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The lymphatic system plays a key role in tissue fluid homeostasis. Lymphatic dysfunction contributes to the
pathogenesis of many human diseases, including lymphedema and tumor metastasis. However, the mecha-
nisms regulating lymphangiogenesis remain largely unknown. Here, we show that COUP-TFII (also known
as Nr2f2), an orphan member of the nuclear receptor superfamily, mediates both developmental and patho-
logical lymphangiogenesis in mice. Conditional ablation of COUP-TFII at an early embryonic stage resulted
in failed formation of pre-lymphatic ECs (pre-LECs) and lymphatic vessels. COUP-TFII deficiency at a late
developmental stage resulted in loss of LEC identity, gain of blood EC fate, and impaired lymphatic vessel
sprouting. siRNA-mediated downregulation of COUP-TFII in cultured primary human LECs demonstrated
that the maintenance of lymphatic identity and VEGF-C-induced lymphangiogenic activity, including cell pro-
liferation and migration, are COUP-TFII-dependent and cell-autonomous processes. COUP-TFII enhanced
the pro-lymphangiogenic actions of VEGF-C, at least in part by directly stimulating expression of neuropilin-2,
a coreceptor for VEGF-C. In addition, COUP-TFII inactivation in a mammary gland mouse tumor model
resulted in inhibition of tumor lymphangiogenesis, suggesting that COUP-TFII also regulates neo-lymphan-
giogenesis in the adult. Thus, COUP-TFII is a critical factor that controls lymphangiogenesis in embryonic

development and tumorigenesis in adults.

Introduction

The lymphatic system is comprised of a network of vessels, medi-
ating tissue fluid homeostasis, immune surveillance, and dietary
fat absorption in the intestine. The lymphatic fluid flows unidi-
rectionally and ultimately returns to venous circulation via the
thoracic duct (1). Growing evidence reveals that malformation
or dysfunction of this network contributes to the pathogenesis
of many diseases, including lymphedema, lymphatic dysplasia,
tumor metastasis, and inflammatory diseases (2).

Recent work using lineage tracing and gene targeting experi-
ments in mice and live imaging of developing lymphatic vascula-
ture in zebrafish have supported the model of the venous origin of
the lymphatic system as first proposed by Florence Sabin in 1902
(3-6). During mammalian development, lymphatic ECs (LECs),
derived from a specific location of the vein, bud off from the venous
endothelium to form primary lymphatic sacs. These primitive sacs
continue to sprout, proliferate, and migrate into the periphery and
undergo maturation to generate the entire lymphatic vasculature
network throughout the body. Transcription factor SRY box 18
(Sox18) appears to be one of the first molecular markers identified
for the induction of LEC differentiation (7). At E9 in the mouse, the
expression of Sox18 in the cardinal vein becomes polarized, which
acts as a molecular switch to induce the expression of homeobox
transcription factor Prox1, and initiates LEC specification. In mice
deficient of Prox1, the ECs fail to commit to a LEC fate. Instead,
these cells retain some features of blood vascular ECs (BECs) and
fail to form the lymphatic vascular system. Conversely, ectopic
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expression of Prox1 in cultured cells reprograms BECs into LECs,
suggesting its critical role in LEC specification (4, 8, 9).

Once a subpopulation of ECs on one side of the cardinal vein
commits to the lymphatic lineage around E9.5-E10.5, lymphangio-
genesis or the formation of nascent lymphatic vessels is directly or
indirectly influenced by the growth factors present in the vicinity.
Members of the VEGF family (VEGF-C and VEGF-D) secreted by
adjacent tissues act through the lymphatic endothelial receptors,
VEGEF receptor and neuropilin (Nrp) receptor, to promote LEC
growth, migration, and survival (2). Binding of VEGF-C to VEGFR3
and/or VEGFR2 leads to receptor activation and autophosphoryla-
tion, which in turn promotes lymphangiogenesis (10). Complete
ablation of Vegfc in mice results in the loss of lymphatic vascula-
ture (11). Likewise, the mutation that inactivates VEGFR3 function
leads to lymphatic hypoplasia and primary lymphedema in both
the mouse and the human (12-14). In addition to VEGF receptors,
the VEFG-C coreceptor Nrp2 has been shown to enhance VEGF-C
binding to the VEGF receptor (15, 16). Nrp2-null mice fail to devel-
op small lymphatic vessels and capillaries (17). Importantly, antag-
onizing Nrp2 function or blocking VEGFR3 signaling reduces
tumor lymphangiogenesis and inhibits tumor metastasis (18-20).
The genetic evidence suggests that the VEGF-C/VEGFR3/Nrp2 sig-
naling axis is critical for embryonic and adult lymphangiogenesis.

Chicken ovalbumin upstream promoter-transcription factor II
(COUP-TFII), a member of the nuclear receptor superfamily, has
been shown to play a key role in organogenesis, cell fate determina-
tion, cell differentiation, angiogenesis, and metabolic homeostasis
(21-23). Disruption of COUP-TFII in mice leads to early embryonic
lethality, with defects in angiogenesis and cardiovascular develop-
ment (23). In addition, using an EC-specific gene inactivation
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Figure 1

Conditional inactivation of COUP-TFII during embryogenesis leads to edema, hemorrhage, and blood-filled lymphatics. (A) Schematic representa-
tion of Cre-mediated COUP-TFII inactivation strategy. Embryos receive Tam via maternal intraperitoneal injection. (B) Whole-mount images of
E14.5, E15.5, and E16.5 COUP-TFIIFF control and CRE-ER™2;COUP-TFIIFF mutant embryos 3 days after Tam administration. Mutant embryos
exhibit interstitial edema (arrows), hemorrhage (arrowheads), and some blood-filled dermal vessels. (C—F) H&E-stained transverse sections of
littermate controls and CRE-ER™2;COUP-TFIIFF embryos at E12.5 without Tam induction (C and D) and at E15.5 (3 days after Tam treatment) (E
and F). (F) Blood-filled lymphatics (asterisk) and interstitial edema (arrows) were observed in E15.5 CRE-ER™2;,COUP-TFIIF/F embryos. JLS, jugular
lymphatic sac. Scale bars: 200 um. (G) Kinetics of CRE-ER™2—mediated COUP-TFIl inactivation. Whole embryo lysates from embryos with 0, 0.5,
1, and 2 days after Tam treatment were analyzed by Western blot analysis, using antibodies against COUP-TFII and -actin. The arrowhead indi-
cates 47-kDa COUP-TFII protein. FF, COUP-TFIIFF control embryos; CFF, CRE-ER™;COUP-TFIIF/F mutant embryos. n = 3 embryos per group.

system, we have demonstrated that COUP-TFII serves as a major
regulator for the establishment of venous identity (22). Given that
the mammalian lymphatic system has a venous origin (3), we asked
whether the venous-derived lymphatic system requires COUP-TFII
function during embryogenesis and adulthood.

Here, we demonstrate that the early development of lymphatic
vasculature and LEC specification critically depends on COUP-
TFIL. At a later developmental stage, conditional ablation of
COUP-TFII in mice results in the malformation of primitive lym-
phatic sacs and lymphatic vessels. These LECs lose their identity
and ectopically express BEC markers, even in the presence of Prox1
expression. The lymphatic vascular abnormalities are attributed
to defective VEGFR3 signaling, resulting in reduced LEC growth,
sprouting, and migration. This effect is mediated, at least in part,
by COUP-TFII regulation of Nrp2 gene expression in a cell-autono-
mous function in lymphangiogenesis. While COUP-TFII does not
seem to regulate the maintenance of adult lymphatics, inactivation
of COUP-TFII in a mammary gland mouse tumor model results in
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an inhibition of tumor lymphangiogenesis, revealing an important
role of COUP-TFII in neo-lymphangiogenesis in adults. These find-
ings elucidate what we believe to be novel roles of COUP-TFII in
modulating normal as well as pathological lymphangiogenesis.

