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Abstract

Lymphatic valves prevent the backflow of the lymph fluid and ensure proper lymphatic drainage
throughout the body. Local accumulation of lymphatic fluid in tissues, a condition called
lymphedema, is common in individuals with malformed lymphatic valves. The vascular
endothelial growth factor receptor 3 (VEGFR3) is required for the development of lymphatic
vascular system. The abundance of VEGFR3 in collecting lymphatic trunks is high before valve
formation and, except at valve regions, decreases after valve formation. We found that in
mesenteric lymphatics, the abundance of epsin 1 and 2, which are ubiquitin-binding adaptor
proteins involved in endocytosis, was low at early stages of development. After lymphatic valve
formation, the initiation of steady shear flow was associated with an increase in the abundance of
epsin 1 and 2 in collecting lymphatic trunks, but not in valve regions. Epsin 1 and 2 bound to
VEGFR3 and mediated the internalization and degradation of VEGFR3, resulting in termination
of VEGFR3 signaling. Mice with lymphatic endothelial cell-specific deficiency of epsin 1 and 2
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had dilated lymphatic capillaries, abnormally high VEGFR3 abundance in collecting lymphatics,
immature lymphatic valves, and defective lymph drainage. Deletion of a single Vegfr3 allele or
pharmacological suppression of VEGFR3 signaling restored normal lymphatic valve development
and lymph drainage in epsin-deficient mice. Our findings establish a critical role for epsins in the
temporal and spatial regulation of VEGFR3 abundance and signaling in collecting lymphatic
trunks during lymphatic valve formation.

INTRODUCTION

The lymphatic vascular system plays a fundamental role in collecting extravasated fluid,
macromolecules, and immune cells from tissues and returning them to the blood circulation
(1). The signaling cascade that initiates lymphatic development begins with the transcription
factor Sox18 in a subpopulation of cardinal vein endothelial cells. Sox18 cooperates with the
transcription factor Coup-TFII (which is already present in the cardinal vein) to increase the
abundance of Prox1 (2, 3, 4). Prox1 is the first marker of lymphatic endothelial cells (LECs)
(4, 5). LEC precursors sprout and migrate to form a primary lymph sac that further expands
to form a primary lymphatic network at E14.5 in mice (6, 7). Separation of lymphatic and
blood vessels involves Podoplanin-CLEC-2-mediated signaling (8). Podoplanin in LECs is a
ligand for CLEC-2, which is a c-type lectin receptor in platelets. Separation of lymphatic
network from blood circulation requires signaling mediated by the tyrosine kinase SYK and
SLP-76 (Src-homology 2 domain-containing leukocyte protein of 76 kDa) downstream of
activation of CLEC-2 (8, 9).

The primary lymphatic network is further remodeled to form a mature lymphatic system
consisting of lymphatic capillaries and collecting lymphatic vessels. Lymphatic capillaries
are blind-ended vessels formed from a single layer of LECs with very permeable, button-
like junctions that allow the uptake of tissue fluid (lymph). In contrast, mature collecting
lymphatic vessels are surrounded by a basement membrane, pericytes, and smooth muscle
cells (10). Collecting lymphatic vessels also have lymphatic valves to enhance the
unidirectional flow of lymph (11). The major stages for embryonic valve formation include
the initiation of lymphatic valve formation at embryonic (E) day E16 with increased
abundance of Prox1 and Foxc2 (12). Mice without Foxc2 do not develop lymphatic valves
and have abnormal lymph flow (13). Clusters of Prox1-positive lymphatic valve-covering
LECs then form a ring-like structure that extends and matures into V-shaped leaflets that can
prevent lymph backflow. Following initial valve formation, Prox1 and Foxc2 are reduced in
the lymphatic trunk LECs. Lymph flow-mediated mechanical stimulus (12) and molecules
such as Ephrin-B2 (14), CX37, CX43 (15), Semaphorin3a, Neuropilin 1 (16, 17), integrin-
a9 (18) and bone morphogenetic protein 9 (BMP9) (19) are thought to play roles in
lymphatic valve formation or maturation. Lymphatic valves are crucial for efficient lymph
transport. Impairments of lymphatic development and function, potentially in conjunction
with fibrosis and infection, are implicated in various progressive and life-threatening human
primary lymphedema syndromes (20). Furthermore, lymph nodes and collecting lymphatic
vessels are commonly embedded in adipose tissues and are important for lipid metabolism.
Perinodal adipose tissue constantly undergoes dynamic inflammatory challenges, which
suggests a functional link between dysfunctional lymphatic vessels and obesity-associated
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metabolic diseases (21, 22). However the mechanisms of lymphatic valve morphogenesis
remain elusive. Collecting lymphatic vessels form at E14.5 — E15.5, corresponding with
high VEGFR3 abundance in the lymphatic trunk LECs (23). Moreover, VEGFR3 abundance
in the lymphatic trunk endothelial cells decreases at E17.5, a key event in the formation of
lymphatic valves (23). However, the mechanism with which VEGFR3 abundance in the
collecting lymphatic vessels is temporally regulated is poorly understood. Previous studies
of the distribution and function of VEGFR3 signaling have mainly focused on early
lymphatic development and lymphangiogenesis in which VEGFR3 and its ligand VEGF-C
are required for the survival, maintenance, and migration of endothelial cells in lymphatic
vessels during early developmental periods (1, 24, 25). Understanding how VEGFR3
abundance is deceased in collecting lymphatic trunk LECs is important to decipher the
development of the collecting lymphatic system.

