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The with no lysine (K) (WNK) family of enzymes is best known
for control of blood pressure through regulation of the function
and membrane localization of ion cotransporters. In mice, global
as well as endothelial-specific WNK1 gene disruption results in
embryonic lethality due to angiogenic and cardiovascular defects.
WNK1−/− embryos can be rescued by endothelial-specific expres-
sion of a constitutively active form of the WNK1 substrate protein
kinase OSR1 (oxidative stress responsive 1). Using human umbilical
vein endothelial cells (HUVECs), we explored mechanisms under-
lying the requirement of WNK1–OSR1 signaling for vascular de-
velopment. WNK1 is required for cord formation in HUVECs, but
the actions of the two major WNK1 effectors, OSR1 and its close
relative SPAK (STE20/SPS1-related proline-, alanine-rich kinase),
are distinct. SPAK is important for endothelial cell proliferation,
whereas OSR1 is required for HUVEC chemotaxis and invasion.
We also identified the zinc-finger transcription factor Slug in
WNK1-mediated control of endothelial functions. Our study iden-
tifies a separation of functions for the WNK1-activated protein
kinases OSR1 and SPAK in mediating proliferation, invasion, and
gene expression in endothelial cells and an unanticipated link be-
tween WNK1 and Slug that is important for angiogenesis.
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With no lysine (K) (WNK) enzymes constitute a family of
large (up to 300-kDa) serine/threonine protein kinases

with a unique N-terminal kinase domain characterized by the
presence of the catalytic lysine replacing a conserved glycine in
the phosphate anchor ribbon (1–3). This unique organization of
the active site is essential for WNK regulation by chloride ion
concentration (4), and may also contribute to the phosphoryla-
tion of otherwise inaccessible substrates (5). Mutations in WNK1
and WNK4 can cause an autosomal dominant hypertension,
PHAII (pseudohypoaldosteronism type II) (6). This has led to
a focus on WNKs in hypertension and characterization of their
roles in ion balance, mediated by regulation of the membrane
localization and activity of various ion transporters via WNK
downstream targets (5, 7–10). WNK1 is activated by osmotic
stress, resulting in phosphorylation and activation of two of its
substrates, the closely related protein kinases oxidative stress
responsive 1 (OSR1) and STE20/SPS1-related proline/alanine-
rich kinase (SPAK), which phosphorylate and regulate the ac-
tivities of the SLC12 family of ion cotransporters, including the
Na+, Cl− cotransporter (NCC), Na+, K+, 2Cl− cotransporters
1 and 2 (NKCC1 and NKCC2), and K+, Cl− cotransporters
(KCCs) (7–9, 11–17). Although WNK1+/− heterozygous mice are
viable (18, 19), a study using whole-embryo and endothelial-
specific WNK1 knockout mice showed embryonic lethality due
to angiogenic and cardiovascular defects (20, 21). Similar find-
ings were made in zebrafish embryos following WNK1 knockout
(22). The defects observed in mice were not due to problems
with primary vasculogenesis, which is the differentiation of pro-
genitor cells into endothelial cells to form the primary vascular

structures of the embryo (20, 23). Rather, the defect occurs
at the remodeling/angiogenesis step, which requires growth,
sprouting, and branching of vessels to remodel the primordial
vascular plexus into a mature vascular system (20, 23). The
WNK1 angiogenic and cardiac defects are phenocopied by
global or endothelial-specific OSR1 deletion, and can be rescued
by expressing an endothelial-specific constitutively active OSR1
(21). PHAII patients regularly manifest cardiovascular symptoms
(24, 25); however, effects of WNK mutations on these symptoms
have not been analyzed.
Angiogenesis is the process by which endothelial cells organize