Results
Conditional inactivation of COUP-TFII leads to edema, hemorrhage,
and blood-filled vessels. Homozygous COUP-TFII mutants or EC-
specific COUP-TFII knockout embryos die prior to E10.5 or
E11.5, respectively, which precludes the assessment of the role
of COUP-TFII in lymphatic physiology. To bypass early embry-
onic lethality and study the temporal functions of COUP-TFII
during lymphatic vascular development, we conditionally inacti-
vated COUP-TFII by crossing the COUP-TFII floxed mouse strain
(COUP-TFII"/F) (24) with ROSA26CRE-ER™ (hereafter referred to
as CRE-ER™), encoding tamoxifen-inducible (Tam-inducible)
Cre recombinase under the control of the ubiquitously active
ROSA26 promoter (25). CRE-ER?;,COUP-TFII*/F males were inter-
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Failure of formation of pre-LECs in COUP-TFII mutants. (A-D) Transverse sections of control COUP-TFIIF'F and CRE-ER™2;COUP-TFIIFIF embryos
at E11.5 (Tam administrated at E8.5) were analyzed using antibodies against Prox1 (A and B) and VEGFR3 (C and D). Prox1- and VEGFRS3-
expressing LEC progenitors are visible in and around 1 side of the cardinal vein (CV) of E11.5 control COUP-TFIIF/F embryos (A and C) but
are almost undetectable in CRE-ER™;COUP-TFIIFF mutant embryos (B and D). DA, dorsal aorta. (E and F) Immunofluorescence shows that
the expression of venous marker EphB4 is reduced in the cardinal vein of inducible COUP-TFII mutants at E11.5 (Tam administration at E9.5).
(G and H) Nrp1 (green), an arterial marker, is ectopically expressed in the PECAM-positive (red) ECs of the cardinal vein of E11.5 COUP-TFII
mutants (Tam administered at E9.5) but not controls. The arrows denote venous endothelium. Scale bar: 100 um.

crossed with COUP-TFII*/F females, and a single dosage of 3 mg
Tam was injected intraperitoneally into pregnant dams at various
developmental stages to induce COUP-TFII deletion (Figure 1A).
In the absence of Tam treatment, CRE-ER"?,COUP-TFII*/¥ embryos
were indistinguishable from COUP-TFII*/F control littermates
(Figure 1, C and D). In contrast, injection of Tam into pregnant
females, from E10.5 onward, activated the Cre recombinase,
deleted the COUP-TFII gene, and caused the striking phenotypes
of subcutaneous edema (Figure 1, B, E, and F), hemorrhages
(Figure 1B), and blood-filled vessels (Figure 1F) in E13.5-E16.5
CRE-ER™;COUP-TFII*/F embryos (Figure 1B).

To evaluate the kinetics of CRE-ER™-mediated COUP-TFII inacti-
vation, a single dosage of 3 mg Tam was injected intraperitoneally
into pregnant dams at E12.5, and embryos were harvested at 0,
0.5, 1, and 2 days after Tam treatment. Western blot analysis of
whole embryo lysates and immunofluorescence analysis revealed
that injection of a single dosage of 3 mg Tam for 1 or 2 days was
sufficient to ablate COUP-TFII, without affecting embryonic viabil-
ity (Figure 1G and Supplemental Figure 1; supplemental material
available online with this article; doi:10.1172/JCI40101DS1). In
addition, allele excision analysis and COUP-TFII transcript analysis
using DNA and mRNA, respectively, isolated from embryonic ECs
sorted by FACS clearly showed that COUP-TFII is efficiently deleted
in the ECs of the mutant embryos (Supplemental Figure 2).

A recent study showed that certain Tam-inducible CRE-ER™
mouse lines alone cause developmental defects indicating Cre tox-
icity (26). To exclude this possibility, we examined the formation
of the cardiac lymphatic system in CRE-ER™ control embryos. We
showed that CRE-ER"?;,COUP-TFII*/* and CRE-ER™ controls are
1696
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phenotypically indistinguishable from wild-type or COUP-TFII"/*
controls, in terms of gross appearance and cardiac lymphatic
vascular patterning, as determined by whole-mount VEGFR3
immunostaining (Supplemental Figure 3), confirming that the
developmental defects observed in inducible COUP-TFII knockout
mutants are due to the ablation of COUP-TFII.

Failure of formation of pre-LECs in COUP-TFII mutants. We showed
previously that COUP-TFII is specifically expressed in the venous
but not in the arterial endothelium, and endothelial-specific dele-
tion of COUP-TFII in mice resulted in the ectopic expression of
arterial markers in the cardinal veins, indicating that COUP-TFII
regulates venous identity (22). Subsequently, Srinivasan et al.
showed a drastic reduction in the number of Prox1-expressing
LEC precursors in and around the cardinal veins of endothelial-
specific COUP-TFII knockout embryos at E11, suggesting that
COUP-TFII may have a role in the formation of LECs (3). To deter-
mine whether COUP-TFII is required for lymphangiogenesis, we
first asked whether conditional inactivation of the COUP-TFII gene
subsequent to specification of veins alters venous identity. Tam
was injected into pregnant females at E8.5, and embryos were har-
vested and analyzed at E11.5. The lymphatic and venous identities
were examined at the molecular level, by evaluating the expression
of lymphatic-specific genes and arterial-venous marker genes.

Around E10.5-E11, when the primary lymphatic plexus begins
to form, Prox1-expressing LEC progenitors reside in and around
one side of the cardinal vein (Figure 2A). These LEC progenitors
also express other lymphatic markers, such as VEGF receptor 3
(VEGFR3) in the control (Figure 2C). However, no Prox1- or
VEGFR3-positive cells were detected in the mutants lacking
Volume 120
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COUP-TFII regulates lymphatic vessel identity during embryogenesis. COUP-TFII excision at a late developmental stage resulted in loss of LEC
identity and gain of BEC fate. (A—P) H&E staining and immunofluorescent images of transverse sections through the jugular region of control
COUP-TFIIFFF and littermate CRE-ER™;COUP-TFIIF/F mutant embryos at E12.5 without Tam treatment (A, B, E, F, I, J, M, and N) and at E15.5
(with Tam administration at E12.5) (C, D, G, H, K, L, O, and P). VEGFR3 (E and F), Nrp2 (I and J), and Prox1 (M and N) are similarly expressed
at E12.5 in controls and CRE-ER2;COUP-TFIIFF mutant embryos prior to Tam treatment. (G, H, K, and L) Both VEGFR3 and Nrp2 are markedly
reduced, however, at E15.5 in inducible COUP-TFII mutants compared with controls. (O and P) Prox1 expression is unaffected in E15.5 induc-
ible COUP-TFII mutants. (Q, R, and U-X) Blood vessel markers, endoglin (ENG), laminin, and collagen IV (CollV), are ectopically expressed
in the Prox1-expressing lymphatic vessels (arrows) of E15.5 inducible COUP-TFII mutants. (S and T) The expression of the lymphatic marker
LYVET1 is significantly reduced in the lymphatic vessels of E15.5 inducible COUP-TFII mutants. BV, blood vessel; JV, jugular vein; LV, lymphatic

vessel. Scale bars: 50 um.

