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Introduction

The lymphatic vasculature system is part of the circulatory system
and is responsible for lipid absorption/transport from the diges-
tive tract, maintenance of tissue fluid homeostasis, and immune
surveillance (1). This system also has a key role in pathological
processes such as inflammatory disease and the metastatic spread
of tumor cells (2, 3). Lymphatic anomalies include primary (hered-
itary) and secondary (acquired) lymphedema, and mutations
associated with inherited lymphatic malformations have been
identified in genes that encode signaling proteins downstream of
VEGF-C signaling through its receptor (VEGFR3), including the
RAS/ERK pathway (4, 5). However, the cause of lymphatic vessel
abnormalities in humans is complex and poorly understood.

The development of the lymphatic vascular system in the
mouse embryo begins at approximately E9.5, shortly after the
establishment of the blood circulation (6). A dorsolateral sub-
population of cells in the anterior cardinal vein becomes compe-
tent for differentiation into lymphatic endothelial cells (LECs)
when SOX18 and COUP-TFII activate the transcription of ProxI,
a master regulator of the lymphatic differentiation and mainte-
nance (7-9). PROX1* lymphatic endothelial progenitors subse-
quently bud off, migrate dorsolaterally, and form the primary
lymph sacs and superficial lymphatic vessels by E12.5. This
process is dependent on VEGF-C expression in the surround-
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The lymphatic vasculature is essential for maintaining interstitial fluid homeostasis, and dysfunctional lymphangiogenesis
contributes to various pathological processes, including inflammatory disease and tumor metastasis. Mutations in FOXC2
are dominantly associated with late-onset lymphedema; however, the precise role of FOXC2 and a closely related factor,
FOXC1, in the lymphatic system remains largely unknown. Here we identified a molecular cascade by which FOXC1and FOXC2
regulate ERK signaling in lymphatic vessel growth. In mice, lymphatic endothelial cell-specific (LEC-specific) deletion of
Foxc1, Foxc2, or both resulted in increased LEC proliferation, enlarged lymphatic vessels, and abnormal lymphatic vessel
morphogenesis. Compared with LECs from control animals, LECs from mice lacking both Foxc1 and Foxc2 exhibited aberrant
expression of Ras regulators, and embryos with LEC-specific deletion of Foxcand Foxc2, alone or in combination, exhibited
ERK hyperactivation. Pharmacological ERK inhibition in utero abolished the abnormally enlarged lymphatic vessels in
FOXC-deficient embryos. Together, these results identify FOXC1and FOXC2 as essential regulators of lymphangiogenesis and
indicate a new potential mechanistic basis for lymphatic-associated diseases.

ing mesenchyme (10). These lumenized lymphatic structures
develop into the lymphatic vascular network through the prolif-
eration and sprouting of LECs (developmental lymphangiogen-
esis). Beginning at E15.5-E16.0, the primary lymphatic vascula-
ture undergoes remodeling and maturation to form a hierarchical
lymphatic vascular network composed of lymphatic capillaries
and collecting lymphatic vessels (11).

FOXCI1 and FOXC2 are closely related members of the FOX
(Forkhead box) transcription factor family and have numerous
essential roles in cardiovascular development, health, and dis-
eases, including vascular endothelial cell differentiation (12-14).
Inactivating mutations in human FOXC?2 are responsible for the
autosomal dominant syndrome lymphedema-distichiasis, which
is characterized by obstruction of lymphatic drainage in the limbs,
venous valve failure, and the growth of an extra set of eyelashes
(15,16). Lymphatic vessels in individuals with mutations of FOXC2
are hyperplastic (17-19). Recent studies have shown that FOXC2
regulates connexin 37 (CX37) and calcineurin/NFAT signaling
during lymphatic valve formation (20-22), as well as lymphatic
endothelial cell quiescence (23). Both FOXC1 and FOXC2 play a
role in the development of the mouse and human eye (24-28), and
mutations or changes in the copy number of human FOXCI are
associated with autosomal-dominant Axenfeld-Rieger syndrome
(ARS), which is characterized by anterior eye segment defects,
glaucoma, and cerebral small vessel disease (29, 30). However,
the role of FOXC1 in the lymphatic system has yet to be explored,
and it remains to be elucidated how FOXC1 and FOXC2 function
in early lymphatic vessel formation.
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In this study, we provide evidence that FOXC1 and FOXC2 are
essential factors of lymphatic vessel morphogenesis. In mice, lack
of Foxcl, Foxc2, or both genes in LECs leads to increased ERK acti-
vation and aberrant LEC proliferation, and abnormally enlarged
lymphatic vessels caused by the Foxcl/c2 deletions are rescued by
pharmacological inhibition of ERK activation. Collectively, our
findings demonstrate a molecular mechanism by which FOXC1
and FOXC2 control lymphatic vessel growth by regulating the
Ras/ERK signaling cascade. The identification of a FOXC-medi-
ated molecular axis in this study provides insight into lymphangio-
genesis under pathological conditions (3).

Results

FOXCI expression in the lymphatic system during mouse develop-
ment and in human dermal LECs. Previous reports have shown
that murine and human FOXC2 are expressed in LECs (21, 31);
however, evidence of FOXC1 expression in the lymphatic sys-
tem has been insufficiently investigated, and its role in lymphatic
development has yet to be revealed. To this end, we first exam-
ined lacZ expression in E10.5 and E12.5 embryos heterozygous
for the Foxcl? knock-in allele (24). Consistent with our previ-
ous finding that the cardinal vein expresses FOXC1 at E9.5 (32),
Foxcl*Z was detected in PROX1* LEC progenitors located both
in the cardinal vein at E10.5 and in cells budding from it (Figure
1A), and in PROX1* LECs located in the lymph sacs at E12.5 (Fig-
ure 1B). Next, we sought to determine spatiotemporal expression
patterns of murine FOXC1, compared with FOXC2, in the devel-
oping lymphatic system (Figure 1, C-F). In line with the Foxcl'*
expression patterns described above, triple immunostaining of
FOXC1, FOXC2, and PROX1 revealed that FOXC1 and FOXC2
were coexpressed in PROX1* LEC progenitors at E10.5 and E12.5
(Figure 1, C and D). Furthermore, we confirmed that transcrip-
tional levels of Foxcl were comparable to those of Foxc2 and Prox1
in PROX1'LYVE-1" LECs isolated from E15.5 dorsal skin (Figure
1G). Expression of FOXC2 and PROX1 is upregulated in early lym-
phatic valve-forming cells of collecting lymphatic vessels (begin-
ning at ~E15.5), an initial process to define the valve territory (20,
22). Immunostaining of mesenteric lymphatic vessels at E17 and
P3 revealed that FOXC1 was colocalized with FOXC2 and PROX1
in the valve-forming cells (Figure 1, E and F).

In line with the expression patterns in the developing lym-
phatic vasculature, human FOXCI and FOXC2 transcripts were
both detected in neonatal dermal microvascular LECs (Figure
1H), which is in agreement with a previous microarray analysis of
freshly isolated cutaneous human LECs (33). Collectively, these
data indicate that FOXC1 and FOXC2 show overlapping expres-
sion patterns during lymphatic vessel development, and that like
FOXC2, FOXCl s likely to function in the lymphatic system.

