module.
Total object skeleton length for each frame was extracted at the end. The continu-
ous VE-cadherin lengths, denoted as skL, equal or longer than the 90th percen-
tile of the skeleton length distribution from the analysis of the DMSO condition,
denoted as skCL, was used. The ratio of cumulative lengths, ∑skCL, to cumula-
tive total skeleton length, ∑skL, per frame was calculated and is shown in
Fig. 6F.

Transwell Permeability Assay. The Transwell permeability assay we used was
modified from ref. 79. Primary HUVECs were seeded on a Transwell in a 24-well
plate for 5 d. They were then incubated with either DMSO or WNK463 (1 μM) in
both the upper and the lower compartments for 18 h. Then, 400 μL of serum-free
medium was added to the lower compartment. A mixture of streptavidin-HRP,
15 μL, was added to 1 mL of serum-free medium and 200 μL of this mixture was
added to the upper compartment and incubated for 15 min at 37 °C. Then 20 μL
of the medium from the lower compartment was removed and added to a 96-well
plate. To this, 50 μL of 1× 3,30,5,50-tetramethylbenzidine (TMB) substrate was
added and incubated for 5 min. Then, 25 μL of 2N H2SO4 solution (i.e., stop solu-
tion) was added to stop the reaction, and absorption was measured at 450 nm
using an enzyme-linked immunosorbent assay reader.

siRNA Knockdown. We utilized oligonucleotides encoding siRNA for human
WNK1 (siWNK1: 50 CAGACAGUGCAGUAUUCACTT 30) and control siRNA (Thermo
Fisher Scientific, 4390844), as in refs. 10 and 51, and OSR1 siRNA (Thermo
Fisher Scientific, s19303 Silencer Select). HDMEC cells were transfected with 20
nM siRNA using Lipofectamine RNAiMax reagent (Invitrogen, 56532). After 24
to 72 h of transfection, cells were provided their respective treatments and were
then harvested in 1× SDS buffer (0.002% bromophenol blue, 5% glycerol, 1.6%
SDS, and 58 mM Tris-Cl) with 5% β-mercaptoethanol. The specificity of the
WNK1 siRNA used in this manuscript has been validated in previous publications
from our laboratory using as many as four independent siRNAs to target WNK1
(10, 51). The WNK1 siRNA with the highest efficacy was chosen for WNK1 knock-
down experiments in this study, providing a complement to findings with
WNK inhibitors.

Immunoblotting. Cell lysates containing 1× SDS buffer were homogenized
with a 27-G syringe and whole lysates were run on 4% to 20% Mini-PROTEAN TGX
Precast Protein Gels (Bio-Rad, 4568096) or 6/10/12% home-made polyacrylamide
gels before being transferred to PVDF membranes (Bio-Rad, 1620177). Mem-
branes were then washed in TBS-T before being blocked with TBS-based blocking
buffer (LI-COR). Membranes were incubated with primary antibodies and then
washed again before being incubated with species-specific secondary antibodies
and imaged using LI-COR imaging.

Reverse Transcription and qPCR. RNA from HDMEC cells was extracted
using PureLink RNA kit (Thermo Fisher Scientific, 12183018A). RNA concentra-
tion was measured and 1 μg was used to synthesize cDNA using iScript Reverse
Transcription Supermix (Bio-Rad, 1708891) per manufacturer’s instructions. The
resultant cDNA was diluted 1:10 in nuclease-free water and the concentration
was measured. The qPCR reactions with the cDNA and appropriate forward and
reverse primers were set up using iTaq Universal SYBR Green Supermix (Bio-
Rad, 1725121) per manufacturer’s instructions. The qPCR cycle was as follows:
95 °C for 5 min, then 95 °C for 10 s, and 55 °C for 30 s for 40 cycles. Custom
oligos were purchased from Thermo Fisher Scientific: OXSR1 (forward primer:
AGGGACGATTACGAGCTGC; reverse primer: TCCGTTTGATTGCCACTTTCTC), occludin
(forward primer: GGTCTAGGACGCAGCAGATTG; reverse primer: TGGACTTTCAA-
GAGGCCTGG), TM4 occludin (forward primer: TGGGAGTGAACCCAACTGCT; reverse
primer: CTTCAGGAACCGGCGTGGAT), AXL (forward primer: GGTGGCTGTGAAGAC-
GATGA; reverse primer: CTCAGATACTCCATGCCACT), and 18s (forward primer:
GTAACCCGTTGAACCCCATT; reverse primer: CCATCCAATCGGTAGTAGCG).