COUP-TFII (Figure 2, B and D). Similarly, Nrp2 and lymphatic ves-
sel endothelial hyaluronan receptor 1 (LYVE1), 2 other lymphatic
markers that were expressed in the sprouting lymphatic sacs in
the controls, were also not detected in the COUP-TFII mutants
(data not shown). When COUP-TFII deletion was induced at E9.5
and embryos were analyzed at E11.5, Prox1-, VEGFR3-, Nrp2-,
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and LYVE1-expressing LEC progenitors were detected only in the
controls but not in the mutant embryos (Supplemental Figure 4).
In contrast, the expression of Prox1 in the non-EC type, such
as sympathetic ganglia (Supplemental Figure 5, A and B), and
neural tube (Supplemental Figure 5, C and D) was unaffected in
the absence of COUP-TFII, suggesting that the lack of expression
Number S 1697
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of Prox1 in E11.5 conditional COUP-TFII mutants is LEC selec-
tive. Collectively, these findings suggest that the formation and
differentiation of LECs was severely compromised in the COUP-
TFII mutant embryos.

Normally, from E9.5 onward, COUP-TFII proteins are detected
in the venous endothelium (22). Venous marker EphB4 and arte-
rial marker Nrp1 are expressed in the endothelium of the cardi-
nal veins and dorsal aorta, respectively (data not shown). Induced
COUP-TFII excision at the onset of E9.5 resulted in the reduced
expression of EphB4 (Figure 2, E and F) and ectopic expression of
Nrp1 in the venous endothelium of E11.5 mutant embryos (Figure
2, G and H), consistent with our previous observation that vein
endothelium acquire an arterial character in the absence of COUP-
TFII (22). These results extend our previous findings and indicate
that venous identity is programmed at an early embryonic stage
and this process is COUP-TFII-dependent.

Taken together, these data confirm the notion that venous iden-
tity is required for early embryonic lymphangiogenesis. However,
whether COUP-TFII has a cell-autonomous function in LECs dur-
ing lymphangiogenesis has yet to be defined.

COUP-TFII is required for the maintenance of lymphatic identity after
initial lymphatic sac formation. At E10, the LEC progenitors bud off
the cardinal veins and undergo proliferation and migration to
form the first primordial jugular lymphatic sacs by E12.5, which
is followed by centrifugal sprouting to form an organized lym-
phatic network. To determine whether COUP-TFIL is required for
the initial formation of jugular lymphatic sacs, Tam was admin-
istrated to pregnant dams at E11.5, after LEC progenitors have
already sprouted out from the cardinal veins, and the embryos
were isolated and analyzed at E14.5. Most of the blood was con-
tained within thin-walled vessels that stained weakly for VEGFR2
and VEGFR3 (Supplemental Figure 6, A-F). The expression of
other lymphatic markers, Nrp2 and LYVE1, was almost undetect-
able (Supplemental Figure 6, G-J), indicating the malformation
of lymphatic sacs in COUP-TFII mutants.

Next, to investigate whether COUP-TFII is required for the
maintenance of LEC identity during late embryonic development,
1698
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Figure 4

Defective sprouting lymphangiogenesis and reduced
LEC proliferation in inducible COUP-TFII mutants.
(A—F) Whole-mount preparation of back skin from
COUP-TFIIFF controls and CRE-ER™;COUP-TFIIFIF
mutant embryos at E15.5 (Tam administration at
E12.5) (A and B) and E16.5 (Tam administration
at E13.5) (C-F), immunostained with VEGFR3
(red) and podoplanin (green), respectively. (A and
B) COUP-TFII mutants have impaired VEGFR3
production versus controls at E15.5. (C—F) Podo-
planin immunostaining shows defective lymphatic
sprouting and dilated cutaneous lymphatic vessels
in mutants. (E and F) Higher-magnification images
of the boxed regions in C and D. The arrow in A
and the arrowheads in C and E indicate lymphatic
sprouts. Scale bars: 50 um (A, B, E, and F); 200 um
(C and D). (G) COUP-TFII mutants exhibited a
reduction of LEC proliferation in the skin, as judged
by the number of Ki67 and VEGFR3 double-positive
cells. Error bars indicate SD. *P < 0.05.

COUP-TFII was deleted subsequent to the formation of the initial
lymphatic sacs. For this purpose, Tam was administered to preg-
nant females at E12.5, and embryos were analyzed at E15.5. As
observed above, distinct lymphatic sacs were present in both con-
trol and mutants at E12.5 and E15.5 (Figure 3, A-D); however, the
lymphatic sacs and surrounding lymphatic vessels of mutants at
E15.5 were blood filled (Figure 3D). Lymphatic markers, VEGFR3,
Nrp2, and LYVE1 were clearly seen in the jugular lymphatic sacs
of E12.5 and E15.5 control embryos and in E12.5 CRE-ER™,COUP-
TFII*F embryos without Tam administration (Figure 3, E-G and
I-K, and data not shown). In contrast, the expression of VEGFR3,
Nrp2, and LYVE1 was markedly reduced in the COUP-TFII-defi-
cient embryos (Figure 3, H and L, and data not shown). Interest-
ingly, the expression of Prox1 was unchanged in the lymphatic sacs
and lymphatic vessels of COUP-TFII mutants (Figure 3, M-R and
U-X). Together, these results suggest that during a developmental
window between E12.5 and E15.5, COUP-TFII regulates lymphatic
identity independent of Prox1.

Since the mammalian lymphatic system is derived from veins,
we asked whether loss of COUP-TFII results in the acquisition of
BEC characteristics in mutant LECs. The lymphatic vessels of
control COUP-TFII*/F embryos expressed LEC markers, including
Prox1, LYVE1, Nrp2, and VEGFR3, but few or no BEC markers,
such as endoglin, laminin, collagen IV, and CD34 (Figure 3, Q, S,
U, and W, and Supplemental Figure 7, A, C, E, G, and I). In con-
trast, a marked reduction of the expression of LEC markers, such
as LYVEIL, Nrp2, and VEGFR3, and ectopic expression of BEC
markers, endoglin, laminin, collagen IV, and CD34, was observed
in the lymphatic vessels of E15.5 COUP-TFII mutant embryos (Fig-
ure 3,R, T, V,and X, and Supplemental Figure 7, B, D, F, H, and J).
These results suggest that loss of COUP-TFII caused a reprogram-
ming of LECs into BECs.

COUP-TFII is not only highly expressed in LECs but also
expressed in VSMCs and pericytes. To investigate the possibility
that COUP-TFII in VSMCs and/or pericytes may contribute to the
lymphatic phenotypes displayed by the CRE-ER'?;COUP-TFII*/¥
mutants, we deleted COUP-TFII using the SM220.Cre transgene
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Figure 5