Global deletion of Foxcl in mice results in abnormal lymphatic ves-
sel morphogenesis. To determine the role of murine FOXC1 in the
lymphatic vasculature system, we first analyzed global Foxcl'a?/acz
mutant (global-FoxcI-KO) embryos (24). At E15.5, they displayed
edema in the dorsal skin (Figure 2B, arrowheads), as previously
reported (24). Abnormal lymphatic vessel morphogenesis was
observed in the dorsal skin of the global-FoxcI-KO embryos (Fig-
ure 2H, arrow), whereas formation of large blood vessels in these
mutants appeared normal in the dorsal skin (Figure 2F), as well as
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the facial and hind limb regions (Figure 2, B and D, arrows). We fur-
ther carried out morphometric analysis of lymphatic vessel width
(LVW) and branch points in LYVE-l-immunostained E15.5 dermal
lymphatic vessels (Figure 2, I and J). Lymphatic vessels were sig-
nificantly enlarged in the global-Foxcl-KO embryos (Figure 2I),
but there was no apparent difference in the number of lymphatic
branch points between the global-Foxcl-KO and WT embryos (Fig-
ure 2]). These results suggest that global deletion of FoxcI leads to
lymphatic vessel abnormalities in the developing skin.

LEC-specific deletion of Foxcl and Foxc2 in mice results in
increased LEC proliferation, leading to enlarged lymphatic vessels.
Similar to our analysis of the global-FoxcI-KO mice, previous
studies on the role of Foxc2 in the lymphatic vessel system have
employed global Foxc2-knockout mice (20-22). To determine the
specific functions of FOXC1 and FOXC2 in the cellular processes
during early lymphatic development, we crossed conditional-null
Foxcl" and Foxc2® mutant mice (34) with ProxI-CreER"™ mice (35)
to generate tamoxifen-inducible, LEC-specific Foxcl-mutant
(Prox1-CreER™ Foxcl"'; referred to herein as LEC-FoxcI-KO),
Foxc2-mutant (ProxI-CreER™ Foxc2"#; LEC-Foxc2-KO), and
compound Foxcl;Foxc2-mutant (ProxI-CreER™ Foxcl! Foxc2/1,
LEC-FoxcI;Foxc2-DKO) mice. Pregnant dams were injected with
tamoxifen at E10.5 to induce the mutations, and we confirmed that
this method of CreER™ induction efficiently deleted both Foxcl
and Foxc2 genes in the lymph sacs at E12.5 (Supplemental Figure
1, A-F; supplemental material available online with this article;
d0i:10.1172/JCI80465DS1) and the dorsal skin at E15.5 (Supple-
mental Figure 1, G-I). We initially investigated the formation at
E12.5 of the primary lymph sacs, as they are the first lumenized
lymphatic structures created by coalescence of PROX1* LEC pro-
genitors derived from the cardinal vein and intersomitic vessels
(36). By PROX1 immunostaining to detect the jugular lymph sacs,
appreciably more PROX1* LECs were found in all three lines of
LEC-Foxc-KO embryos than in their control littermates (Figure
3, A-F). Quantitative analysis verified a significant increase in
the number of PROX1* LECs in the lymph sacs of the single and
double LEC-Foxc mutants (Figure 3, G-I). Consequently, the Foxc
deletions resulted in abnormally enlarged jugular lymph sacs.

At E12.5, the proliferation rate of LECs in the lymph sacs was
significantly enhanced in all three lines of LEC-Foxc-KO embryos
(Figure 3, J-R). There was little or no apoptotic activity in the
lymph sacs detected by TUNEL assay in the Foxc mutant and litt-
ermate control embryos (Supplemental Figure 3). Collectively,
these observations indicate that LEC-specific loss of Foxcl, Foxc2,
or both in mice increases LEC proliferation. Our findings are also
in agreement with reports that individuals with inactivating muta-
tions in FOXC2 have hyperplastic lymphatic vessels (17-19).

LEC-specific ablation of Foxcl and Foxc2 leads to abnormal lym-
phatic vessel morphogenesis and dermal edema. We analyzed lym-
phatic vessel morphogenesis at E15.5 in the dorsal skin of all three
lines of LEC-Foxc-KO embryos (Figure 4). Although no apparent
edema was observed in either LEC-FoxcI-KO or LEC-Foxc2-KO
embryos (Figure 4, A and F), close examination of histological
sections revealed subcutaneous edema in the LEC-FoxcI-KO and
LEC-Foxc2-KO embryos (Figure 4, B and G). Importantly, the
LEC-FoxcI-KO and LEC-Foxc2-KO embryos displayed abnormally
enlarged lymphatic vessels in the dorsal skin (Figure 4, C and H,
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Figure 1. FOXC1 and FOXC2 are coexpressed in LEC progenitors and lymphatic valve-forming cells during mouse development. (A and B) FoxcT expres-
sion in PROX1* LEC progenitors of Foxc7?/* embryos as revealed by -gal immunostaining. The middle and right panels show a higher magnification of
the boxed regions indicated in the left panels (x40). (A) Triple immunostaining of PROX1, CD31, and -gal (FOXC1) at E10.5. PROX1*B-gal* LEC progenitors
were detected in the cardinal vein (CV) and cells migrating out of the CV (white arrowheads). Scale bars: 100 pm. (B) Triple immunostaining of PROX1,
LYVE-1, and B-gal (FOXC1) at E12.5. PROX1*B-gal* LECs were detected in lymph sacs (LS) (white arrowheads). Scale bars: 100 pum. (C) Triple immunostaining
of FOXC1, FOXC2, and PROX1 on an E10.5 sagittal section. FOXC1and FOXC2 were coexpressed in PROX1-expressing LEC progenitors in the CV and cells
migrating out of the CV (yellow arrowheads). (D) Triple immunostaining of FOXC1, FOXC2, and PROX1 at the level of the neck on an E12.5 longitudinal
section. FOXC1and FOXC2 were detected in PROX1-positive LS. (E and F) Whole mount triple immunostaining of mesenteric vessels at E17 (E) and P3 (F)
for FOXC1, FOXC2, and PROX1. Note overlapping expression of FOXC1, FOXC2, and PROX1 in lymphatic valve-forming cells (VFCs). BV, blood vessel; LV,
lymphatic vessel. Scale bars: 50 um. (G) gPCR analysis of relative mRNA levels of Foxc1, Foxc2, and Prox7in PROX1*LYVE-1* LECs isolated from E15.5 dorsal
skin. The value of ProxT mRNA levels is set at 1-fold. (H) gPCR analysis of relative mRNA levels of FOXC7and FOXC2 in human LECs isolated from foreskin
samples of donors between 2 and 5 years of age (HLEC-1, HLEC-2, and HLEC-3) and human neonatal LECs from Lonza (HMVEC-dLy Neo).

jci.org  Volume126  Number7  July 2016 2439


https://www.jci.org
https://www.jci.org
https://www.jci.org/126/7

2440

RESEARCH ARTICLE

Global-Foxc1-KO

»

.

8

— owr
\ }’ 607 M Global-Foxc1-KO

The Journal of Clinical Investigation

Figure 2. Global deletion of Foxc1 results in lymphatic

vessel abnormalities. (A-D) Hydrocephalus (asterisk)

and subcutaneous edema (arrowheads) in global-

* Foxc1-KO embryo (B) at E15.5. Arrows indicate blood
vessel formation in the facial and hind limb regions.
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embryos at E15.5 was significantly downregu-
lated (Figure 4Q and Supplemental Table 3).
Immunohistological analysis of the distribution
of VE-cadherin in LECs confirmed that lym-
phatic endothelial cell-cell junctions (38) were

arrows). Morphometric analysis also indicated that the Foxc-mu-
tant lymphatic vessels were much wider than normal (Figure 4, D
and I), but they did not show any difference in branching pattern
(Figure 4, E and ]).