Epsins are a family of ubiquitin-binding endocytic clathrin adaptors (26, 27, 28). Three
epsin isoforms are present in mammals: epsin 1 and 2 are present in all tissues (29), whereas
epsin 3 is exclusively found in the stomach (30). Mice lacking either epsin 1 or epsin 2 reach
adulthood and appear normal, suggesting functional redundancy. However, mice lacking
both epsin 1 and 2 die at E10, suggesting that these epsins have essential developmental
functions (29). To study the role of epsins in the vascular endothelium, we have previously
generated endothelial cell-specific epsin 1 and 2 knockout mice (EC-DKO). We have shown
that endothelial cell-specific or post-developmental inducible deletion of epsin 1 and 2 in
adult mice reduces tumor angiogenesis by selectively impairing internalization of VEGFR2
and enhancing VEGF signaling in tumor vasculature (31).

In this study, we used lymphatic endothelial cell type-specific constitutive and inducible
mouse genetics to investigate the roles of epsins in lymphatic development and VEGFR3
regulation.

Loss of epsins impaired collecting lymphatic valve formation in mice at embryonic and
early postnatal stages

To explore the roles of epsins in lymphatic development and function, we selectively ablated
epsin 1 and 2 in LECs by crossing epsin 17/: epsin 2=/~ mice (29, 31), with LYVE-1-Cre or
Prox1-CreERT2 mice which express Cre recombinase specifically in LECs to generate
lymphatic-specific epsin-deficient mice (LEC-DKO) or tamoxifen-inducible lymphatic-
specific epsin-deficient mice (LEC-iDKO), respectively (Fig. S1A, B). Mouse LECs were
isolated and purified from the mesenteries of wild-type or epsin-deficient mice with anti-
podoplanin beads. Purified LECs were characterized with immunostaining against LYVE-1,;
approximately 90% of the purified cells were LYVE-1 positive LECs (Fig. S1C). The purity
of LECs was further confirmed by flow cytometry using antibody against VEGFR3 (Fig.
S1D). Deletion of epsin 1 and 2 in LECs purified from LEC-DKO and LEC-iDKO were
validated by Western blotting and gRT-PCR analysis (Fig. SIE-H).

Because LEC-DKO and LEC-iDKO mice were viable and appeared normal, we examined
the collecting lymphatic vessels and lymphatic valves in these mice at different
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developmental stages. Development of mesenteric collecting lymphatic vessels begins at
E14.5 - E15.5, when a mesh-like network of lymphatic vessels is formed by LECs
surrounding the mesenteric arteries and veins (23). Whole mount staining revealed similar
mesh-like networks of mesenteric collecting lymphatic vessels with capillary like structures
along and across the blood vessels in both wild-type and LEC-DKO E15.5 embryos (Fig.
S2A, B). The morphology of collecting lymphatic vessels changed substantially at E16.5
such that the collecting lymphatic vessels started to fuse to form big lymphatic trunk with
few branches (Fig. S2C, D). By E17, lymphatic trunks were well formed (Fig. S2E, F). We
observed similar patterning of the collecting lymphatics in both genotypes; that is, the
development of collecting lymphatic vessels was indistinguishable in both wild-type and
LEC-DKO embryos from E15.5 to E17 (Fig. S2), suggesting that epsin-deficiency did not
initially interfere with the collecting lymphatic vessel development. We also examined
embryonic skin capillaries in wild-type and LEC-DKO embryos at E16.5 and E18.5 by
whole mount staining with antibodies against VEGFR3, Prox1 and the type | transmembrane
receptor Neuropillin-2, which is restricted to the vascular cell membrane in veins and
lymphatic vessels (34). At E16.5, vessel diameters in both genotypes were not statistically
significant (Fig. S3A-B, I). By E18.5, the lymphatic capillaries in LEC-DKO embryos were
enlarged compared to those in wild-type littermates (Fig. S3C-D, I). We also examined
postnatal lymphatic capillaries in wild-type and epsin-deficient pups, and found that at PO,
skin and intestinal tissues from both LEC-iDKO and LEC-DKO pups had enlarged
lymphatic capillaries (Fig. S4). Although the morphology of the collecting lymphatics in
LEC-DKO embryos was normal at E17 (Fig. S2), these pups developed enlarged collecting
lymphatic vessels at E18.5 (Fig. 1, fig. S3I), when lymphatic valves have matured (23). At
E18.5, we found that the mesenteric collecting lymphatic luminal valves were well
established in wild-type embryos and had two V-shaped leaflets (Fig. 1A, B). In contrast,
the LEC-DKO embryos had dilated lymphatic vessels and defective valves, although Prox1
was highly abundant in the putative valve region (Fig. 1C, D). Notably, the mesenteric
arteries and veins developed normally in both wild-type and LEC-DKO embryos (Fig. 1A,
C). Similar to LEC-DKO embryos, LEC-iDKO embryos also had defective valve formation
at E18.5 (Fig. S5A, B).