Inducible inactivation of COUP-TFII in adult mice, with Tam treatment at 2 months, does not affect normal
function of lymphatic vessels but suppresses lymphangiogenesis in an animal model of cancer. (A) LYVE1
staining (green) of whole-mount ear preparations of 3-month-old controls and mutants. (B) COUP-TFII (green)
and LYVE1 (red) double immunofluorescence was performed on ear sections of 4.5-month-old controls and
mutants. (C) Fluorescent dextran lymphangiography of the tail. Levels of FITC-dextran uptake are similar in
tail lymphatic vessels of controls and mutants. (D—-G) Lymphangiography performed by injection of Evans
blue dye into the hind limb foot pad of 4.5-month-old controls and mutants. Dye perfused large lymphatic
vessels of the legs (F and G) and draining iliac (arrows) and renal (arrowheads) lymph nodes (D and E) of
the abdomen to a similar extent in controls mutants. Insets in F and G are higher-magnification images of the
boxed regions. K, kidney. (H and I) Immunofluorescence microscopy of mammary gland tumor sections from
PyMT/+;F/F control or PyMT/+;CRE-ER"2/+;F/F mutant littermates at 4.5 months, using an antibody against
LYVE1 (green). Insets in H and | show LYVET staining (green) in tissue sections from a lymph node adjacent
to the tumor. Inactivation of COUP-TFII results in the reduced tumor lymphangiogenesis but does not affect the
preexisting lymphatic vessels in lymph nodes. n = 3 for each group. (J) Statistical summary of LYVE1-positive
areas in mammary gland tumor sections. Error bars indicate SD. ***P < 0.01. (K and L) Immunofluorescence
microscopy reveals that COUP-TFII proteins (red, K) are detected in LYVE1- (green, K), VEGFR3- (green, L),
and Prox1-expressing (red, L) tumor-associated lymphatics of control mice. Scale bars: 200 um (A, H, and I);
20 um (B, K, and L); 500 um (C); 2 mm (D-G).
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(Supplemental Figure 8) (27).
SM22a. is expressed as early
as E8.5 in cardiomyocytes. At
E12.5, COUP-TFII was effi-
ciently deleted (Supplemental
Figure 8, A and B) and f-gal
was turned on in a-SMA-
positive VSMCs of the carot-
id artery (Supplemental Fig-
ure 8, C and D). Importantly,
the expression of lymphatic
markers, such as VEGFR3,
Prox1, Nrp2,and LYVE1, was
comparable between con-
trols and SM22a.CreCOUP-
TFII¥F embryos (Supple-
mental Figure 8, A and B,
and data not shown). Simi-
larly, when COUP-TFII was
inactivated in VSMCs at
E14.5, VEGFR3 expression
was maintained (Supple-
mental Figure 8, E-H).
Collectively, these results
indicate that COUP-TFIL, in
the VSMCs and/or pericytes,
contributes little, if any, to
the lymphatic defects seen in
the CRE-ER™;COUP-TFII"/¥
mutants. Instead, it is consis-
tent with the notion that the
overall phenotype displayed
by the CRE-ER™,COUP-TFII*/*
embryos mainly derives from
the loss of COUP-TFII func-
tion in the endothelium.
Together, these results dem-
onstrate that COUP-TFII is
required for the initiation as
well as the maintenance of
lymphatic cell identity prior
to lymphatic maturation,
and inducible ablation of
COUP-TFII during embryonic
stages (between E12.5 and
E15.5) dedifferentiates Prox1-
expressing LECs into BECs.
COUP-TFII is required for the
lymphangiogenic sprouting of
the dermal lympbhatic vascula-
ture. The primitive lymphatic
plexus develops prenatally
and then undergoes remod-
eling or maturation to form
a hierarchical lymphatic net-
work. During the process of
lymphatic vascular matura-
tion, new capillaries arise by
sprouting from the preexist-
ing vasculature. To further

1699



research article

A B siRNA
- o COUP-TFII
E 2 o Control
g 22 pooled T 8009 — mx
- - - — dkk
EEE =t L
s i g 3
3§ 8 88 8 g 600;
COUP-TFIl == @
B-ACHN w— o — E—.‘oo-
©
5
COUP-TFII COUP-TFII ;
single 1 single 2 = 200+
5
=1
5
o 0
[N
c,d@ @ebas“sp -
& 2
«Q\ «Q\\ S
N &

c B Scrambled siRNA D
200 - — COUP-TFII pooled SIRNA
dededk *

— | — p—
2 150
c
il
s 100
ko q
°
(=%
T 50
o

0 .

0 58 250

VEGF-C (ng/ml)

Figure 6

Control siRNA

S
Od) & &

COUP-TFII
pooled siRNA

COUP-TFII knock down impairs in vitro lymphangiogenesis, VEGF-C—induced cell proliferation, and migration of LECs. (A) Human primary
LECs were transfected with control or COUP-TFII-pooled or 2 different COUP-TFII siRNAs. Cell lysates were subjected to Western blotting
with antibodies against COUP-TFII and p-actin. (B) Representative images and statistical summary of 3-dimensional in vitro lymphangiogenesis
assays, with spheroids generated from control- or COUP-TFII-pooled siRNA- or 2 different COUP-TFII siRNA-treated LECs. The cumulative
sprout length was quantified after 24 hours. Extensive endothelial outgrowth can be observed in control spheroids but notin COUP-TFlI-silenced
spheroids. Scale bars: 100 um. Error bars indicate SD. ***P < 0.01. (C) Cell proliferation assay measuring LEC response to increasing concentra-
tions (0, 58, 250 ng/ml) of VEGF-C. Stimulation of scrambled siRNA-transfected but not COUP-TF/I-pooled siRNA—-transfected LECs induces a
dose-dependent increase in cell proliferation. Error bars indicate SD. *P < 0.05, ***P < 0.01. (D) Wound scratch assay of LEC response to 250
ng/ml VEGF-C. The edges of the wound scratch are shown by dashed lines.

assess the role of COUP-TFII in lymphangiogenesis, we induced
COUP-TFII ablation at E12.5 or E13.5 and analyzed lymphatic ves-
sel sprouting using embryonic back skin as a model. As shown by
whole-mount VEGFR3 immunostaining, the dermal lymphatic
capillaries of E15.5 control embryos formed a primitive lymphat-
ic plexus with few sprouts and expressed high levels of VEGFR3
(Figure 4A), while VEGFR3 expression was significantly reduced in
the dermal lymphatic capillaries of E15.5 mutant embryos (Figure
4B). More sprouts emerged from the initial lymphatic capillaries
at E16.5, as judged by whole-mount podoplanin immunostaining
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(Figure 4, C and E, arrowheads). In contrast, numerous lymphatic
capillaries in COUP-TFII mutants were irregular and grossly dilated
(Figure 4, D and F). Strikingly, they failed to form filopodial exten-
sions from the vessels, which resulted in blunt-ended protrusions
(Figure 4, D and F). These data suggest that the sprouting of lym-
phatic capillaries is disrupted in the absence of COUP-TFII. There-
fore, COUP-TFII is required for lymphangiogenic sprouting.

To determine whether dermal lymphatic hypoplasia in CRE-
ER™%;COUP-TFII"/F mutants could be partially caused by defective
LEC proliferation, we performed Ki67 immunostaining to measure
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the proliferation rate of dermal LECs in E15.5 conditional COUP-
TFII mutants (with Tam administration at E12.5). The VEGFR3
and Ki67 double-positive cells, indicative of proliferating LECs,
were counted, and the quantification result was presented in Fig-
ure 4G. The difference in the number of Ki67-positive cells between
controls and mutants was evident (Figure 4G). Taken together,
COUP-TFIl is required for lymphangiogenic sprouting and normal
LEC proliferation during the late developmental stages.

COUP-TFII is not required for the maintenance of quiescent lymphatic
vessels in the adult. As shown above, COUP-TFII is required for the
establishment of lymphatic identity during embryogenesis. Howev-
er, it is unclear whether COUP-TFII is required for lymphatic vessel
maintenance subsequent to maturation of lymphatic vessels in the
adult. To this end, we injected 0.5 mg Tam per day for 5 consecu-
tive days to 2 month-old COUP-TFII¥/F and CRE-ER™;,COUP-TFII*/F
mice to delete COUP-TFII. One month after Tam administration,
mouse ears were examined by whole-mount immunostaining with
antibodies against the lymphatic markers LYVE1 and podoplanin.
As shown in Figure 5A and Supplemental Figure 9, the lymphatic
vessels in the mouse ear formed networks of small and often blind-
ended capillaries in both control and COUP-TFII mutant mice. In
addition, the expression levels of LYVE1 and podoplanin in the
lymphatic vessels of CRE-ER™;COUP-TFII*/F mice were indistin-
guishable from those in the COUP-TFII*/F mice, suggesting that the
adult lymphatic identity was maintained in the absence of COUP-
TFII (Figure SA and Supplemental Figure 9).