We next analyzed the lymphatic vessel vasculature in LEC-
Foxcl;Foxc2-DKO embryos. Specifically, severe edema was pres-
ent in approximately 5% of the LEC-FoxcI;Foxc2-DKO embryos
at E15.5 (Figure 4L, arrowheads), which was not observed in any
of the single LEC-Foxc-KO embryos examined. Like in the single
LEC-Foxc-KO embryos described above, the lymphatic vessels in
the dorsal skin were abnormally shaped and widened in the LEC-
FoxcI;Foxc2-DKO embryos (Figure 4, N and O); however, these
mutant vessels showed a normal branching pattern (Figure 4P).
To identify potential molecular components of the mechanisms
by which FOXC1 and FOXC2 regulate lymphatic vessel develop-
ment, we performed our recently developed genome-wide RNA-
seq transcriptome analysis (37) with RNA extracted from sorted
LECs that had been isolated from the dorsal skin of compound
LEC-Foxcl;Foxc2-DKO embryos and their littermate controls at
E15.5 (Supplemental Figure 2 and Supplemental Tables 1-3). RNA-
seq analysis showed that expression of VE-cadherin (Cdh5) in
LECs isolated from the dorsal skin of the LEC-Foxcl;Foxc2-DKO
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disrupted in the dorsal skin of the LEC-Foxc-KO
embryos (Figure 4, R-T). These results suggest
that lack of the Foxcl/c2 genes reduces vascular
barrier function and junction integrity in LECs.
We also analyzed LEC proliferation and
survival in the dorsal skin of single and double
LEC-specific Foxc mutants at E15.5. None of
the three lines of LEC-Foxc mutant embryos
showed significant changes in LEC proliferation
compared with their littermate controls at this
embryonic stage (Supplemental Figure 4, A-C),
probably because lymphangiogenesis in the
dorsal skin appeared to have reached a plateau.
On the other hand, the Foxc-mutant lymphatic
vessels exhibited decreased apoptotic activity
(Figure 4, U-X, and Supplemental Figure 4, D-H). Together, these
data indicate that the specific loss of Foxcl, Foxc2, or both in LECs
leads to abnormal formation of lymphatic vessels.

Foxcl and Foxc2 regulate the Ras/ERK pathway during lym-
phatic vessel morphogenesis. Our results of RNA-seq analysis indi-
cated that suppressors of Ras function (Ras GTPase-activating
protein [RasGAP]; Rasa4 and Rasal3) were significantly down-
regulated in the Foxcl/c2-double mutant LECs (Figure 5A). Nota-
bly, mutations in KRAS, HRAS, and the RasGTPase pI20RAS-
GAP (RASAI) that lead to increased Ras activity are associated
with primary lymphedema and lymphatic malformations in
humans (4), which is further supported by findings from several
mouse models (39, 40). By aligning human and mouse genomic
sequences containing the RASA4 and RASAL3 loci (promoter
and exon/intron regions) with the ECR (Evolutionary Conserved
Regions) Browser (http://ecrbrowser.dcode.org), we identified
highly conserved FOXC-binding sites (20, 41) in these loci (Fig-
ure 5, B and C). To further define the molecular nature of FOXC
function in these binding sites, human dermal LECs (HMVEC-
dlyNeo) were cultured, and ChIP assays was performed using
two specific antibodies for each FOXC protein (Figure 5, D and
E, and Supplemental Figure 5A). We found that both FOXC1
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and FOXC2 commonly bound to ECR6, -10, and -17 in RASA4.
FOXCI1 and FOXC2 bound to ECR2/5 and ECR17, respectively,
in RASAL3, while specific binding of FOXC1 and FOXC2 to
RASAL3-ECR13/17 and RASAL3-ECR2/5/13, respectively, was
detected by one of the two ChIP antibodies used. The variance of

ChIP signals between the two antibodies against each FOXC pro-
tein may be due, at least in part, to different epitopes recognized
by them. These results indicate that FOXC1 and FOXC2 have
similar binding capacities for the RASA4 and RASAL3 loci. We
also found that FOXC2 similarly bound to RASA4-ECR6/10/17
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Figure 4. LEC-specific ablation of Foxc1 and Foxc2 results in abnormal
lymphatic vessel formation. (A) Gross morphological analysis of E15.5
LEC-FoxcT-KO embryos. (B) LYVE-1immunostaining of E15.5 dorsal skins
reveals enlarged dermis (marked by white line) in LEC-Foxc7-KO embryo.
(€C) Whole mount LYVE-1immunostaining of E15.5 dorsal skins showing
larger lymphatic vessels (arrow) in LEC-Foxc7-KO embryo. (D and E) Mor-
phometric analysis of LVW (D) and the number of lymphatic branch points
(E) in LYVE-1-immunostained dorsal skins at E15.5. Data are presented as
mean + SEM. n = 5. ***P < 0.001. (F) Gross morphological analysis of E15.5
LEC-Foxc2-KO embryos. (G) LYVE-1immunostaining of E15.5 dorsal skins
reveals enlarged dermis (marked by white line) in LEC-Foxc2-KO embryo.
(H) Whole mount LYVE-1 immunostaining of E15.5 dorsal skins showing
larger lymphatic vessels (arrow) in LEC-Foxc2-KO embryo. (1 and J) Morpho-
metric analysis of LVW (1) and the number of lymphatic branch points () in
LYVE-1-immunostained E15.5 dorsal skins. Data are presented as mean +
SEM. n = 5. *P < 0.05. (K and L) Gross morphological analysis of LEC-
FoxcT;Foxc2-DKO embryos. A small number of LEC-Foxc1;Foxc2-DKO
embryos (5%) exhibited severe subcutaneous edema (arrowheads). (M and
N) Whole mount LYVE-1immunostaining of E15.5 dorsal skins showing
larger lymphatic vessels (arrow) in LEC-Foxc1;Foxc2-DKO embryo. (0 and
P) Morphometric analysis of LVW (0) and the number of lymphatic branch
points (P) in LYVE-1-immunostained E15.5 dorsal skins. P values were
obtained by 2-tailed Student’s t test. Data are presented as mean + SEM.
n=5.%**P < 0.01. (Q) Decreased Cdh5 expression in LECs isolated from the
dorsal skin of LEC-Foxc1;Foxc2-DKO embryos at E15.5. Graph shows RPKM
(reads per kilobase of coding sequence per million mapped) values from
RNA-seq. (R-T) Immunostaining of E15.5 dorsal skins for CDH5 and LYVE-1
showing disruption of lymphatic endothelial cell-cell junctions in LEC-
Foxc-KO embryos. Five controls and 5 mutants were examined for each
mutant line. Ep, epithelium. Scale bar: 100 um. (U-X) Immunostaining

of E15.5 dorsal skins for PROX1 combined with TUNEL assay. (U) Repre-
sentative images of control and LEC-Foxc7-KO embryos. Arrows indicate
PROX1*TUNEL* LECs. (V-X) Quantification TUNEL* LECs in LEC-Foxc71-KO
(V), LEC-Foxc2-KO (W), and LEC-FoxcT;Foxc2-DKO (X) embryos compared
with littermate controls. P values were obtained by 2-tailed Student’s t
test. Data are presented as mean + SEM. *P < 0.05. Scale bars: 50 um.

and RASAL3-ECR5/17 in HUVECs (Supplemental Figure 5,
B and C). Knockdown of FOXC2 significantly increased Ras
activity in HUVECs at baseline (without VEGF), whereas VEGF
stimulation in control cells appeared to activate Ras to a similar
extent as in FOX2-deficient cells (Figure 5, F and G).