We further examined the lymphatic valve morphology at postnatal stages. Lymphatic valve
morphogenesis in postnatal mice requires the interaction of integrin-a9, a marker for
lymphatic leaflet formation, with its ligand, fibronectin-EINIA FN-EIIA in the extracellular
matrix (18). At postnatal day 6 (P6), wild-type pups had mature lymphatic valves that were
enriched for integrin-a9 and Prox1 in the valve region (Fig. 1E, F). In contrast, despite high
Prox1 and integrin-a9 abundance in the putative valve region, LEC-DKO pups displayed
mainly ring-shaped structures in the valve region with enlarged lymphatic trunks (Fig. 1G,
H). At P13, LEC-DKO pups exhibited dilated collecting lymphatic trunks with malformed
lymphatic valves compared to wild-type pups (Fig. 11, J). Bright field imaging revealed
chyle-filled lymphatic vessels and V-shaped luminal valves in P13 wild-type pups (Fig. 1K,
L) and enlarged lymphatic trunks with ring-shaped luminal valves in LEC-DKO pups (Fig.
1M, N). Similar to LEC-DKO pups, LEC-iDKO pups at P6 also had enlarged collecting
lymphatic vessels and defective leaflets in the mesenteric lymphatic valves (Fig. S5C, D).
Quantification of V-shaped valves in mesenteric lymphatic vessels showed that lymphatic
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valve formation was complete by E18.5 in wild-type embryos but was significantly delayed
in both LEC-DKO and LEC-iDKO embryos; only 25% and 30% of the normal number of
valves formed by P6 in LEC-DKO pups (Fig. 10) and LEC-iDKO pups (Fig. S5E). These
results indicated that deletion of epsin 1 and 2 in LECs results in valve maturation defects
during the embryonic and early postnatal stages. We concluded that lymphatic endothelial
epsin 1 and 2 are required for normal collecting lymphatic valve formation during
embryonic and early postnatal development.

Loss of lymphatic endothelial epsins caused defective lymphatic drainage

Abnormal development of the lymphatic system during early embryonic stages causes
edema due to failure to separate the lymphatic-venous systems, impaired lymphangiogenesis
or impaired lymphovenous valve formation (5, 7, 32, 33). Loss of lymphatic endothelial
epsins did not result in embryonic lethality or edema. Furthermore, although espin
deficiency in LECs impaired valve formation in collecting lymphatics, our examination of
LEC-DKO E17.5 embryos by immunostaining revealed normal lymph sac formation and
lymphovenous valve development (Fig. S6). This suggested that epsins are not crucial for
early embryonic lymphatic development and lymphovenous valve development.