Next, to confirm that the unchanged lymphatic cell identity is
not due to the inefficient excision of COUP-TFII in adult quiescent
lymphatic vasculature, antibodies against COUP-TFII were used
for immunofluorescence microscopy. COUP-TFII was efficiently
deleted in adult mouse lymphatic vessels, as determined by the
expression of lymphatic markers LYVE1, podoplanin, and Prox1
(Figure 5B and data not shown). To investigate the specific effi-
ciency of the inactivation of COUP-TFII in ECs, we isolated ECs
from the adult lungs using FACS and then performed allele exci-
sion analysis and measured COUP-TFII mRNA expression. Both
results showed that COUP-TFII was efficiently deleted in the adult
lung ECs (Supplemental Figure 10, A-C). Immunoblotting cell
lysates from the lung further revealed that COUP-TFII was effi-
ciently deleted when CRE-ER™%COUP-TFII*/F mice were treated
with Tam but not with oil (Supplemental Figure 10D). Consis-
tent with the normal patterning of lymphatic vasculature in
CRE-ER™;COUP-TFII"F mice, no obvious signs of lymphedema or
chylous fluid accumulation were observed in the mutant animals
(data not shown).

An unanswered question is whether the apparent normal-looking
lymphatic vessels present in COUP-TFII mutant mice are function-
ally intact. To assess this, lymphatic vessel function was evaluated
by visualizing the uptake and drainage of large-molecular-weight
fluorescent FITC-dextran or Evans blue dye after subcutaneous
injection into the mouse tail or foot pad. As shown in Figure 5C,
the dextran was taken up by the hexagonal lymphatic network
of the mouse tail in both control and COUP-TFII mutant mice.
Similar results were observed with the intradermal injection of
FITC-dextran into the mouse ear (data not shown). Consistently,
the Evans blue dye injected into the hind limb foot pad was rap-
idly drained into lymphatic vessels and the draining lymphatic
nodes (Figure 5, D-G, arrows and arrowheads) in both control and
mutant mice, indicating that COUP-TFII is dispensable for the
fluid drainage function of fully mature adult lymphatics. Together,
1702
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these data suggest that under the conditions used here, inactiva-
tion of COUP-TFII does not affect the maintenance or functions of
quiescent adult lymphatics.

Inactivation of COUP-TFII results in a reduction of tumor lymphatics.
The lymphatic vessels are in a quiescent state in the adult. How-
ever, under pathological conditions, such as tumorigenesis, neo-
lymphangiogenesis becomes very apparent. To examine whether
COUP-TFII plays a role in neo-lymphangiogenesis, we used a
well-studied spontaneous, mammary gland tumor mouse model,
the MMTV-polyoma middle T antigen (MMTV-PyMT) mouse,
for our study. To induce mammary tumorigenesis in COUP-TFII
mutant mice, MMTV-PyMT mice were crossed to COUP-TFII"/F and
CRE-ER™;,COUP-TFII"/F mice. The resulting MMTV-PyMT/+CRE-
ER™;COUP-TFII"F mice (hereafter referred to as PyMT/+CRE-ER™/+;
F/F mice) were phenotypically indistinguishable from control
MMTV-PyMT/+COUP-TFII*F mice (hereafter referred to as PyMT/+;
F/F mice) in the absence of Tam treatment (data not shown).

The PyMT mouse model develops aggressive polyclonal tumors
that fill the entire mammary fat pad by as early as 7-8 weeks,
and a large percentage of mice develop carcinoma at around 14
weeks (28). We used this mouse model to examine the mam-
mary fat pad 14 weeks after Tam administration. As judged by
immunofluorescence staining for the lymphatic marker LYVEI,
LYVEI-expressing lymphatic vessels were easily seen within the
carcinomas of the PyMT/+F/F control mice (Figure SH) but not
in the mice lacking COUP-TFII (Figure SI). Quantification further
confirmed a significant difference in the LYVE1-positive areas in
the tumors of the control versus mutant mice (Figure 5J). Interest-
ingly, LYVE1 signals in the preexisting lymphatic vessels in lymph
nodes adjacent to the tumor remained the same (Figure 5, H and
I, insets), suggesting that only the newly formed lymphatic ves-
sels in the tumor but not the preexisting vessels were affected in
COUP-TFII-deficient mice. The expression of VEGFR3 and Nrp2 in
tumor lymphatics was decreased in COUP-TFII mutant mice (Sup-
plemental Figure 11). To confirm that COUP-TFII is expressed in
the tumor-associated lymphatics, a COUP-TFII antibody was used
to stain mouse tumor tissues of control mice. Indeed, tumor lym-
phatics expressed COUP-TFII in addition to LYVE], Prox1, and
VEGFR3 (Figure 5, K and L). Taken together, these data suggest
that COUP-TFII is involved in neo-lymphangiogenesis in the adult
under non-homeostatic conditions and that targeted deletion of
COUP-TFII inhibits tumor lymphangiogenesis.

Silencing of COUP-TFII abolishes lymphatic sprout formation in vitro.
VEGEF-C, a lymphangiogenic factor, is essential for the initial
sprouting, the subsequent survival, and the migration of LECs
(11). We therefore investigated whether downregulation of COUP-
TFII would affect any of these cellular responses in vitro. Human
primary LECs expressing COUP-TFII (29) were transfected with 2
different COUP-TFII-targeting short, interfering RNAs (siRNAs)
or control siRNA. COUP-TFII protein in LECs was downregulated
efficiently 48 hours after transfection (Figure 6A). To test whether
COUP-TFIl s involved in VEGF-C-induced lymphangiogenic activ-
ity of LECs, we examined in vitro angiogenesis in a 3-dimensional
spheroidal assay. Control, 2 different COUP-TFII siRNAs, or COUP-
TFII-pooled siRNA-transfected LEC spheroids, with defined size
and cell number, were embedded in collagen gels and then treated
with VEGF-C for 24 hours. Outgrowth of capillary-like structures
was assessed. As shown in Figure 6B, control siRNA-treated LEC
spheroids elicited numerous spontaneous sprouts, while silencing
of COUP-TFII in LEC spheroids almost completely inhibited the
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formation of lymphatic endothelial sprouts in vitro. These results
suggest that the lack of tumor lymphatic vessel formation in vivo
(Figure 5, H and I) may be due to impaired sprouting of lymphatic
vessels. These results indicate that COUP-TFII is required for lym-
phangiogenesis in a cell-autonomous manner.

Sprouting of LECs is a multistep process, involving both pro-
liferation and migration. To address whether COUP-TFII is
important for VEGF-C-induced proliferation and/or migration
of LECs, COUP-TFII-pooled siRNA was used to silence the expres-
sion of COUP-TFII in LECs. Cellular proliferation was enhanced
in a dosage-dependent manner in response to VEGF-C in control
siRNA-treated cells, while VEGF-C-induced proliferation was lost
in COUP-TFII knockdown cells (Figure 6C and Supplemental Fig-
ure 12). Moreover, in a wound healing assay, migration of LECs in
response to VEGF-C was impaired when COUP-TFII was knocked
down in comparison with that of the control (Figure 6D), which
is consistent with previous results using VEGF-C as an attractant
in a chamber migration assay (30). Taken together, these results
demonstrate that COUP-TFII is required for VEGF-C-induced
lymphangiogenesis in cultured human primary LECs.

Altered gene expression in COUP-TFII knockdown LECs. To iden-
tify molecular mechanisms underlying the COUP-TFII-depen-
dent regulation of lymphangiogenesis, we used a candidate gene
approach to compare expression profiles of control and COUP-
TFII knockdown human primary LECs. Consistent with the in
vivo results, silencing of COUP-TFII expression in LECs led to a
significant downregulation of lymphatic marker genes, including
VEGFR3, Nrp2, and Lyvel (Figure 7A), suggesting that COUP-TFII
acts upstream of VEGFR3, Nrp2, and LYVE1. However, the expres-
sion levels of ProxI and podoplanin (Pdpn) were not affected (Fig-
ure 7A), in agreement with previous observations by others (29,
30). Given that the COUP-TFII level remains the same while Pdpn
expression decreases in Prox1 knockdown LECs (29), these data
imply that COUP-TFII likely functions parallel to Prox1 to medi-
ate lymphangiogenesis. We suggest that LECs lose certain features
of their lymphatic identity with the reduction of COUP-TFII.