To test whether LEC-Foxc-KO embryos display hyperactiva-
tion of the ERK pathway, we performed double immunostaining
for PROX1 and phosphorylated ERK1/2 (p-ERK1/2), because
p-ERK is a measurable end point of activated Ras signaling. The
number of p-ERK* LECs in the lymph sacs at E12.5 was signifi-
cantly increased in all three lines of LEC-Foxc-KO embryos by
2- to 3-fold (Figure 6). Similarly, global Foxc2*~ embryos exhibited
enhanced ERK activity in the lymph sacs (Figure 6, F and K). To
further investigate the relationship between the ERK hyperactiva-
tion and lymphatic defects in LEC-Foxc-KO embryos, we tested
whether and to what extent the abnormal lymphatic phenotypes
associated with the Foxcl/c2 deletions could be rescued in the
embryos by injecting the MEK inhibitor U0126 (42) into female
mice that were pregnant with either single or double LEC-Foxc-KO
embryos at E12.5 and E13.5. As shown in Figure 7, A-F, U0126 treat-
ment inhibited aberrant activation of ERK in Foxc-mutant LECs of
the dorsal skin at E14.5, and the abnormal proliferative capacity
of LECs in Foxc mutants was also abolished (Figure 7, G-I). Most
importantly, U0126 treatment reduced LVW in all three lines of
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LEC-Foxc-KO embryos at E15.5, completely abolishing lymphatic
vessel dilation compared with their littermate controls (Figure 7,
J-X). Treatment with another MEK inhibitor, PD0325901 (43),
also effectively rescued the abnormally enlarged lymphatic ves-
selsin all three lines of LEC-Foxc-KO embryos (Supplemental Fig-
ure 6). Taken together, these results suggest that deficiencies of
Foxcl and Foxc2 result in increased ERK activation, leading to the
overgrowth of lymphatic vessels.

FOXCIplays arolein lymphatic vessel development. Recent stud-
ies have begun to characterize the complex process of lymphatic
valve formation and maturation (44, 45). FOXC2 and PROXI1 are
initially upregulated in clusters of lymphatic valve-forming cells
(20, 45) and act in concert with mechanical forces to establish the
territory for valve formation by regulating Cx37 expression (22).
Despite the presence of FOXCI1 expression in lymphatic valve-
forming cells at E17 and P3 (Figure 1, E and F), the role of FOXC1
in the lymphatic valves has yet to be determined. After tamox-
ifen-induced Cre-mediated recombination at E10.5, valve-form-
ing PROX1" LECs clustered and reoriented in littermate control
mice by at least 45° at E18.5, as described previously (22, 44, 46)
(Supplemental Figure 7, B and E). In contrast, the clustering and
reorientation of PROX1" LECs in LEC-Foxc1-KO embryos was sig-
nificantly disrupted (Supplemental Figure 7, D and E).

Mice with an endothelial cell-specific (EC-specific) Foxcl
mutation (EC-FoxcI-KO) (47, 48), generated by crossing Foxcl?
mice (34) with Tie2-Cre mice (49), were also examined for defects
in mesenteric lymphatic valves, as shown in the deletion of the
integrin-09 gene in the developing lymphatic valves (50) using
Tie2-Cre mice (51). According to recent descriptions of the stages
of lymphatic valve development (22, 44, 52), the proportion of
mature lymphatic valves that had formed a characteristic V-shape
at P7 was significantly lower in the EC-FoxcI-KO mice than in their
littermate controls (Supplemental Figure 7, F-K). This observa-
tion accords with the defective formation of lymphatic valves in
the LEC-Foxcl-KO mice described above. Importantly, FOXC2
appeared normally expressed in the valve-forming cells of the
EC-FoxcI-KO embryos, indicating that Foxcl and Foxc2 do not
regulate each other in these cells, as previously shown in aortic
arch arteries (53). These data demonstrate that Foxcl deficiency
impairs valve maturation.

Discussion

Despite recent progress toward deciphering the cellular and molec-
ular mechanisms underlying the formation of the lymphatic vascu-
lar system, understanding of this highly orchestrated, complex pro-
cess remains largely limited. In this study, we demonstrate, for the
first time to our knowledge, that FOXC1 and FOXC2 are required
for regulation of the Ras/ERK signaling pathway in lymphangio-
genesis. Given evidence that the genetic cause of lymphatic dis-
orders is still unidentified in the majority of familial and sporadic
cases (54), this finding expands our knowledge of lymphatic vessel
formation and provides insight into other disease processes that
are associated with pathological lymphangiogenesis (3).

We demonstrate that the loss of Foxcl, Foxc2, or both in LECs
leads to ERK hyperactivation (Figures 6 and 7), which accords with
the increased LEC proliferation (Figure 3) and abnormal pattern-
ing of lymphatic vessels (Figure 4). Previous studies show that
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Figure 5. FOXC1 and FOXC2 regulate lymphatic vessel development by controlling the Ras/ERK signaling pathway. (A) Reduced expression of Rasa4
and Rasal3 in Foxc1/c2-double mutant LECs isolated from the dorsal skin at E15.5. Graphs show RPKM values from RNA-seq analysis. (B and C) Putative
FOXC-binding sites in the human RASA4 (B) and RASAL3 (C) loci, as viewed on the UCSC Human Genome Browser (http://genome.ucsc.edu; ref. 71). Red
boxes indicate evolutionary conserved regions (ECRs) containing FOXC-binding sites between human and mouse. (D and E) ChIP showing specific binding
of FOXC1 (D) and FOXC2 (E) to the consensus FOXC-binding sites within ECRs in RASA4 and RASAL3 in human LECs (HMVEC-dLyNeo). Asterisks indicate
FOXC-specific binding. Note that specific antibodies against FOXC1 (left, Abcam; right Origene) and FOXC2 (left, Santa Cruz Biotechnology Inc.; right,
Abcam) were used in C and D, respectively. (F) gPCR analysis of relative mRNA levels of FOXC2 in HUVECs transfected with negative control siRNA or
siRNA targeting FOXC2. P values were obtained by 2-tailed Student’s t test. Data are reported as mean + SEM. n = 3. **P < 0.01. (G) HUVECs transfected
with negative control or FOXC2 siRNA were serum deprived and stimulated with VEGF where indicated prior to lysis and pull down of GTP-associated Ras.
Detection of active Ras pull down was performed by Western blotting, and a representative image of 3 separate experiments is shown.