To determine whether loss of epsins in lymphatic endothelial cells affects functional
lymphatic drainage postnatally, we examined lymphatic transport by intradermal injection of
FITC-Dextran into mouse ears. In P14 wild-type mice, FITC-Dextran was efficiently
collected in a typical lymphatic drainage pattern by collecting lymphatic vessels in the ear
dermis (Fig. 2A). In the ear dermis of P14 LEC-DKO mice, FITC-Dextran-filled lymphatic
vessels were dilated and discontinuous (Fig. 2B). Moreover, this impaired drainage of the
mutant lymphatics resulted in prominent residual FITC-Dextran staining in the surrounding
tissue (Fig. 2B). As an additional means of examining lymphatic drainage, we used
microlymphangiography to visualize the transport of FITC-Dextran injected intradermally
into the tip of the tail. In P14 wild-type mice, FITC-Dextran was easily detectable
throughout the entire tail at 8 minutes post injection (Fig. 2C). In contrast, LEC-DKO mice
exhibited a blockage in FITC-Dextran transport even at 20 minutes post injection, consistent
with the dysfunctional drainage seen in the ear (Fig. 2C). We also assessed popliteal lymph
node drainage by injecting Evans blue dye into the hind footpads of P6 pups. The blue dye
was collected by collecting lymphatic vessels into the popliteal lymph node of wild-type
pups but not of LEC-DKO pups 15 min after injection (Fig. 2D), further suggesting that
epsins in lymphatic endothelial cells are critical for the proper function of collecting
lymphatics. Together, our results showed that lymphatic drainage in the LEC-DKO mice is
severely impaired during early postnatal stages.

Steady lymph flow induced expression of epsin-encoding genes

We next investigated the expression of the genes encoding epsin 1 and 2 in LECs during
development. gRT-PCR analysis of freshly isolated mesenteric LECs revealed the
abundance of epsin 1 and epsin 2 was reduced before valve formation (at E14). Epsin 1 and
epsin 2 gene expression was induced at E18 and sustained postnatally (Fig. 3A). Whole
mount staining of collecting lymphatic vessel showed that the abundance of epsin 1 and 2
was high in lymphatic trunk LECs, which had low Prox1 abundance, but was low in valve-
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covering LECs, which had high Prox1 abundance (Fig. S7, A to D). This result suggested
the abundance of epsin 1 and 2 was selectively increased in lymphatic trunk LECs during
valve formation (Fig. S7E). We further explored the molecular mechanisms underlying the
preferential increase in epsin abundance in lymphatic trunk LECs. After their formation,
collecting lymphatic vessels transport lymph and in response to this lymph flow, LECs
undergo morphological and transcriptional changes (34, 35). LECs localized to areas of
disturbed flow form valves while the remaining LECs elongate and align under steady flow
to form lymphatic trunks (12). To test whether epsin 1 and 2 gene expression were spatially
regulated by the two types of lymph flow forces, we performed an in vitro laminar shear
stress assay to mimic lymph flow in collecting lymphatic vessels (11). Compared to static
conditions, the mRNA and protein abundance for both epsin 1 and epsin 2 were induced by
laminar shear stress (Fig. 3B, Fig. S8A, B). Because shear flow activates the activity of the
tyrosine kinase Src in endothelial cells (37), we also examined whether Src activity plays
role in flow-induced epsin expression. gRT-PCR analysis showed shear flow-induced epsin
increases were ablated by administration of the Src family kinase inhibitor PP2 (Fig. 3B),
suggesting that Src kinase activity is involved in laminar shear flow-induced epsin
expression in mouse LECs. As a positive control, we also examined the expression of
connexin 37 (CX37) under laminar shear stress. Consistent with previously published work
(12), CX37 expression was induced by laminar shear stress (Fig. 3B). We used an in vitro
oscillatory shear stress assay to mimic disturbed lymph flow in collecting lymphatic valve
regions (11, 12). Quantitative RT-PCR analysis showed that oscillatory fluid shear stress
induced the mRNA abundance of CX37, but not that of epsin 1 and epsin 2 (Fig. 3C).
Consistently, immunofluoresence staining showed that espin 1 and 2 abundance was
increased under laminar shear stress, but not under oscillatory shear stress, compared to
static condition (Fig. 3D — F, Fig. S8. C, D). These data suggested that epsin 1 and epsin 2
gene expression is induced in collecting lymphatic trunk LECs by the initiation of steady
lymph flow, but not in valve-covering LECs by oscillatory fluid shear stress.

Epsin and VEGFR3 abundance were inversely correlated during collecting lymphatic
vessel development