to form new, functional vasculature (26). This process is essential
during embryonic development, with the cardiovascular system
being the first system to develop and reach a functional state in
embryos (27, 28). Whereas angiogenesis is necessary for wound
healing, reproduction, and other physiological processes, angio-
genesis is detrimental in diseases such as diabetic retinopathy
and cancer; for example, angiogenesis can be a mark of tumor
progression and is a target for therapeutics (26, 29–34). Angio-
genesis requires multiple steps, including endothelial cell pro-
liferation, disruption of the surrounding extracellular matrix,
secretion of angiogenic factors, migration toward stimuli,
and organization to form the 3D vessel architecture. Many
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angiogenic growth factors are secreted by a variety of cells, in-
cluding endothelial cells themselves, and these include vascular
endothelial growth factor (VEGF), endothelin 1, angiopoietin 1,
stromal-derived factor 1 (SDF-1/CXCL12), and transforming
growth factor beta (TGF-β) (34, 35). Cells also produce angio-
static molecules that block angiogenesis, including thrombo-
spondin 1, endostatin, angiostatin, and angiopoietin 2 (34, 35).
The ability of endothelial cells to undergo angiogenesis depends
on pathways that regulate the expression and secretion of an-
giogenic and angiostatic molecules to control invasion, migra-
tion, and organization of endothelial cells. Transcription factors
that regulate these molecules include nuclear factor kappa B,
hypoxia-inducible factor 1, and zinc-finger transcription factors such
as the Kruppel-like factor KLF4 and Slug, among others (36–40).
The impact of WNK1 loss on endothelial cells and angio-

genesis has been described (20, 21); however, the underlying
mechanisms are less understood. In this study, we extend the
previous mouse studies using two primary endothelial cell lines,
human umbilical vein endothelial cells (HUVECs) and human
dermal microvascular endothelial cells (HDMECs), and show
a central role for WNK1 in angiogenesis. We further investigate
the mechanism by which WNK1 exerts its angiogenic actions,
identifying distinct contributions of OSR1 and SPAK, as well as
an unexpected mechanism involving the zinc-finger transcription
factor Slug, in conveying WNK1 functions.

Results
WNK1 Is Required for in Vitro Angiogenesis. Previous studies in mice
had shown that WNK1 is required for embryonic cardiovascular
development and angiogenesis (20, 21). To begin to define the
underlying mechanisms, we confirmed that WNK1 is the major
WNK mRNA expressed in HUVECs and HDMECs. Much less
WNK3 mRNA is present, and WNK2 and WNK4 mRNAs are
undetectable (Fig. 1A). WNK3−/− mice are viable and do not
show any angiogenic or cardiovascular defects (41), consistent
with its low expression in endothelial cells. Therefore, we focused
solely on WNK1. We tested the effect of WNK1 knockdown on
angiogenic regulatory genes and found decreased VEGF-A and
endothelin 1 mRNAs in both HUVECs and HDMECs, but no
changes in transcripts encoding VEGF receptors 1 and 2 [Fig. 1
B and C, compare small interfering RNA directed against
WNK1 (siWNK1) with siCTRL]. WNK1 depletion also in-
creased mRNA encoding SPARC (secreted protein, acidic and
rich in cysteine/osteonectin) (Fig. 1 B and C). SPARC has context-
dependent pro- and antiangiogenic effects (42); in HUVECs,
SPARC appears to repress invasion and angiogenesis (43).
Knockdown of WNK1 in both HUVECs and HDMECs did not
affect amounts of the WNK1 downstream kinases OSR1 and
SPAK (Fig. S1 A and B). Because of the significant changes in
angiogenesis-regulating genes following WNK1 knockdown, we
tested the ability of WNK1-depleted HUVECs and HDMECs to
form cords, an in vitro angiogenesis assay. Consistent with the
angiogenic defect observed in WNK1−/− mice, HUVECs and
HDMECs depleted of WNK1 failed to form cords within the
same 5-h assay as knockdown control HUVECs and HDMECs
that organized into an extensive network of cords in that time
(Fig. 1D). Similar effects on cord formation were seen with
two different WNK1 siRNAs (Fig. S1C). Huang and colleagues
showed ectopic expression of arterial and venous markers,
neuropilin 1 and EphB4, respectively, in the endothelium of
WNK1−/− mice (20). To test whether HUVECs differentially
regulated venous and arterial markers following WNK1 knock-
down, we performed quantitative (q)RT-PCR for EphB4 and
neuropilin 1 and detected no changes in expression (Fig. 1E).
This may be because HUVECs pass oxygenated blood during
embryonic development. Thus, we tested venous and arterial
markers in HDMECs, a microvascular cell line with some ven-
ular characteristics; qRT-PCR showed an increase in the arterial