Foxcl and Foxc2 play overlapping roles in mouse development (32, Our study identifies Ras regulators (RASA4 and RASAL3)
53, 55), whereas increased ERK activation and lymphatic vessel =~ as downstream genes of FOXC1 and FOXC2 in LECs (Figure 5).
growth in Foxcl/c2-deficient LECs did not particularly show addi-  RASA1, RASA4, and RASAL3 are all members of the RasGAP pro-
tive effects of loss of both genes. One possible explanation is that  tein family that share a conserved GAP domain; therefore, it is plau-
lack of one of the two genes may have reached a plateauinthe max-  sible that they have redundant functions in the regulation of Ras
imum ERK activation in the developing lymphatic vasculature. activity during lymphatic vessel formation. It should be noted that
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Figure 6. LEC-Foxc-KO mice display increased ERK activation in the lymph sacs. (A-H) p-ERK immunostaining of E12.5 lymph sacs. Arrows indicate
p-ERK*/PROX1* LECs. Scale bar: 100 um. (I-L) Quantitative analysis of PROX1and p-ERK immunostaining from E12.5 lymph sacs showing an increase in
the number of p-ERK* LECs in LEC-Foxc7-KO (1), LEC-Foxc2-KO (}), global-Foxc2*/~ (K) and LEC-Foxc1;Foxc2-DKO (L) embryos. P values were obtained by
2-tailed Student’s t test. Data are presented as mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001.n = 3.

structurally, RASA1 has SH2 and SH3 domains, which recognize
phosphotyrosine- and proline-rich sequences in intracellular sig-
naling proteins, respectively, whereas RASA4 and RASAL3 do not.
Each of the three has a pleckstrin homology (PH) domain that binds
membrane phospholipids. Although RASA4 is highly expressed in
lymph nodes (56), whether these RasGAP proteins are involved in
other lymphatic processes, including lymphatic valve formation,
needs to be investigated fully in the future. Two ChIP* FOXC2-bind-
ing sites have previously been identified in the locus of RASGRP3, a
Ras activator, in human LECs (20), and consistent with this result,
we found that FOXC2 was able to bind to RASGRP3-ECR1/2 and
RASGRP3-ECR2 in HMVEC-dLyNeo and HUVECs, respectively
(Supplemental Figure 5, E and F) and that RasGrp3 was significantly
upregulated in Foxcl/c2-mutant LECs (Supplemental Figure 5D).
FOXC1 and FOXC2 negatively regulate gene expression in other
systems (57, 58), and FOXC'’s transcriptional activity of each down-
stream gene may be complex and dependent on cofactors and/or
posttranslational modifications (59, 60).

The molecular interactions between FOXC1/C2 and the
VEGF-C/VEGFR3/Ras pathway are likely to be reciprocal.
Whereas the Ras/ERK cascade via the VEGF-C/VEGFR3 axis

regulates VEGFR3 expression (4), VEGFR3 signaling cooperates
with FOXC2 in lymphatic vessel development (21), and the loss of
Foxc2 leads to increased VEGFR3 internalization in LECs, indica-
tive of active VEGFR3 signaling (20). Overall, given evidence that
most of the genes mutated in lymphatic malformations encode
proteins involved in activation of the VEGFR3 signaling pathway
(54), the molecular interaction between FOXC and Ras/ERK sig-
naling will likely elucidate mechanisms underling the fine-tuning
of VEGFR3 signaling in LECs. Given evidence that lymphatic
vessels in individuals with inactivating mutations in FOXC2 are
hyperplastic (17-19), one of the intriguing findings in this study
is the rescue of the enlarged lymphatic vessels in LEC-Foxc2-KO
embryos, as well as in LEC-FoxcI-KO and LEC-FoxcI;Foxc2-DKO
embryos, by pharmacological inhibition of ERK activation (Figure
7 and Supplemental Figure 6). To our knowledge, this is the first
report showing blockade of the lymphatic abnormalities caused
by the loss of FOXC2. There is evidence that FOXC2 expression
levels are significantly reduced in the duodenal mucosa in indi-
viduals with idiopathic intestinal lymphangiectasia, a pathologic
dilation of lymph vessels (61), and that a heterozygous FOXC2
mutation causes pulmonary lymphangiectasia (62). Thus, our
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Figure 7. Inhibition of ERK hyperactivation in LEC-Foxc-KO mice rescues
enlarged lymphatic vessels. (A-C) Formation of hyperactivated ERK*

LECs in LEC-Foxc-KO embryos is diminished by treatment with the MEK
inhibitor U0126. Arrows indicate p-ERK*PROX1* LECs in E14.5 dorsal skin.
(D-F) Quantitative analysis of PROX1/p-ERK immunostaining of E14.5
dorsal skin showing an increase in the number of p-ERK* LECs in LEC-
Foxc-KO embryos, rescued by treatment with the MEK inhibitor U0126, in
LEC-Foxc1-KO (D, n = 3), LEC-Foxc2-KO (E, n = 4), and LEC-Foxc7;Foxc2-DKO
(F, n = 3) embryos. (G-1) Quantitative analysis of BrdU*LYVE-1* LECs in
E14.5 dorsal skin showing an increase in the number of proliferating LECs
in LEC-Foxc-KO embryos, rescued by treatment with the MEK inhibitor
U0126, in LEC-FoxcT-KO (G), LEC-Foxc2-KO (H), and LEC-FoxcT;Foxc2-DKO
embryos (I). n = 4. (J-X) LYVE-1 immunostaining of E15.5 dorsal skin (J-M,
N-Q, and R-U) and morphometric analysis (V-X) showing the rescue of the
lymphatic phenotype in all 3 lines of the LEC-Foxc-KO embryos by the MEK
inhibitor UD126. n = 4. P values were obtained by 2-tailed Student’s t test.
Data are presented as mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001.
Scale bar: 50 um.

results may open up a new avenue of treatment for lymphatic
anomalies and pathological lymphatic vessel remodeling associ-
ated with lymphangiogenesis.

Recent studies indicate that Ras/Raf/ERK signaling induces
lymphatic cell fate specification (42). PROX1, COUP-TFII, and
Notch signaling participate in a feedback loop that maintains the
balance between venous and lymphatic cell fate in progenitors
(6), and the lack of Notchl increases the number of PROX1* LECs
in the cardinal vein and lymph sacs (63). Interestingly, we found
that expression of Notch receptors and ligands such as Notchl is
downregulated in Foxcl/c2-mutant LECs, and that activation of
Notch signaling is reduced in LEC-Foxc-KO embryos (Supplemen-
tal Figure 8). Therefore, besides LEC proliferation, it is plausible
that FOXC1 and FOXC2 participate in early LEC specification by
regulating the ERK and Notch pathways.

We show that FOXC1 is important for valve maturation (Sup-
plemental Figure 7). FOXC2 deficiencies in mice and humans
prevent the initial process of lymphatic valve generation (20,
21, 45), but FOXC2 continues to be expressed in the valve-
forming cells throughout lymphatic maturation after formation
of the valve territory (20, 22). Our RNA-seq analysis revealed
that expression of key signaling genes in valve maturation and
maintenance, including Sema3a, Plxnal, and Efnb2 (64-66), was
significantly downregulated in Foxcl/c2-mutant LECs at E15.5
(Supplemental Table 3), and ChIP* FOXC2-binding sites in the
Sema3a and Efnb2 loci have been identified in human LECs (20).
It is tantalizing to consider that FOXC1 and FOXC2 may act
upstream of the SEMA3A/PLXNA1 and EFNB2 signaling path-
ways during lymphatic valve maturation.

In conclusion, our findings identify a molecular interaction by
which both FOXC1 and FOXC2 control lymphatic vessel growth.
Our results not only increase basic scientific knowledge of lym-
phatic cell biology, but also are of high clinical significance for the
pathology of lymphangiogenesis.