Direct regulation of Nrp2 transcription by COUP-TFII in LECs. As
mentioned above, lymphangiogenesis is governed by multiple dis-
tinct factors, and Nrp2 is one of these important factors. Nrp2
has been shown to be a positive modulator of developmental lym-
phangiogenesis, and its activity is required for VEGF-C-dependent
migration and survival of cultured ECs (16, 18). Since Nrp2 is down-
regulated in COUP-TFII knockdown cells and in COUP-TFII mutants
(Figure 7A and Figure 3, K and L), we hypothesized that Nrp2 might
mediate COUP-TFII function to regulate lymphangiogenesis. To
address this issue, we first asked whether COUP-TFII regulates
Nrp2 expression in the embryonic back skin lymphatic vasculature.
Whole-mount immunofluorescence staining showed that a marked
reduction of Nrp2 expression was observed in the dermal lymphatic
vasculature of COUP-TFII-deficient mice in comparison with the
control mice at E16.5 (Figure 7B). Moreover, Nrp2 protein expres-
sion was abolished in the cardinal veins of E9.5 COUP-TFII-null
embryos in comparison with the wild-type embryos (Supplemental
Figure 13). These data indicate that Nrp2 is a physiologically rel-
evant COUP-TFII downstream target gene in vivo.

To determine whether Nrp2 is a direct downstream target of
COUP-TFII, we carried out ChIP assays. We and others have previ-
ously demonstrated that when COUP-TFs act as a positive regu-
lator to enhance its target gene expression, COUP-TFs interact
with Sp1 on Sp1-binding sites to positively regulate their target
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genes. Mutations of Sp1-binding sites abolish COUP-TFII-depen-
dent enhancement of NGFI-A promoter activity (31). Similarly,
knockdown of Sp1, using SpI-specific siRNA, abolishes COUP-
TFII-dependent regulation of IGF1 expression (32). These results
indicate that positive regulation of target gene expression by
COUP-TFII requires Sp1. To assess whether COUP-TFII regulates
Nrp2 expression through interactions with Sp1, we first searched
for potentially conserved Sp1-binding sites in the human, mouse,
and rat sequences and found at least 3 conserved sites around the
transcription start site of the Nrp2 promoter (Figure 7C, red boxes).
We then performed ChIP assays, using human primary LECs as
a source of material, to assess whether endogenous COUP-TFII
is recruited to the Nrp2 promoter to modulate Nrp2 expression.
COUP-TFII was found to be preferentially recruited to the promot-
er regions containing Sp1-binding sites, while COUP-TFII is not
recruited to the 3’ region lacking Sp1-binding sites (Figure 7D). In
parallel, Sp1 was also recruited preferentially to the same region
containing the Sp1-binding sites as COUP-TFII but not to the
region lacking Sp1-binding sites. To substantiate that the recruit-
ment of COUP-TFII to the Nrp2 promoter requires the presence of
Sp1, and SpI was knocked down in LECs. Indeed, the recruitment
of COUP-TFII and Sp1 to the N¥p2 promoter was significantly
reduced in the Sp1-depleted cells (Figure 7E, bottom panel) as
compared with the control LECs (Figure 7E, top panel). To further
test whether COUP-TFII binding to the Nrp2 promoter leads to
activation of transcription, we performed luciferase reporter assays
using a 3.9-kb mouse Nrp2 promoter fragment that included the 3
conserved Spl-binding sites. We transiently transfected a lucifer-
ase reporter containing the Nrp2 promoter (pGL2-Nrp2) or a con-
trol vector (pGL2 basic) in COUP-TFII-overexpressing and control
HEK293T cells. Levels of relative luciferase activity induced by the
Nrp2 promoter reporter were significantly increased in COUP-
TFII-transduced cells compared with control cells (Supplemental
Figure 14). Collectively, these results strengthened our model that
the recruitment of COUP-TFII to the Nrp2 promoter is Sp1 depen-
dent, and COUP-TFII activated Nrp2 transcription.

Nrp2 overexpression partially rescues the impaired lymphangiogenic
sprouting in COUP-TFII knockdown LECs. If Nrp2 indeed mediates
COUP-TFII function to induce lymphangiogenesis in COUP-TFII
knockdown LECs, our prediction was that ectopic expression of
Nrp2 in LECs might rescue sprouting lymphangiogenesis defects.
To test this hypothesis, LECs were transfected with control or
COUP-TFII-pooled siRNA, and cells were then infected with Nrp2
or control GFP-expressing lentiviruses. Overexpression of Nrp2 in
LECs had no influence on COUP-TFII levels (Figure 7F). Consis-
tent with the above results, silencing of COUP-TFII gene expression
decreased the lymphangiogenic responses of LECs (Figure 7G).
More importantly, lentiviral overexpression of Nrp2 in COUP-TFII
knockdown LECs partially rescued the VEGF-C-induced lym-
phangiogenic activity (Figure 7G), suggesting that COUP-TFII
mediates lymphangiogenesis, at least in part, by modulating the
expression of Nrp2.

Discussion

Our results reveal a central role of COUP-TFII in the determina-
tion of lymphatic cell fate and the maintenance of LEC identity in
development. Conditional ablation of COUP-TFII in mice results
in the malformation of primitive lymphatic vessels, lymphatic
sacs, and impairment of sprouting lymphangiogenesis. Explor-
ing the underlying mechanism, we show that COUP-TFII con-
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trols sprouting lymphangiogenesis through direct transcriptional
regulation of Nrp2, the coreceptor for VEGF-C in LECs. Finally,
our results suggest that COUP-TFII is also an essential factor for
tumor-induced neo-lymphangiogenesis in a spontaneous mouse
breast cancer model. Thus, COUP-TFII modulates developmental
as well as postnatal pathological lymphangiogenesis.

Partial rescue of the COUP-TFII phenotype by Nrp2 expres-
sion indicates that other molecules may also be involved. The
ROSA26CRE-ER™ mouse strain also efficiently inactivates COUP-
TFII in the mesenchymal tissues and VSMCs. Although the lack of
phenotypes in the smooth muscle-specific COUP-TFII-deficient
mice largely excluded the contribution of COUP-TFII in VSMCs,
with respect to the overall phenotypes displayed by the CRE-
ER™;COUP-TFII¥/F mutants, we could not rule out the contribu-
tion of cells other than ECs and smooth muscle cells/pericytes. For
instance, COUP-TFII is expressed in the mesenchymal tissues sur-
rounding the dorsal aorta and cardinal vein where angiopoietin 1
(Angl) is highly expressed. Angiopoietin family members, Angl
and Ang2, have been shown to regulate angiogenesis and lymphan-
giogenesis through the Tiel and/or Tie2 receptor tyrosine kinase
that is expressed both in BECs and LECs (33). Ectopic expression
of Angl promotes lymphatic sprouting and lymphangiogenesis in
vitro and in vivo (34, 35). Additionally, Ang2-deficient mice dis-
played disorganized and hypoplastic dermal lymphatic capillar-
ies, and the lymphatic defects can be rescued by Angl (36). These
studies suggest that Angl and Ang2 share redundant functions in
lymphatic vessels and the angiopoietin-Tie system is important for
lymphangiogenesis. Since Angl expression is markedly reduced in
COUP-TFII-null embryos (23), it is possible that the reduction of
Ang-1 expression may contribute to the defects displayed by the
COUP-TFII mutants. A successful ablation of COUP-TFII exclu-
sively in LECs may help address these questions.