Reagents. The following reagents, substrates, and plates were used: WNK463
(Selleck Chemicals, S8358); SMURF1 inhibitor A01 (Sigma Aldrich, SML1404);
Galunisertib LY2157299 (Selleck Chemicals, S2230); MG132 (Sigma Aldrich,
M7449); TGF-β1 (Cell Signaling Technology, 8915LC); anti–acetylated tubulin
antibody (Sigma Aldrich, T7451); anti–Axl antibody C89E7 (Cell Signaling,
8661S); anti–vinculin antibody (Sigma Aldrich, V9131); anti–pOSR1 antibody
(EMD Millipore, 07–2273); anti–OSR1 polyclonal antibody (Cell Signaling,
3729S); anti–OSR1 monoclonal antibody (VWR, 10624–616); anti–WNK1 anti-
body (Cell Signaling, 4979S); anti–occludin monoclonal antibody (Fisher Scien-
tific, 33–150-0); anti–occludin polyclonal antibody (Thermo Fisher Scientific,
711500); anti–AKT1 antibody (Cell Signaling Technology, 2967L); anti–VE-
cadherin antibody (Santa Cruz Biotechnology, sc-9989); anti–GAPDH antibody
(Cell Signaling Technology, 97166L); anti–PECAM1 antibody (BD Biosciences,
553370); anti–myc antibody (Cell Signaling Technology, 2278S); anti–SMAD2/3
antibody (Millipore Sigma, 07–408); anti–ALK1 antibody (R&D Systems, AF370);
anti–RhoA antibody (Santa Cruz Biotechnology, sc-418); anti–FLAG antibody
(Sigma-Aldrich, F1804); Q256 WNK1 antibody was homemade as in ref. 1; Opti-
mem (Invitrogen, 51985–034); Lipofectamine 2000 (Life Technologies,
11668019); bumetanide (Sigma Aldrich, B3023); 96-well plates (Corning,
3904; or Greiner, 655090); Corning 6.5 mm Transwell inserts with 0.4-μm poly-
carbonate membranes in a 24-well plate (Corning, 3413); streptavidin-HRP
(R&D Systems, DY998); and TMB substrate (Sigma-Aldrich, T0440).

Statistics and Reproducibility. The data are presented as mean ± SEM from
at least three independent experiments with similar results. All presented micro-
graphs (immunofluorescence images) are representative images from three rep-
resentative experiments as indicated in the figure legends. For the quantification
of immunofluorescence images, the number of cells used for each representative
experiment is indicated, and P values between two groups were determined
using unpaired t tests. For results encompassing multiple groups, one-way
ANOVA used the ANOVA command in SAS to determine the overall statistical
outlook among the groups. Single intergroup comparisons between two groups
were performed with two-tailed Student’s t test as specifically mentioned in each
case. Two-way ANOVA was used to determine differences between more than
two treatments and groups. P < 0.05 was considered statistically significant.

Data Availability. We will follow all NIH policies with respect to sharing
reagents, materials, and information with other investigators. Detailed protocols
are provided to everyone who requests them. Upon publication, this manuscript
will be submitted to the National Library of Medicine’s PubMed Central as out-
lined by NIH policy. All study data are included in the article and/or supporting
information.
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