Methods

Mice. Foxcl*/~ (24), Foxcl" (34), Foxc2”~ (55), Foxc2'" (34), ProxI-
CreER™ (35) (a gift from Guillermo Oliver, St. Jude Children’s Research
Hospital, Memphis, Tennessee, USA), and Tie2-Cre (49) (a gift from
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Rong Wang, UCSF, San Francisco, California, USA) mice were used.
LEC-specific Foxcl, Foxc2, and compound FoxcI;Foxc2 mutant mice
were generated for analysis by crossing FoxcI"/, Foxc2M, and Foxc1"#
Foxc2"" females with FoxcI! Prox1-CreER™ (LEC-Foxcl-KO), Foxc2"!
Prox1-CreER™ (LEC-Foxc2-KO), and Foxcl™" Foxc2"! Prox1-CreER™
(LEC-FoxcI;Foxc2-DKO) males, respectively. FoxcI"! Tie2-Cre male
mice were crossed with Foxcl”/ female mice to generate EC-specific
Tie2-Cre Foxcl (EC-Foxcl-KO) mice, as described previously (48).
Embryonic age was determined by defining noon on the day of vaginal
plug as EO.5. Tamoxifen (5 mg/40 g body weight) dissolved in corn oil
was injected intraperitoneally into pregnant dams at E10.5. Genotyping
of LEC-specific Foxc conditional mutants was performed by Transne-
tyx Inc. Control assessments were performed in the mutants’ respective
littermates (FoxcI, Foxc2"", or Foxcl/' Foxc2"'), as we did not observe
any adverse effects in either ProxI-CreER™ or Tie2-Cre embryos.

Immunohistochemical analyses. The lymphatic vasculature was
analyzed by whole mount LYVE-1 immunostaining of the dorsal
embryonic skin at E15.5. Embryos were harvested in cold PBS and
fixed overnight in 4% paraformaldehyde (PFA) at 4°C. Following fixa-
tion, the embryos were stored overnight in 100% methanol at -20°C.
The skins were then obtained under a dissection microscope, rehy-
drated, and blocked in 10% donkey serum before staining with anti-
LYVE-1 antibody (Abcam, ab14917). For immunohistochemistry using
cryosections, depending on the embryonic age, the embryos were
fixed in 4% PFA for 30-60 minutes, followed by overnight treatment
with 30% sucrose solution at 4°C. The embryos were then embedded
in OCT solution and frozen in a LN2/methanol bath. Cryosections (10
um thick) were made the next day using a cryostat.

B-Gal immunostaining was performed using a combination of
anti-B-gal (rabbit polyclonal, Cappel 55976)/PECAM-1 (rat mono-
clonal, clone 13.3, BD Biosciences, 553369)/PROX1 (R&D Systems,
AF2727) for E10.5 embryos (cardinal vein sections) and anti-B-gal/
LYVE-1 (rat monoclonal clone ALY7, MBL, D225-3)/PROX1 (R&D
Systems, AF2727) antibodies for E12.5 embryos (lymph sac sections).

For analysis of LEC proliferation at E12.5 and E14.5, pregnant
dams received 150 mg/kg BrdU dissolved in DMSO 2 hours prior to
dissection of embryos. The embryos were then fixed in 4% PFA, and
10 serial cryosections (10 pm thick) of the lymph sacs through the neck
(for E12.5 embryos) and dorsal skin (for E14.5 embryos) were stained
with anti-BrdU (Abcam, ab6326) and anti-LYVE-1 (Abcam, ab14917)
antibodies to detect proliferating LECs. Images were captured at 20x
magnification. LYVE-1"BrdU* LECs were manually counted through-
out the lymph sacs or dorsal skin sections. The total number of BrdU*
LECs was then normalized against total number of LECs counted. Low-
er-magnification (4x) images were also captured to highlight the differ-
ence in size of the control and mutant lymph sacs. Additionally, LEC
apoptosis was analyzed in the dorsal skin at E15.5 and lymph sacs at
E12.5 using a TUNEL assay kit (Roche). Briefly, 10 serial (10-pm-thick)
dorsal skin/lymph sac sections collected at the level of heart (for dor-
sal skin) /neck (for lymph sacs) were stained with anti-LYVE-1/TUNEL
and anti-PROX1/TUNEL antibodies. The sections were subsequently
counterstained with DAPI. Images of lymphatic vessels were captured
at 20x and 40x magnifications. LYVE-I'TUNEL*DAPI* LECs and
PROX1*TUNEL*DAPI* LECs were manually counted and normalized
to the total number of LECs counted.

p-ERK/PROX1 (R&D Systems, AF2727) staining was analyzed in
lymph sacs at E12.5 and dorsal skin at E14.5. Briefly, the embryos were
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fixed in 4% PFA overnight and processed for paraffin embedding.
Serial (10-pum-thick) lymph sac/dorsal skin sections were collected at
the level of neck (for lymph sacs) /heart (for dorsal skin) and stained
for p-ERK (Cell Signaling Technology, 4370) /PROX1 (R&D Systems,
AF2727). The sections were subsequently counterstained for Hoechst
nuclear stain. Images of lymph sacs/lymphatic vessel were captured
at 10x magnification. p-ERK*PROX1*Hoechst* LECs from lymph sacs
(E12.5) and dorsal skin (E14.5) were manually counted and normal-
ized against total number of LECs counted. Only cells that had nuclear
localization of p-ERK were included in the quantification analyses.

Cell junctions were analyzed in Foxc mutants by immunostaining
of dorsal skin sections in E15.5 embryos with anti-CDH5 (R&D Sys-
tems, AF1002)/LYVE-1 antibodies (Abcam, ab14917). Ten serial sec-
tions at the level of heart were analyzed, and images were captured at
63x magnification. All sections were counterstained with DAPI.

Whole mount mesentery staining was performed as follows. The
mesentery tissue was harvested from embryos/pups using fine for-
ceps. The tissue was then laid out in a plastic petri dish over ice and
left until it was firmly attached to the base. Following fixation with 4%
PFA, the tissue was stained for various antibodies, including FOXC1
(Cell Signaling Technology, 7415), FOXC2 (R&D Systems, AF6989),
and PROX1 (R&D Systems, AF2727), at 4°C.

Whole mount immunostaining was documented by Z-sectioning
using a Zeiss UV-LSM-510 or an LSM-510 Meta confocal microscope;
immunostaining on tissue sections was examined and recorded using
a Zeiss AxioVision fluorescence microscope.

FACS. Cells isolated from E15.5 controls and conditional Foxc-
mutant (LEC-FoxcI-KO, LEC-Foxc2-KO, LEC-Foxcl;Foxc2-DKO)
embryos were stained for either LYVE-1 (Abcam, ab14917)/CD31 (BD
Pharmingen, 553373) or LYVE-1 (Abcam, ab14917) /PROX1 (R&D Sys-
tems, AF2727) and subjected to FACS. Briefly, E15.5 embryos were
harvested in HBSS (Sigma-Aldrich) and then chopped for an overnight
digestion with collagenase I/II. The collagenase-treated cell suspen-
sion was then incubated with rbe lysis buffer (STEMCELL Technolo-
gies). Following centrifugation, cell pellets were incubated with anti-
LYVE-1 antibody (Abcam) for 20 minutes at 4°C. After washing with
PBS, the cells were stained with PE-conjugated anti-CD31 antibody
(BD Pharmingen, 553373) and Alexa Fluor 488-conjugated donkey
anti-rabbit secondary antibody (Invitrogen, A21206). For the LYVE-1/
PROX1 staining combination, following rbc lysis treatment the cells
were fixed and permeabilized in ice-cold methanol at -20°C for 10
minutes. The cells were then washed 3 times in 0.01% PBST. The rest
of the staining protocol was followed as stated above.

After gauze filtration with a cell strainer (40 um; BD Biosciences)
to obtain a single-cell suspension, the cells were directly sorted into
RNA protect solution (QIAGEN) to acquire a pure LEC population on
a MoFlo cell sorter (Beckman Coulter).