marker neuropilin 1 in siWNK1 HDMECs compared with siCTRL,
whereas the venous marker EphB4 did not change (Fig. 1F). These
data support previous observations by Huang and colleagues (20),
and suggest that WNK1 may regulate factors involved in arterial–
venous differentiation.
We next tested the impact of WNK1 on angiogenic sprouting.

First, we performed bead sprouting assays, in which endothelial
cells coated on beads embedded in a matrix can sprout vessels
with a lumen (36, 44–46). This assay mimics blood vessel sprouting
and development. Although we were unable to coat beads using
HUVECs, we successfully performed the assay using HDMECs.
Control cells showed from two to six sprouts per bead after 3 wk,
but siWNK1 HDMECs displayed at most one sprout per bead,
with the majority of beads showing no sprouts (Fig. S2A). We
also performed a spheroid sprouting assay in which HUVECs
were grown in spheres and then embedded in a collagen I matrix.
Sprouting toward medium containing proangiogenic factors was
monitored (47, 48). We observed a lack of sprouting in the
siWNK1 HUVEC spheroids, whereas control spheroids showed
significant sprouts and invasion from spheroids into the sur-
rounding matrix (Fig. S2B). These observations support a role of
WNK1 in angiogenic sprouting and vasculogenesis (20, 22).

WNK1 Is Required for HUVEC Proliferation and Motility.Angiogenesis
involves endothelial cell proliferation and migration toward an-
giogenic stimuli. Because we see greater depletion of WNK1 in
HUVECs compared with HDMECs (Fig. 1 B and C; 80–90%
knockdown in HUVECs vs. 50–60% knockdown in HDMECs),
we focused on HUVECs for the majority of the studies be-
low. We tested the effect of WNK1 knockdown on HUVEC

Fig. 1. WNK1 is required for cord formation in HUVECs and HDMECs. (A)
Amounts of mRNAs encoding WNKs 1–4 in HUVECs and HDMECs relative to
β-actin measured by qRT-PCR. (B and C) Changes in mRNAs encoding an-
giogenesis-related genes in (B) HUVECs and (C) HDMECs following depletion
of WNK1 measured by qRT-PCR. (D) Effect of WNK1 depletion on cord for-
mation by HUVECs and HDMECs. (Scale bars, 100 μm.) (E and F) Effect of
siWNK1 on expression of venous and arterial markers in (E) HUVECs and (F)
HDMECs. Data are mean ± SEM; n = 3 (A–C, E, and F); representative images
are from three experiments (C). *P < 0.05. NS, not significant.
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proliferation and growth, and noted a significantly slower pro-
liferation rate at all times tested (Fig. 2A), consistent with earlier
findings (49, 50). We tested the ability of WNK1-depleted
HUVECs to migrate toward serum in a Boyden chamber assay.
Serum increased migration of HUVECs, approximately doubling
the number of cells crossing the membrane. In contrast, de-
pletion of WNK1 nearly prevented the serum-induced increase
in migration observed in the control group; instead, migration of
the knockdown cells was similar in stimulated and unstimulated
conditions (Fig. 2B). To outline a mechanism for the WNK1
effect on migration, we measured mRNAs encoding genes in-
volved in invasion and migration. A decrease in the epithelial-
to-mesenchymal (EMT)–associated transcription factors Slug and
ZEB-1 was noted in WNK1-depleted HUVECs. In contrast,
Snail mRNA was not detected in these cells. KLF4, a zinc-finger
transcription factor with vascular roles (51), was not affected by
WNK1 knockdown (Fig. 2C). We also measured matrix metal-
loproteinases (MMPs), regulators of the invasive ability of cells
and drug targets for vascular diseases (52). MMP-2 and MMP-9