Maturation of collecting lymphatic vessels is marked by a decrease in collecting lymphatic
trunk LECs in the abundance of lymphatic endothelial-specific markers, including VEGFR3,
LYVE-1 and Prox1. Failure to decrease the abundance of these markers is linked to defects
in the maturation of collecting lymphatic vessels (23). Consistent with previous work (23),
whole mount staining revealed high VEGFR3 abundance in collecting lymphatic vessels at
E14 and E16 prior to lymphatic valve formation (Fig. 3G). VEGFR3 abundance in
collecting lymphatic trunk LECs was considerably decreased during and after lymphatic
valve formation, and was maintained at low amounts after birth (Fig. 3H, ). However,
VEGFR3 abundance in the valve-covering LECs was not decreased (Fig. 3H, 1). Moreover,
gRT-PCR analysis of the mesenteric LECs showed that VEGFR3 mRNA expression did not
change during different developmental stages (Fig. S9). In addition, phosphorylation of
VEGFR3 was high at E14 and E16, but low after E18 (Fig. 3J) which resulted from
increased total VEGFR3 abundance during developmental stages (Fig. 3K). These data
suggest temporal and/or spatial regulation of the abundance of VEGFR3 during collecting
lymphatic vessel maturation. We next assessed changes in the abundance of epsin 1 and 2
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during the development of the collecting lymphatic system. Western blotting analysis
showed that the abundance of epsin 1 and 2 in the mesenteric lymphatics was low at E14 to
E16, before lymphatic valve formation, but increased at E18 and in postnatal animals (Fig.
3J, K). Thus, the abundance of epsin 1 and 2 in the collecting lymphatic vessels was
inversely correlated to that of VEGFR3: the abundance of epsins was high in lymphatic
trunk LECs but low in valve-covering LECs, whereas the abundance of VEGFR3 was low in
lymphatic trunk LECs but high in valve-covering LECs. These data suggest the possibility
of a temporal and spatial relationship between the increase in epsin 1 and 2 abundance and
the decrease in VEGFR3 abundance during collecting lymphatic maturation.

Loss of epsins results in the maintenance of high VEGFR3 abundance in lymphatic trunk
LECs, leading to lymphatic valve deformation

To investigate whether epsin 1 and 2 play a role in suppressing VEGFR3 abundance in
LECs, we examined VEGFR3 abundance in mesenteric collecting lymphatic vessels from
P5 wild-type and LEC-DKO pups by whole mount immunofluorescence. VEGFR3
abundance in wild-type collecting lymphatic trunk LECs was low except in the valve-
covering LECs (Fig. 4A). In contrast, epsin-deficient LECs did not show a decrease in
VEGFR3 abundance resulting in high abundance of this receptor in lymphatic trunk LECs
(Fig. 4B). Consistent with these results, Western blotting revealed increased VEGFR3
abundance in LECs purified from the skin (Fig. 4C, D) and mesentery (Fig. 4E, F) of LEC-
DKO mice when compared to LECs from WT mice. Intriguingly, loss of epsins in LECs
increased the abundance of VEGFRS3 but not that of other growth factor receptors including
VEGFR1, EGFR, PDGFRp, or TGFBR1 suggesting that epsin 1 and 2 specifically enhance
the abundance of certain receptors (Fig. 4E, F). qRT-PCR analysis indicated that VEGFR3
MRNA expression in freshly isolated or cultured mesenteric LECs from wild-type or LEC-
DKO mice was comparable between the two groups of mice, thus ruling out a role for
increased transcription (Fig. S10). Thus, lymphatic valve-covering LECs have high
VEGFR3 abundance whereas lymphatic trunk LECs have low VEGFR3 abundance. Epsin 1
and 2, which are induced by steady lymph flow, determine the abundance of VEGFR3 in
valve-covering LECs and lymphatic trunk LECs (Fig. 4G). We also examined VEGFR3
abundance in wild-type and LEC-DKO lymphatic capillaries at E16.5 before valve
formation and at E18.5 after lymphatic valve formation. VEGFR3 abundance was not
statistically different at E16.5 in either genotype (Fig. S3E, S3F, S3J). At E18.5, however,
LEC-DKO embryos showed increased VEGFR3 abundance with enlarged lymphatic vessels
compared to wild-type embryos (Fig. S3G—-H, S3J). We reasoned that the increased
VEGFR3 abundance due to epsin deficiency should enhance VEGF-C-induced
lymphangiogenesis. To test this notion, we measured lymphatic vessel sprouting and LEC
proliferation in the ears of wild-type and LEC-DKO mice after injection of VEGF-C. As
expected, VEGF-C adminstration increased numbers of sprouting points and proliferating
LECs as revealed by EdU staining in LEC-DKO mice compared to wild-type mice (Fig.
S11).