Another surprising finding that emerged from our studies was
that LECs ectopically expressed BEC markers, even though Prox1
expression was not affected. The independence of Prox1 on LEC
specification in COUP-TFII mutants was particularly intriguing
considering that LECs could be partially reprogrammed into
BECs in the presence of Prox1. Our current study and those of
others (29, 30) suggest that COUP-TFII acts jointly with Prox1 in
the pathway of LEC specification, since downregulation of either
factor is able to suppress LEC fate and induce BEC characteristics.
The idea that COUP-TFII and Prox1 proteins interact to specify
LEC identity is also supported by the knockdown of ProxI or/and
COUP-TFII in cultured LECs. The expression of the lymphatic
markers Vegfr3 and Fgfr3 was synergistically downregulated in
COUP-TFII and Prox1 double-knockdown LECs. In these double-
knockdown cells, intercellular adhesion molecular 1 (ICAM-1)
and monocyte chemotactic protein-1 (MCP-1), which are more
abundantly expressed in BECs than in LECs, were cooperatively
upregulated (29). Taken together, our findings support the notion
that LEC identity is reversible during development. We also pro-
vide what we believe to be an important new role for COUP-TFII
in lymphatic cell fate decision.

Given the facts that COUP-TFII and Prox1 share similar func-
tions on lymphatic specification, and that they physically interact
with each other in vitro (29, 30), we asked whether COUP-TFII
functions independently or in cooperation with Prox1 to regulate
the establishment and the maintenance of lymphatic identity. Our
data and those of Lee et al. showed that Pdpn, a lymphatic mark-
er, was mainly regulated by Prox1, since its expression decreased
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when Prox1 was downregulated but remained unchanged in the
COUP-TFII-depleted cells (Supplemental Figure 15A) (29). In
contrast, the expression of lymphatic markers, LYVE1 and Nrp2,
depends on COUP-TFII but not on Prox1 (Supplemental Fig-
ure 15A) (29). Interestingly, when we analyzed the promoter of
the FGFR3 gene, whose transcriptional activity was shown to be
synergistically activated by both COUP-TFII and Prox1 (29), we
found that both COUP-TFII and Prox1 were directly recruited to
the region containing putative Prox1-binding sites on the FGFR3
promoter (Supplemental Figure 15, B and C). Intriguingly, knock-
down of Prox1 did not affect the recruitment of COUP-TFII on
the FGFR3 promoter by ChIP assay (Supplemental Figure 15D).
Therefore, COUP-TFII binding to the FGFR3 promoter does not
require Prox1, which may indicate that they bind to 2 different
sites. Indeed, there are Sp1 sites in the region in which COUP-TFII
was recruited. Our results are also consistent with results obtained
from transient transfection assays using a 3-kb FGFR3 promoter-
driven luciferase reporter, in which the ability of COUP-TFII to
activate the FGFR3 promoter activity is not affected by a DNA-
binding defective mutant of Prox1, while the synergistic activation
of the reporter by COUP-TFII and Prox1 is compromised (29).
Therefore, activation of the FGFR3 promoter requires both COUP-
TFII and Prox1. These findings suggest that the recruitment of
COUP-TFII to the FGFR3 promoter is Prox1 independent, but the
synergistic activation requires binding of both Prox1 and COUP-
TFII to the promoter. Taken together, these findings suggest that
COUP-TFII and Prox1 may act independently or cooperatively to
regulate their downstream targets, depending on the promoter
and cellular contexts. However, we can not rule out the possibility
that the requirement for COUP-TFII and/or Prox1 may differ due
to heterogeneity of the LECs, the developmental stage of LECs,
and the type of lymphatic vessels.

Another issue is whether COUP-TFII regulates Prox1 transcrip-
tion in vivo. Deletion of COUP-TFII before E9.5 results in the
absence of Prox1-positive lymphatic endothelial progenitor cells
(Figure 2 and Supplemental Figure 4). Deletion of COUP-TFII
at E10.5 results in the reduction of Prox1 expression in the mal-
formed jugular lymphatic sacs (Supplemental Figure 16). These
results indicate that the induction of Prox1 expression in LECs
prior to or at E10.5 is likely COUP-TFII dependent. The reduced
Prox1 expression could arise from the loss of venous endothelial
and/or lymphatic endothelial progenitor cell identity or from
defects in differentiation of LECs, depending on the window of
development. Furthermore, we showed a window during develop-
ment (E12.5-E15.5) in which the maintenance of Prox1 expres-
sion is COUP-TFII independent. Therefore, it is unlikely that
Prox1 expression is directly regulated by COUP-TFIL This result
is consistent with the findings of Lee et al. and Yamazaki et al. (29,
30), showing that Prox1 expression is not regulated by COUP-TFIL
Collectively, our results indicate that lymphatic formation and dif-
ferentiation are compromised in the absence of COUP-TFII.

Despite the persistent expression of COUP-TFII in the adult
mature lymphatic vessels, normal lymphatic function remains
intact when COUP-TFII is inactivated in adult mice. Similar to our
findings, blocking of VEGFR3 signaling in adult mice by means
of recombinant VEGFR3-Ig fusion protein has little effect on
mature lymphatic vessels (15). Furthermore, an antibody to Nrp2
that blocks VEGF-C binding does not affect established lymphat-
ics in normal adult mice (18). Together, these results suggest that
disruption of VEGFC/Nrp2/VEGFR3 signaling, either via COUP-
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TFII or direct inhibition, hampers early lymphatic vessel develop-
ment but has little impact on the quiescent lymphatic vessel func-
tion in the adult.

Most interestingly, we found that COUP-TFII is essential for
neo-lymphangiogenesis in adult mice. Lymphatic vessels, like the
blood vessel system, are quiescent in most adult tissues under
homeostatic conditions. In adults, lymphangiogenesis takes place
only in certain pathological conditions, such as during tumorigen-
esis, inflammation, and trauma induced by radiation treatment or
surgery (1). Recently, tumor lymphangiogenesis has received con-
siderable attention due to the abundant clinical evidence indicat-
ing that metastasis of malignant tumors via lymphatic vessels to
regional lymph nodes is an early sign of cancer spread in patients,
and it occurs as frequently as hematogenous metastasis. Here, we
showed that COUP-TFII is a crucial regulator for lymphangiogen-
esis, not only in embryonic development, but also in adults. Dis-
ruption of COUP-TFII activity in a mammary gland tumor mouse
model substantially reduces neo-lymphangiogenesis. Consistent
with this idea, tumor lymphangiogenesis and lymphatic metasta-
sis can be efficiently inhibited by soluble VEGFR3 fusion proteins
acting as a VEGF-C/-D trap (20, 37-40), by antibodies neutralizing
VEGFR3 (19, 41-43), and by small molecular VEGFR2/VEGFR3
kinase inhibitors (44). Additionally, blocking of VEGFR3 signal-
ing using a neutralizing antibody specifically suppresses VEGF-C-
induced lymphangiogenesis in adult mice, but the preexisting
lymphatics remained unaffected (45). Similarly, a monoclonal
antibody to Nrp2 does not affect established lymphatics in nor-
mal adult mice but reduces tumor lymphangiogenesis and inhib-
its metastasis (18). All these findings support the notion that
inactivation of COUP-TFII in the adult may inhibit the growth
of newly formed lymphatics exclusively, leaving the preexisting
vessels unaffected. Thus, targeting COUP-TFII and/or VEGFR3/
Nrp2 signaling with specific inhibitors in adults may be a safe and
potentially beneficial antilymphangiogenic therapeutic strategy.
In this regard, the COUP-TFII ligand binding domain structure
has been solved recently, and it contains a pocket for binding to
small molecule ligands (46). Thus, it is likely that small molecule
inhibitors of COUP-TFII that inhibit neo-lymphangiogenesis can
be used for cancer treatment.