mRNAs were markedly reduced by WNK1 siRNA, whereas that
encoding thrombospondin 1, an inhibitor of endothelial migra-
tion and angiogenesis (53), was significantly increased (Fig. 2C).
Similar changes in Slug, MMP-2, MMP-9, and thrombospondin 1
transcripts were seen in HDMECs upon WNK1 knockdown
(Fig. S3), again confirming the similarities in WNK1 knockdown
phenotypes in the two endothelial cell lines.

Loss of WNK1 Substrate Kinases OSR1 or SPAK Blocks in Vitro
Angiogenesis. The best-defined WNK1 signaling is to OSR1
and SPAK, which mediate WNK1 effects on cotransporters and
cell-volume control (3). A previous study showed that loss of
OSR1 phenocopied the angiogenic defect due to loss of WNK1,
and constitutively active OSR1 rescued WNK1−/− cardiovascular
defects (21). In contrast to WNK1 or OSR1 null mice, SPAK−/−

mice are viable but display vasodilation, which contributes to
hypotension (54). To test the impact of OSR1 and SPAK on in
vitro angiogenesis, we monitored cord formation, comparing
HUVECs depleted of WNK1, OSR1, or SPAK. siOSR1 reduced
the protein by half, whereas siSPAK resulted in an ∼70–80%
decrease (Fig. S4A). Knockdown of OSR1 recapitulated the
siWNK1 phenotype, with no cords formed (Fig. 3A). Reducing
SPAK yielded only small cords, a phenotype that was in-
termediate between the control and knockdown of WNK1 or
OSR1 (Fig. 3A). These results were confirmed in HUVECs using
a second set of targeted siRNAs (Fig. S4B) and were also rep-
licated in HDMECs (Fig. S5A). It is possible that SPAK is re-
quired for the elongation, branching, or fusion of vessels once
the initial small vessels have formed. To obtain more insight
into differences in these knockdown phenotypes, we measured
mRNA expression in OSR1- and SPAK-depleted HUVECs.
Depletion of OSR1 replicated some of the changes detected in
WNK knockdown cells (Figs. 1B and 2C); amounts of VEGF-A
and Slug mRNAs decreased, and SPARC and thrombospondin 1
mRNAs increased (Fig. 3B). In contrast, depletion of SPAK did
not change amounts of mRNAs encoding the angiogenesis-related
genes VEGF-A and endothelin 1 but did increase amounts of
Slug, MMP-1, and SDF-1 mRNAs and decrease thrombospondin 1
mRNA (Fig. 3B). These data suggest significant differences in the
pathways controlled by OSR1 and SPAK downstream of WNK1.

OSR1 and SPAK Regulate Different Aspects of WNK1 Functions in
HUVECs. We tested the impact of OSR1 and SPAK on other
WNK1 loss-of-function phenotypes in endothelial cells. Knock-
down of WNK1 decreased proliferation of HUVECs (Fig. 2A),

Fig. 2. WNK1 affects HUVEC proliferation and motility. (A) Proliferation of
HUVECs over 72 h; cell numbers are relative to time 0. (B) Migration through
a membrane toward medium without or with 10% (vol/vol) FBS. (C) Changes
in mRNAs in HUVECs following depletion of WNK1 measured by qRT-PCR.
Data are mean ± SEM; n = 3. *P < 0.05, ***P < 0.001.