Loss of epsins inhibited ligand-induced VEGFRS3 internalization and signaling termination

We have demonstrated that epsins suppress tumor angiogenesis by promoting VEGF-A-
induced VEGFR?2 internalization and degradation in vascular endothelial cells (31). We
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hypothesized that VEGFRS3 activated by VEGF-C or VEGF-D also undergoes similar epsin-
mediated internalization and degradation to decrease VEGFR3 signaling. To address this
question, we measured the cell surface abundance of VEGFR3 on VEGF-C-stimulated
primary LECs purified from the skin of wild-type or LEC-DKO mice with anti-podoplanin
beads. FACS analysis indicated that after 15 min, VEGF-C stimulation produced a marked
decrease in the cell surface pool of VEGFR3 in wild-type LECs, but not in epsin-deficient
LECs (Fig. 5A), suggesting that epsins are required for VEGF-C-induced VEGFR3
internalization. In addition, total surface abundance of VEGFR3 was higher in epsin-
deficient LECs than in wild-type LECs (Fig. 5A). To further examine whether loss of epsins
abolished VEGF-C-induced internalization of cell surface VEGFR3, we performed cell
surface biotinylation assays on LECs. After VEGF-C stimulation, a large fraction of
VEGFR3 was internalized in wild-type LECs, but not in epsin-deficient LECs (Fig. 5B).
These results supported the idea that loss of epsins impairs internalization of cell surface
VEGFR3, resulting in surface accumulation of VEGFR3.

To test whether increased cell surface abundance of VEGFR3 affected VEGFR3 signaling,
LECs from wild-type or LEC-DKO mice were treated with VEGFC c156s, a mutant form of
VEGF-C that specifically binds to VEGFR3 but not to VEGFR2 (36, 37). Epsin-deficient
LECs had more total and proportionally more phosphorylated VEGFR3 than wild-type
LECs (Fig. 5C, D). The phosphorylation of downstream signaling molecules, PLCy, Akt and
ERK, were also significantly higher in epsin-deficient LECs than in wild-type LECs (Fig.
5E, F). These results suggested that epsin 1 and 2 are required for VEGF-C-induced
internalization of VEGFR3 and termination of downstream signal transduction processes.

Epsin physically interacted with activated VEGFR3

We next investigated whether epsins interact with VEGFR3. Western blotting of anti-epsinl
immunoprecipitates with anti-VEGFR3 antibody revealed that the interaction of endogenous
VEGFR3 with both epsin 1 and epsin 2 was enhanced in primary mouse wild-type skin
LECs upon VEGF-C stimulation (Fig. 6A, B). Furthermore, overexpressed VEGFR3 in
293T cells was ubiquitinated after VEGF-C stimulation (Fig. 6C). Because VEGF-C
induced the ubiquitination of VEGFR3, we tested whether the interaction of epsin 1 with
VEGFR3 requires the ubiquitin interacting motif (UIM). In VEGF-C-stimulated 293T cells,
overexpressed VEGFR3 interacted with wild-type epsin 1, but not a mutant form of epsin 1
lacking the UIM domain (epsin 1AUIM) (Fig. 6D, E), indicating that the interaction between
epsin 1 and activated VEGFR3 requires the epsin UIM.

Deletion of a single VEGFR3 allele or pharmacological suppression of VEGFR3 activity
restored lymphatic valve formation and improved lymphatic function caused by epsin loss

Our previous work has established that loss of endothelial epsin 1 and 2 increases VEGFR2
signaling by preventing epsin-mediated internalization of VEGFR2 (31). Deletion of a
single VEGFR?2 allele improves aberrant VEGFR2 signaling caused by epsin loss (40). In
addition to vascular endothelium, VEGFR?2 is also present in LECs, and loss of epsin 1 and
2 in LECs also caused increased VEGFR2 abundance (Fig. 4E). Similar to VEGFR3,
VEGFR?2 is mainly present at lymphatic valve-covering LECs after collecting lymphatic
maturation (41). However, the contribution of VEGFR2 to the development of the lymphatic
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vascular system has not been defined. We investigated whether specifically reducing the
increased VEGFR3 abundance caused by epsin loss would be sufficient to rescue abnormal
lymphatic valve formation. We crossed LEC-iDKO mice with VEGFR3-eGFP knock in
mice (42), resulting in a VEGFR3 heterozygote on an inducible LEC-specific epsin 1 and 2
deletion background (LEC-iDKO-FIt4 €GFP*) We isolated and purified LECs from wild-
type, LEC-iDKO and LEC-iDKO-Flt4 ¢GFP/+ mesenteric tissues. Western blotting indicated
that loss of a single VEGFRS3 allele was sufficient to reduce VEGFR3 protein abundance in
LEC-iDKO-Flt4 ¢GFP/* tg that of wild-type (Fig. S12A, B). Although LEC-iDKO-