Primary or inherited lymphedema, the accumulation of protein-
rich fluid in the interstitial space, is caused by mutations involved
in lymphatic development and function. Although there is cur-
rently no cure for lymphedema, the commonly employed treat-
ment is manual lymphatic drainage by massage and external com-
pression (47). Interestingly, a recent study has identified a single
mutation in Nrp2 that can cause primary lymphedema in patients
(48). Although this mutation occurred in families too small to
convincingly confirm cosegregation of mutation with the disease
phenotype, it is tempting to speculate that COUP-TFII is anoth-
er biologically plausible candidate gene associated with clinical
lymphedema. Future studies to elucidate the relevance of COUP-
TFII mutations in lymphedema will be of high clinical interest.

In summary, we identified COUP-TFII as a determinant of
lymphatic cell identity and a critical regulator of developmental
and postnatal lymphangiogenic response. To our knowledge,
COUP-TFIlL is the first identified transcription factor that direct-
ly regulates Nrp2 expression to modulate the VEGFR3/Nrp2
signaling pathway. The potential role of COUP-TFII in regu-
lating lymphangiogenesis via activation of the VEGFR3/Nrp2
signaling axis enhances the appeal of COUP-TFII as an effective
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molecular target in pro-lymphangiogenic treatment of primary
and secondary lymphedemas or in antilymphangiogenic therapy
targeting lymphatic metastasis.

Methods

Animal experiments. COUP-TFII*/F mice (24), COUP-TFII*/~ mice, and COUP-
TFII7/~ embryos (23) were generated as previously reported. The ROSA26CRE-
ER™ knock-in mouse strain was provided by T. Ludwig (Columbia Univer-
sity, New York City, New York, USA) (25). All mouse strains, except the mice
for the mammary tumor model, were maintained in a mixed genetic back-
ground (129/Sv x C57BL/6) and received standard rodent chow. A vaginal
plug was set as E0.5. For inducible deletions during embryonic stages, Tam
was dissolved in corn oil (Sigma-Aldrich; 10 mg/ml), and 3 mg Tam was
injected intraperitoneally into pregnant females starting at E9.5 to E13.5.
To induce COUP-TFII inactivation in the adult, 2-month-old mice were
intraperitoneally injected with 0.5 mg Tam for S consecutive days.

For the mammary gland mouse tumor model, MMTV-PyMT mice with
a FVB background were obtained from The Jackson Laboratory (49) and
were backcrossed to a C57BL/6 background for 7 generations. The back-
crossed MMTV-PyMT mice were then crossed with either COUP-TFII'/* or
ROSA26CRE-ER%;COUP-TFII*/F mice on a C57BL/6 background to gener-
ate MMTV-PyMT;COUP-TFII*/¥ (PyMT;F/F) or MMTV-PyMT;ROSA26CRE-
ER™;COUP-TFII*/F (PyMT;CRE-ER™/+F/F) mice. To induce COUP-TFII
inactivation in the mouse tumor model, 1-month-old mice were intra-
peritoneally injected with 0.5 mg Tam for 5 consecutive days.

For all studies, littermate controls were used. Experimental animals and
studies were approved by the Institutional Animal Care and Use Commit-
tee of Baylor College of Medicine.

Histological analysis and immunobistochemistry. Mouse tissues were fixed
with 4% PFA, dehydrated, and embedded in paraffin. For histological anal-
ysis, sections (7 wm) were stained with H&E. For immunohistochemistry
and whole-mount immunofluorescence staining, we used standard meth-
ods, following protocols detailed in the Supplemental Methods. The
following antibodies were used: anti-COUP-TFII (Perseus Proteomics);
anti-EphB4, anti-VEGFR3, anti-Neuropilin-1, anti-Neuropilin-2, and
anti-Endoglin (R&D Systems); anti-VEGFR2 (Cell Signaling Technolo-
gy); anti-Prox1 and anti-LYVE1 (AngioBio); anti-podoplanin (Hybridoma
Bank, University of Iowa, Iowa City, Iowa, USA); anti-laminin (DakoCyto-
mation); anti-collagen IV (Abcam); anti-Ki67 (BD Biosciences); and anti-
CD31 (PECAM) (BD Biosciences).

Lymphangiography. To visualize functional lymphatic vessels in adult
mice, 2,000-kDa FITC (10 mg/ml in PBS; Sigma-Aldrich) was intrader-
mally injected into the mouse tails or ears, and lymphatic vasculature
was immediately monitored by fluorescence microscopy (Zeiss). Alter-
natively, Evans blue dye (10 mg/ml in PBS; MP Biomedicals) was subcu-
taneously injected into the hind limb foot pads of mice that were first
anesthetized with Avertin (2-2-2-tribromoethanol). Mice were perfused
with PBS and then photographed.

RNA interference and plasmid construction. Human primary LECs were iso-
lated from neonatal human foreskins as previously described (29). Cells
were maintained in an EC-basic medium (EGM; Clonetics) at 37°C ina 5%
CO3, 95% humidity incubator. To silence COUP-TFII expression, cells were
transfected with COUP-TFII siRNA or control siRNA (Dharmacon), using
Oligofectamine (Invitrogen) according to manufacturer’s instructions. The
siRNA sequences are listed in Supplemental Table 1. For lentivirus construc-
tion, human Nrp2 (NM_003872) was constructed by PCR using template
plasmids from F. Bono (Sanofi-Aventis Recherche & Développement, Tou-
louse, France) and was subcloned in a lentivector with a CMV promoter.

Spheroid-based angiogenesis assay. The angiogenic assay was carried out as
described previously (50). Briefly, early passage LECs, subsequent to trans-
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fection or transduction, were suspended and then aggregated overnight to
form cellular spheroids (500 cells/spheroid). LEC spheroids were embed-
ded into collagen gels, and then 250 ng/ml VEGF-C in EGM-2 medium
(Lonza) were added on top of the gel. After 24 hours, in vitro angiogenesis
was quantified by measuring the number of sprouts and the cumulative
length of sprouts that had grown out of each spheroid using NIH ImageJ
software (http://rsbweb.nih.gov/ij/). Eleven to thirteen spheroids per
experimental group were analyzed.

In vitro proliferation assay. Cell proliferation was measured using a modified
MTS assay as previously described (51). In brief, siRNA-treated LECs were
incubated at 8 x 10* cells per well in 96-well plates coated with fibronectin
(10 ng/ml) and deprived of FBS for 12 hours, followed by stimulation with or
without the indicated concentrations of VEGF-C in cultured medium for 48
hours. Twenty ul of MTS tetrazolium compound (CellTiter 96 AQueous Kit;
Promega) was added to each well, and the cells were incubated for 4 hours at
37°C. Cell proliferation is expressed as a percentage of the control.

Wound scratch assay. Human primary LECs after transfection were seeded
at high density in a cultured medium, followed 1 day later by a wounding
of the confluent monolayer by scraping with a pipette tip.

Quantitative RT-PCR assay. Total RNAs were extracted from LECs using
TRIzoL (Invitrogen). First-strand cDNA were synthesized by SuperScrip-
tIII Reverse Transcriptase, using random hexanucleotide primers accord-
ing to the manufacturer’s instructions (Invitrogen). Quantitative RT-PCR
analyses were carried out using the ABI PRISM 7500 Fast Real-Time PCR
System (Applied Biosystems) and SYBR Green PCR Master Mix (Applied
Biosystems). All expression data were normalized to 185 rRNA. The primer
sequences are listed in Supplemental Table 2.

ChIPs. Human primary LECs were cultured on 3 15-cm plates and
harvested according to the manufacturer’s instructions (Upstate Bio-
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