Fig. 3. OSR1 and SPAK impact HUVEC cord formation. (A) Effect of de-
pletion of WNK1, OSR1, or SPAK on cord formation by HUVECs. (Scale bars,
100 μm.) (B) Changes in angiogenesis- and EMT-related genes in HUVECs
following depletion of the indicated proteins. Data are mean ± SEM; n = 3
(B); representative images are from three experiments (A). *P < 0.05.
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as did knockdown of SPAK (Fig. 4A). Knockdown of OSR1 in
HUVECs had no effect on proliferation (Fig. 4A), as suggested
by studies in HeLa cells (50). In contrast, migration of HUVECs
in a serum gradient was reduced by depletion of WNK1 or
OSR1, yet SPAK knockdown had no effect on migration of
HUVECs (Fig. 4B). Similar proliferation and migration phenotypes
were observed in kinase-depleted HDMECs (Fig. S5 B and C).
Effects on migration were consistent with changes in expres-

sion of EMT-related genes; mRNA encoding Slug, one of the
master transcriptional regulators of EMT, was decreased by
siWNK1 and siOSR1, whereas knockdown of SPAK increased
Slug mRNA (Figs. 2C and 3B). The changes in Slug and VEGF-A
mRNAs were mirrored by changes in protein expression. Less
immunoreactive Slug and VEGF-A were apparent in cells de-
pleted of either WNK1 or OSR1, but no change in either was
detected following depletion of SPAK (Fig. 4 C and D). No
differences in cleaved PARP (Fig. 4C) were seen in knockdown
cells, suggesting that differences in cell proliferation were not
due to increased apoptosis.
We attempted to rescue the WNK1 phenotypes by over-

expressing OSR1 or SPAK. Expression of either in siWNK1
HUVECs led to a partial rescue of cord formation (Fig. S6A). As
might be predicted from the observed phenotype of SPAK knock-
down on proliferation, overexpression of SPAK partially rescued the
proliferation defect in siWNK1 HUVECs (Fig. S6B); over-
expression of either OSR1 or SPAK partially rescued the decreased
invasion observed in siWNK1 HUVECs (Fig. S6C). To test the
significance of Slug (36) as a downstream mediator of WNK1 in
angiogenesis, we examined formation of cords by control and
WNK1-depleted HUVECs as well as siWNK1 cells expressing Flag–
Slug (Fig. 5 A and B). Heterologous expression of Slug rescued the
cord formation defect observed in siWNK1 HUVECs (Fig. 5A).
Slug dramatically increased proliferation in WNK1-depleted cells
(Fig. 5C) and restored invasion toward chemoattractant to that
observed in the controls (Fig. 5D). Slug also increased MMP-9

transcript (Fig. 5E). These data suggest that the WNK1 effects
on angiogenesis are differentially mediated by OSR1 and SPAK,
with some actions independent of both (Fig. 5F). Furthermore,
these data provide evidence linking WNK1 and Slug, although
the mechanism connecting them has not yet been identified.

Discussion
Canonical WNK1 signaling is stimulated by osmotic stress and
results in activation of OSR1 and SPAK, both of which regulate
ion cotransporter activity and localization (7, 8, 13–17). WNK1
knockout mice die before birth, with gross defects in the de-
velopment of the cardiovascular system and angiogenesis, res-
cued by endothelial-restricted expression of constitutively active
OSR1 (20, 21). We identified distinct functions for OSR1 and
SPAK in mediating WNK1 activity in endothelial cells and an-
giogenesis. OSR1 knockdown was most similar to the WNK1 loss-
of-function phenotype with a complete absence of cords, whereas

Fig. 4. OSR1 and SPAK regulate different WNK1 functions in HUVECs.
(A) Proliferation of HUVECs over 72 h. Cell numbers are relative to time 0.
(B) Migration through a membrane toward medium without or with 10% FBS.
(C) Lysates from HUVECs treated as indicated were immunoblotted with anti-
Slug, anti-cleaved PARP, and anti–β-actin. Blots were quantified via LI-COR im-
aging. (D) Secreted VEGF-A was measured by ELISA following a 2-h starvation.
Data are mean ± SEM; n = 3 (A–C), n = 5 (D). *P < 0.05, ***P < 0.001.