Flt4 €GFP/* mice exhibited increased VEGFR2 abundance, the mesenteric lymphatic valve
formation and numbers of normal valves were significantly increased and comparable to
those wild-type pups at P6 (Fig. 7A-C). Collecting lymphatic drainage function was also
improved in LEC-iDKO-Flt4 €FP/* mice (Fig. 7D, E). To further investigate whether
impaired collecting lymphatic valve formation in LEC-DKO mice is a result of sustained
VEGFR3 signaling in LECs, we tested whether the VEGFR3 kinase inhibitor MAZ51 (43)
could rescue the abnormal lymphatic valve phenotype in LEC-DKO mice. We first
determined the effect of MAZ51 on VEGF-C-induced VEGFR3 signaling in SVEC 4-10
cells, a mouse LEC line with endogenous VEGFR3. VEGF-C-induced phosphorylation of
VEGFR3 and downstream signaling, as measured by phosphorylation of PLCy and Akt,
were inhibited by MAZ51 treatment (Fig. S12C). Next, we examined if normalization of
VEGFR3 signaling by MAZ51 in LEC-DKO pups could restore normal lymphatic
development. In skin harvested from P6 pups that were subcutaneously injected with
MAZ51 or vehicle control (DMSO), VEGFR3 downstream signaling was decreased by
MAZ51 treatment to that seen in wild-type pups (Fig. S12D). Administration of MAZ51
into LEC-DKO pups significantly restored the morphology of collecting lymphatic valves
and increased the numbers of mature V-shaped valves at P6 (Fig. 7F, G). Thus, suppression
of sustained VEGFR3 signaling increased valve formation in LEC-DKO mice. These data
suggest that deletion of a single VEGFR3 allele or pharmacological suppression of sustained
VEGFR3 activity increased valve formation in epsin-deficient mice (Fig. 7H). We next
analyzed whether administration of MAZ51 also improves the collecting lymphatic drainage
function in LEC-DKO pups. We found that MAZ51 treatment improved FITC-Dextran
transport through the collecting lymphatic vessels of LEC-DKO pups (Fig. 71, J). We also
examined the lymphatic capillary morphology in both MAZ51 injected LEC-DKO pups and
LEC- iDKO-FIt4 €SFP* pups and found the enlarged lymphatic capillaries in both LEC-
DKO and LEC-iDKO pups were restored to sizes comparable to those in wild-type pups
(Fig. S13, quantified in Fig. 7K). Collectively, our data demonstrated a role for epsins in
promoting the crucial function of collecting lymphatic vessels by temporal and spatial
reducing VEGFR3 abundance, and thus VEGFR3 signaling, resulting in normal valve
formation during embryonic and early postnatal life.

DISCUSSION

Our findings have unraveled a crucial role of epsins in regulating collecting lymphatic
development by controlling lymphatic valve formation and drainage function. The
mechanical stimulus caused by lymph flow greatly increased epsin 1 and 2 abundance in
lymphatic trunk LECs before collecting lymphatic valve formation. Epsin 1 and 2

Sci Signal. Author manuscript; available in PMC 2015 April 14.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Liuetal.

Page 10

functioned as inhibitors of VEGFR3 by mediating the degradation of this receptor, which
resulted in the establishment of LECs with low abundance of VEGFR3 in collecting
lymphatic trunks. In contrast, VEGFR3 abundance remained high in regions with low epsin
abundance, namely at valve-covering regions (Fig. S14). Thus, epsins regulate lymphatic
endothelial cell behavior by dampening the VEGFR3 signaling pathway, like Rasa 1,
another inhibitor of VEGFR3 signaling (44). Similar to epsins, Ephrin-B2 also control the
growth of blood and lymphatic vessels but do so by promoting the endosomal localization of
VEGFR2 and VEGFR3, thereby promoting VEGFR2 and VEGFR3 signaling (45, 46).

Lymphatic capillary patterning and lymphovenous valves developed normally in epsin-
deficient embryos at early developmental stage. Normal lymphovenous valve formation and
lymphatic capillary development ensure functional drainage in early stage embryos and
explains the absence of edema in LEC-DKO embryos. Conversely, we observed that epsin
deficiency caused dilation of collecting lymphatic vessels and lymphatic capillaries in E18.5
embryos and neonates. However, prominent dilation in lymphatic capillaries and major
defects were not apparent in collecting lymphatic patterning before lymphatic valve
formation, suggesting that the impaired lymphatic valves is unlikely a secondary defects
caused by dilated vessels at early developmental stages. In addition to collecting lymphatics,
VEGFR3 abundance was also increased in dilated lymphatic capillaries in E18.5 LEC-DKO
embryos. Whether the dilation of lymphatic vessels is a direct result of increased VEGFR3
signaling or a secondary by product of impaired lymphatic drainage still needs to be
investigated fully in the future. Furthermore, how epsin abundance is regulated in lymphatic
capillary needs to be determined.