For additional apoptosis analysis of the total LEC population
in Foxc mutants, the LECs were isolated from E15.5 embryos as
explained above. Following the staining with LYVE-1/CD31 antibod-
ies, the cells were further stained with Annexin V-APC conjugate
(BD Pharmingen, 550474). Cell death was then analyzed on a BD
Fortessa flow cytometer.

Culture of human LECs. Human primary dermal LECs (HLEC-1,
HLEC-2, HLEC-3) were isolated from neonatal foreskins and cultured
as described by Choi et al (67). HMVEC-dLyNeo (Lonza) were cul-
tured and maintained according to the manufacturer’s protocol.
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RNA extraction and gPCR. RNA was extracted from sorted LECs
using an RNeasy Mini Kit (QIAGEN) following the manufacturer’s
protocol. The HLECs and HUVECs were subjected to total RNA
extraction using RNAstat solution (Tel-Test), again following the
manufacturer’s protocols. The extracted RNA was subjected to DNase
treatment to disintegrate the genomic DNA. The concentration of
RNA was determined using a NanoDrop machine (Thermo Scien-
tific). cDNA was synthesized with an iScript reverse transcriptase
kit (Bio-Rad) in accordance with the manufacturer’s instructions.
Quantitative PCR (qQPCR) was performed using a Fast qPCR machine
(Applied Biosystems), Fast SYBR reaction master mix (Applied Bio-
sciences), TagMan Universal Master Mix (Applied Biosystems),
and gene-specific primer sets. Peptidylprolyl isomerase A (Ppia) or
GAPDH was used as an internal standard for mRNA expression for
mouse or human samples, respectively. Primer sequences are pro-
vided in Supplemental Table 4.

Measurement of LVW. To measure LVW, we created new software
using MATLAB (MathWorks) based on the same fundamental algo-
rithm for distance determination as in Image] (NIH). However, we
built in batch image processing, which allows the user to queue a num-
ber of images for analysis by designating a directory in which they are
located. It is a more streamlined method of LVW measurement, cut-
ting down on the time required for analysis. We found no difference
between LVWs determined using our MATLAB-generated software
and LVWs determined by conventional methods (37).

RNA-seq. RNA-seq was performed using RNA extracted from
sorted LYVE-1*CD31* LECs isolated from E15.5 LEC-Foxcl;Foxc2-
DKO and littermate controls at the University of Chicago Genomics
Core. LECs from several embryos were pooled together for respec-
tive mutants and controls. Two pools of LECs isolated from control
embryos wherein each pool had cells from 2-3 embryos were used
for RNA extractions. Similarly, 2 pools of LECs isolated from LEC-
Foxcl;Foxc2-DKO embryos wherein each pool had cells from at least
2 embryos were used. A 2-lane 50-bp single-end RNA-seq was per-
formed according to a protocol on an Illumina HiSeq2500 instrument.
Briefly, RNA quality was checked by determining the RNA integrity
number (RIN) on a bioanalyzer (Agilent Technologies). All the RNA
samples for the sequencing experiments had RIN >9. Libraries from
the above RNA samples were created using a Ribo-Zero depletion kit
(Illumina). Each sample (biological replicates) was then given a unique
ID barcode during this process. Last, the pooled samples (biological
replicates) were sequenced and stored in FASTQ format. The data
were then analyzed at the Northwestern University Next Generation
Sequencing (NGS) Core using Cufflinks software (http://cole-trapnell-
lab.github.io/cufflinks/) to test the differential regulation of genes
between mutants and control embryos. During analysis one pool of
control LECs was eliminated and considered an outlier based on clus-
tering in comparison to other samples.

Administration of U0126 and PD0325901 for inhibition of ERK
in mice. Following timed mating, mice with confirmed vaginal plug
were injected with either U0126 (Promega; 5 mg/kg body weight)
or an equivalent amount of DMSO dissolved in PBS at E12.5 and
E13.5. Following the injections, embryos were harvested at E14.5 and
E15.5 to study the effects of U0126 on lymphatic vessel formation.
PD0325901 was dissolved in DMSO (Sigma-Aldrich, 3 mg/kg body
weight) and injected in pregnant dams at E12.5. DMSO-injected dams
were used as controls.
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Forkhead transcription factor binding prediction and sequence anal-
ysis. Putative FOXC-binding sites were determined first by search-
ing for evolutionarily conserved regions within each suspect gene
using the ECR Browser (68) to compare human and mouse genomes.
Sequences for conserved regions of both species were then examined
in ScanProsite (69) using general FOXC-binding motifs ACAAA,
ATAAA, AAACA, AAATA, TGTTT, TTTGT, TTTAT, and TATTT.
Sequences adjacent to any detected motifs were further analyzed for
elements characteristic of FOXC-binding sites, such as high adenine
(A) content (20). Suspected FOXC-binding site regions were aligned
and compared using the ECR Browser to ensure that the regions are
highly conserved and that the binding elements are present in both
genomes. Conserved FOXC-binding elements were then fed into the
UCSC Genome Browser (70) to obtain sequences (as shown below)
with 500-bp overhangs on both the 5" and 3" ends to allow for ChIP
primers to be designed across these regions. Additionally, hypersen-
sitivity regions that indicate active chromatin were determined for all
the putative binding sites as per work reported and summarized on
the Encyclopedia of DNA Elements (ENCODE; https://genome.ucsc.
edu/ENCODE/), using the UCSC Human Genome Browser:

RASA4-ECR 6. >hgl9 dna range=chr7:102249782-102250928
5'pad=500 3'pad=500 strand=+ repeatMasking=none; CGGCTCAC-
TGCAACCTCTGCCTCCCAGGTTCAAGCAATTCTCCCTGCCTC
AGCTTCCTGAGTAGCTGGGATTACAGACGCCTGCCACCACGC
CCAGCTAATTTTGTCATTTTCGTAGAGACAGGGTTTCACCCT-
GTTGGCCAGGCTGCTCTCGAACTCCTGACCTCAGGTGATCT-
GCCCACCTCGGACTTCCAAAGTGCCGGGATGACAGGCGT-
GAGCCACCGTGCCCAGCCTCTCCAGCTGTTTTACATTTGGG-
GAAACTGAGATCACAGTTGGCAGGCATTGGCCTCAGGT-
CACAGGGTAGCTGCCTCAGGGCGACTGGTGAGCCTGGCCT-
CACATCCTCACCCAGCT.

RASA4-ECR 10. >hgl9_dna range=chr7:102244948-102245956
5'pad=500 3'pad=500 strand=+ repeatMasking=none; GAGCGAC-
TTGGGGAGGTGGCTTTGGAGCCGGAAGGGAAGACGCTTCT-
CACGGACAGAGTGTGACTCAGACCCAGGCCCAGACGGGAG
TGCAGCCTGCAGCTAAAAATACCCTGGGGGTTGGGGGGTG
GCCCTGTCACAGGTGACTCAGGCCCATGGAACCATCCAAAC-
CACTGTCCCTCCTTGGGGGAACCCTCAATTTGCCCATCGGGA-
GATTTTCAGCAACTCTTTTCACCCCCCCAGCCCCACGAGG.