Fig. 5. Slug rescues cord formation by WNK1-depleted HUVECs. (A) Effect
of Flag–Slug on cord formation by cells depleted of WNK1; representative
images are from two experiments. (Scale bars, 100 μm.) (B) Lysates from
HUVECs treated as indicated were immunoblotted with anti-Flag, anti-Slug,
anti-WNK1, and anti–β-actin; n = 2. (C) Proliferation of cells treated as in-
dicated over 72 h. Cell numbers are relative to time 0. (D) Migration of cells
toward medium without or with 10% FBS. (E) Changes in expression of
angiogenesis- and EMT-related genes in HUVECs treated as indicated. (F)
Schematic diagram of the mechanisms of WNK1 actions on endothelial cell
functions. Data are mean ± SD; n = 2 (C–E). **P < 0.01, ***P < 0.001.
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SPAK knockdown yielded a partial phenotype with small, un-
developed cords. Overexpression of neither OSR1 nor SPAK fully
rescued WNK1 depletion, suggesting that WNK1 requires both
OSR1 and SPAK, as well as one or more other downstream targets
and/or interacting partners that are yet to be characterized.
Transcripts encoding three factors are decreased upon WNK1

depletion, independent of OSR1 and SPAK: the angiogenic
factor endothelin 1; ZEB-1, an EMT-associated transcription
factor involved in HUVEC proliferation and viability (55); and
β-catenin, which can regulate cell adhesion as well as Wnt sig-
naling. A recent study suggested a positive effect of WNK1 on
Wnt/β-catenin signaling in Drosophila (56), and our data support
the notion that WNK1 up-regulates β-catenin, which in turn can
enhance Wnt/β-catenin–mediated signaling and transcription. Such
a mechanism could enable WNK1 functions in development.
WNK1 has been shown to be required for proliferation in a

mouse neural progenitor cell line (57), HeLa cells (38), and
Akt-stimulated proliferation in 3T3-L1 cells (50, 58–60). The
WNK1 requirement for endothelial cell proliferation appears to
be controlled by SPAK, whose knockdown also decreases both
HUVEC and HDMEC proliferation. In contrast to reports for
WNK3 (61), WNK1 loss apparently does not induce apopto-
sis. Preliminary analysis suggests that loss of WNK1, OSR1,
or SPAK also had no effect on the cell-cycle distribution of
HUVECs. We had previously shown that WNK1 localizes to the
mitotic spindle and is required for completion of mitosis and
abscission, also independent of OSR1 (50). It is possible that
SPAK may be involved in these actions in cell division that result
in the slowed cell proliferation observed in WNK1 and SPAK
knockdown HUVECs. This may also be related to the earlier
finding that SPAK induces apoptosis in a caspase-dependent
manner in response to genotoxic stress (62). Modulating SPAK
activity directly or indirectly via WNK1 knockdown could lead to
proliferation defects mediated by deregulation of cellular responses
to DNA damage or other stress-induced apoptotic mechanisms.
SPAK may act as a switch, promoting cell proliferation under
normal conditions but inducing apoptosis under stress.
WNKs 1, 2, and 3 have also been shown to regulate migration

(63–65). We find that WNK1 is required for endothelial cell
migration toward a chemoattractant that is dependent on OSR1
but not SPAK. Our data provide some insight into the mecha-
nism behind WNK1 effects on migration. Notably, the EMT-
enhancing transcription factor Slug accumulates in the presence
of WNK1 and OSR1 but is oppositely affected by SPAK. Slug is
important in tumor invasion and in development (66, 67). It
regulates angiogenesis and is connected to vessel sprouting and
lumen formation (36). Increased Slug accumulation in tumor-
associated endothelial cells may provide a mechanism by which
WNK1 could impact metastasis (68). It will be important to
determine whether WNK1 regulates Slug by stimulating tran-
scription, translation, or mRNA stability, whether this effect
of WNK1 on Slug is universal across different cell types, and
whether it extends to other WNK family members.
If transcription is involved, the mechanism is not obvious.

WNK1 has not been found in the nucleus. Previous studies have
shown that OSR1 can localize to the nucleus (50, 69) whereas
a caspase-cleaved fragment of SPAK also translocates to the nu-
cleus (70), although nuclear functions have not been determined.
The significance of gene transcription during the short duration of
the angiogenesis assay has been debated, with some studies sug-
gesting that transcription is not required in assays performed on
Matrigel (71) whereas others point to transcriptional changes
occurring during the onset of HUVEC cord formation (72, 73).

In summary, our data shed light on vascular defects in WNK1−/−

animals, with at least three different arms of WNK1 downstream
pathways required for the angiogenic process (Fig. 5F). WNK1
controls endothelial cells by mechanisms including the regulation of
several transcription factors, such as Slug, ZEB-1, and β-catenin,
which have far-reaching roles in disease. WNK1 is mutated in
PHAII, and although research focus has been on the impact on
kidney function, many patients exhibit cardiovascular disorders (24,
25). The detailed mechanisms by which WNK1 regulates the car-
diovascular system need to be further elucidated, as they may
provide a basis for targeting WNK1 functions in disease.

Materials and Methods
Materials. Silencer select siRNAs were from Ambion. Flag–Slug plasmid
(Addgene; plasmid 25696) was from Eric Fearon (University of Michigan, Ann
Arbor, MI). Growth Factor Reduced Matrigel was from BD Biosciences.
Antibodies against WNK1, OSR1, SPAK, cleaved PARP, and Slug were from
Cell Signaling Technologies, and β-actin and Flag–M2 antibodies were
from Sigma.

Cell Culture and Transfection. HUVECs (CRL-1730) and HDMECs (PCS-110-010)
were from the American Type Culture Collection (ATCC) and were cultured
in F12K medium supplemented with 0.1 mg/mL heparin (Sigma), 0.03 mg/mL
endothelial cell growth supplement (Sigma), and 10% (vol/vol) FBS and in
Vascular Cell Basal Medium supplemented with the Microvascular Endo-
thelial Cell Growth Kit-BBE (ATCC; PCS-110-040), respectively. Cells were
transfected with 20 nM siRNA using Lipofectamine RNAiMax reagent (Life
Technologies) or 2.5 μg Flag–Slug using Lipofectamine LTX (Life Technolo-
gies) per the manufacturer’s instructions.

Cell Proliferation. HUVECs were treated with siRNA, and 2 × 103 cells were
plated in 96-well dishes. At 0, 24, 48, and 72 h postplating, 20 μL CellTiter-
Blue reagent (Promega) was added to each well for 1.5 h at 37 °C. Emission
at 590 nm was measured after excitation at 560 nm using the Synergy
2 multimode microplate reader (BioTek) with Gen5 software. Data were
plotted relative to emission at day 0.

Boyden Chamber Migration. HUVECs were transfected with siRNAs. After 48 h,
serum was removed for 2 h. Cells (5 × 104) were plated in serum-free medium
in the upper chamber and medium, either without or with 10% (vol/vol) FBS,
in the lower chamber. After 5 h, the cells were fixed in 4% (vol/vol) para-
formaldehyde (Electron Microscopy Sciences) and insert membranes were
removed, stained, and mounted on coverslips with DAPI Fluoromount
(Southern Biotech). Images were collected using a DeltaVision RT deconvo-
lution microscope at 40× magnification, and cells were counted using
ImageJ software (National Institutes of Health).

Cord Formation. HUVECs (2 × 105 in a six-well dish) were treated with 20 nM
siRNAs for 2 d and then starved for 2 h before 3 × 104 cells were plated in
serum-free medium on polymerized Matrigel in 24-well dishes and then
imaged after 4–5 h. For experiments with Flag–Slug rescue, cells were first
transfected with siRNA as above for 24 h and then transfected for 24 h with
Flag–Slug (2.5 μg) before starvation and plating. All images were acquired in
ImageJ (version 1.45) using a microscope (Axiovert 200M; Carl Zeiss) with
a 10× objective lens and equipped with a digital camera (SensiCam; Cooke).

Statistical Analysis. Student t test and one-way analysis of variance were used
to determine statistical significance.
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