RASA4-ECR 11. >hgl9 dna range=chr7:102243818-102244828
5'pad=500 3'pad=500 strand=+ repeatMasking=none; GCAGAGGT-
TGCAGTGAGCCAAGAAAACGCCACTGCACTCCAGCCTGGGC-
GACAGAGCCAGACTGCCTCAAAAAAAAAAAAAAAAAAAAAAC-
CACCAAAAAAAAAAAAACAGCCCGGGTGCAGTGGCTCACG
CCTGTAATCCCAGTACTTTGGGAGGCCGAGGCAGGCAGAT-
CACCTGAGGTCAGGAGTTTGAGACCAGCCTAGCCAACATAGT-
GAAGTCCCGTCTCTACTAAAAATACAAAAAATTAGCC.

RASA4-ECR 17. >hgl9 dna range=chr7:102239289-102240298
5'pad=500 3'pad=500 strand=+ repeatMasking=none; AAGATTGT-
GCCGCTGCACTCCAGCCTGGGTGACAGAGCAAGACTCCATCT-
CAAAAAAAAGACAGAAGACAGAGCTGAGCTGAATGCAGAACT-
GTGGGGAAAAATAAAGGGGAGGGGCCGGGCGCGGTGGCT-
CATGCCTGTAATCCCAGTACTTGGGGAGGCCGAGGCGGGT-
GGATCACAAGGTCAGGAGATCGAGACCATCCTGGCTAACAT-
GGTGAAACCCTGTCTCTACTAAAAATGCAAAAAATTAG.

RASAL3-ECR 2. >hgl9 dna range=chr19:15574278-15575287
5'pad=500 3'pad=500 strand=+ repeatMasking=none; GGGGGAA-
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AGAGGGAACAGGGTAGCTGGGCCCCAGCGGCTTCCTGCTG
GGCTTTTGCACTCCCCACAACTTCCTGTGTCTGTATGGTTG
ATGCTCCGGAGGCAGACAAAACCCAAGCATCCGGCTTCC-
CAGCCCGGCCCAAGCTCAGGGTGGGGGAACCATGTACCT-
GGGGCCTCCTGCTCCGGCTCCGGGTCTGGCTCCGGCGGT-
GGGTTCTTATGCCTCCCCCAGAGGGCCTTGGAGAGTC-
GAAGGCGA.

RASAL3-ECR 5. >hgl9_dna range=chr19:15572246-15573253
5'pad=500 3'pad=500 strand=+ repeatMasking=none; TACCACT-
CCACACACCTTCTTGCATTGAATCCTCCAAAAGCCATTCAAA
GGGCTATGATAACAGGCTCAGAGAGGTTGAGTGACTTGCTC
AGGGTCACACAGTTTGTGAGTGGTTGGGCTGGGCTTCAGTC
ACAAGCATTCTTCTCTCTCTCTCTTTTTTTGTTTTTTTGTTT
TTTTTGCATTCTTCTCTTAACCAAGACATTATGTGGGTCCAA-
GAGGTTAAAAAACAGGACAGGGGCTGGGCAAGGTG.

RASAL3-ECR 13. >hgl9 dna range=chr19:15566879-15567889
5'pad=500 3'pad=500 strand=+ repeatMasking=none; GCAGGC-
CGCTGACATGGACTCTCCCCCAGCTCACCCAGGGTCTCCTGG
AGGTAATCCTGTGCCACGAGCTTCATGTACTCATCGATAGCCT
TGGTGGCCAATGTGTTTTCCCGGAACAGCAGCGCCTCACGG
CCTCCACAGCGCGCCAGCTCCGCAGTGCCCAGGTCAGTCAC-
CAGCGCCTAGGAAGGGCAGGAGGTCAGGTTGCACCAGAT-
GCAGACAGAGTCCAAGGGAATTCGGATCCTTGGCTGGT.

RASAL3-ECR 17. >hgl9_dna range=chr19:15563076-15564084
5'pad=500 3'pad=500 strand=+ repeatMasking=none; GGAGCCTG
GAGTCCAGATCCTGCAGCTGGCCCCGCAGCTGCTCCTGCTG
CTCCGTCAAGGCCCGGATTTGGGTGCTCAGCGACTCCACGA
GGCGGGACAGCACTTTCTGCTCCTCACGCAGAGCGGCCAC
CTCGCACTGCAGCTCTGCCAACTGTGGTGGGAGAGCAGCT-
GTAATCTGACCCGTTGTCCCGCCCCTGTGTCTCCCCGGA-
GACCCTGACCTCCCAGGCCCAAGCGCTCAGCGTCATCACCG

ChIP assay. Confluent LECs (HMVEC-dLyNeo) and HUVECs
(Lonza) were purchased and cultured in EBM medium with the EGM-
MYV BulletKit (Lonza). The cells were cross-linked with 1% formalde-
hyde, followed by sonication. The sheared chromatin was immunopre-
cipitated with anti-FOXC2 antibodies (Santa Cruz Biotechnology Inc.,
sc-31734x and Abcam, ab5060), anti-FOXC1 antibodies (Origene,
TA302875 and Abcam, ab5079), or control IgG and protein G Sephar-
ose beads. Heating of the immunoprecipitates at 65°C for 6 hours was
carried out to reverse formaldehyde cross-linking. DNA was extracted
from eluted immunoprecipitates using a QIAGEN PCR purification
kit and subjected to PCR with specific primers. Input lysates were col-
lected before immunoprecipitation. ChIP primer sequences are pro-
vided in Supplemental Table 5.

Knockdown of FOXC2 and measurement of Ras activation. HUVECs
from pooled donors (Lonza) were cultured (passages 2-7) on 0.1% gel-
atin-coated plates in EndoGRO-LS complete culture medium (EMD
Millipore). HUVECs were grown to confluence in 6-well plates and
transfected with a nonspecific, negative control siRNA (QIAGEN)
or siRNA targeted toward FOXC2 (5'-AGGUGGUGAUCAAGAG-
CGAUU-3', GE Dharmacon) at a final concentration of 33 nM using
Lipofectamine RNAIMAX Reagent (Invitrogen) for 6 hours according
to the manufacturer’s instructions. At that time medium was replaced
with EndoGRO-LS complete culture media, and cells were allowed to
recover for 72 hours. Transfected HUVECs were then serum deprived
overnight in EndoGRO basal medium and stimulated with VEGF (50
ng/ml) for 10 minutes where indicated. Cell cultures were lysed in
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1x RIPA buffer (Cell Signaling Technology) containing protease (Cell
Signaling Technology) and phosphatase (Roche) inhibitors, 100 ul
per 3 wells of a 6-well plate. Lysates were clarified by centrifugation
at 14,000 g for 10 minutes at 4°C, and the total protein concentration
of supernatant was determined using a Pierce BCA protein assay kit
(Thermo Scientific) according to the manufacturer’s instructions. An
equal amount of total protein for each experimental condition was
loaded onto spin columns using an Active Ras Detection Kit (Cell Sig-
naling Technology) according to the manufacturer’s instructions, and
bound protein was eluted using 2x Laemmli sample buffer and run on
a 4%-20% SDS-PAGE gel. Samples were transferred to nitrocellulose
and Western blotted with the Ras monoclonal antibody supplied with
the Active Ras Detection Kit.

Statistics. Statistical analysis was performed using GraphPad
Prism 5.0 (GraphPad Software). P values were obtained by 2-tailed
Student’s ¢ test. Data are presented as mean + SEM of representative
experiments. A Pvalue less than 0.05 was considered significant.

Study approval. All procedures and animal studies were approved
by Northwestern University’s IACUC. Isolation of human LECs, pro-
vided by Young K. Hong, was approved by the University of Southern
California Institutional Review Board.
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