Dysfunction in lymphatic vessels is implicated in numerous human diseases including
lymphedema, inflammation and cancer metastasis. Effective treatments for edema or
metabolic diseases due to collecting lymphatic dysfunction are currently lacking. Patients
with Lymphedema-Distichiasis Syndrome carry mutations in the forkhead transcription
factor Foxc2. Mice with Foxc2 deficiency display defective lymphatic valve formation and
maturation. Together, they provide evidence that lymphatic valves play critical roles in
maintaining unidirectional flow and preventing lymph back flow (13). Understanding the
mechanisms underlying lymphatic valve formation will help generate new therapeutic
strategies that target lymphatic valve malformation or collecting lymphatic dysfunction. Our
work suggests that epsins regulate lymphatic valve development and function and could be
potential therapeutic targets.

MATERIALS AND METHODS

Animal model

All animal procedures were approved by the Institutional Animal Care and Use Committee
of the Oklahoma Medical Research Foundation.

We have reported a strategy for generation of an epsin 1 and 2 global DKO mouse model
(29, 31). Briefly, Epsin 11/l mice were mated with epsin 27/~ mice to generate epsin 17/f;
epsin 27/~ mice. LYVE-1 EGFP-hCre mice were purchased from Jackson Laboratory (Bar
Harbor, ME) and have the LYVE-1 promoter driving constitutive expression of Cre
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recombinase in LECs (47). Constitutive LEC-specific epsin 1 and 2 deletion (LEC-DKO)
mice were generated by crossing epsin 1%/ epsin 27/~ mice with LYVE-1 EGFP-hCre mice
that specifically delete epsin 1 and 2 in LECs (47). Prox1-CreERT2 deleter mouse was a
kind gift from Dr. R. Sathish Srinivasan and has been described previously (48). Tamoxifen
inducible LEC-specific epsin 1 and 2 deletion (LEC-iDKO) mice were obtained by crossing
epsin 11: epsin 27/~ mice with Prox1-CreERT2 deleter mice which inactivate the epsin 1
gene specifically in LECs cells upon tamoxifen administration. VEGFR3-eGFP knock-in
mouse was a kind gift from Dr. Hirotake Ichise and has been described previously (40).
VEGFR3 heterozygous LEC-iDKO mice (LEC-iDKO-FIt4¢GFP/*) were generated by
crossing epsin 11l epsin 2=/~ mice with VEGFR3-Egfp mice generating epsin 17/fl: epsin
27/~ FIt48GFP* mice, then subsequently crossing with Prox1-CreERT2 deleter mice. All
mice were bred on C57BL/6J background. To induce embryonic deletion of epsin 1, we
administered 4-hydroxytamoxifen (50 pg per 10g of body weight) by intraperitoneal
injection into pregnant females at E11 and E12. To induce postnatal deletion of epsin 1, we
administered 4-hydroxytamoxifen by intraperitoneal injection into pregnant mice using the
dose above at E14 then 50 pg was injected into pups at P3, P4 and P5. Embryonic age (E)
was determined according to the day of the vaginal plug (EO.5).

Visualization of lymphatic vessels function

To examine mouse ear lymphatic drainage, 5 uL of 8 mg/mL FITC-Dextran (2,000kDa,
Sigma) was intradermally injected into P14 mouse ears. Fifteen minutes post-injection, mice
were euthanized. Ears were removed and fixed in 4% paraformaldehyde (PFA). To examine
the mouse hind leg lymphatic drainage, 5 uL of 8 mg/mL FITC-Dextran or 8 uL of 3%
Evans blue dye (Sigma-Aldrich) was intradermally injected into mouse foot pads. Fifteen
minutes post-injection, mice were euthanized. For FITC-Dextran injected mice, the hind leg
skin was removed and fixed in 4% PFA. FITC-Dextran transport was visualized by an
Olympus 1X81 Spinning Disc Confocal Microscope with an Olympus plan Apo Chromat
10x objective and Hamamatsu Orca-R2 Monochrome Digital Camera at room temperature.
To investigate the mouse tail lymphatic vessel function, 10 uL of 8 mg/mL FITC-Dextran
was injected into mouse tail tip. The FITC-Dextran reflux was examined by Olympus BH-2
intravital multiphoton microscope with Zeiss Axiocam MRC camera and the fluorescent
intensity was analyzed by Zeiss Axovision 4.8 software. For Evans blue injected mice,
popliteal lymph nodes were dissected and the Evans blue-stained popliteal lymph nodes
were imaged by a CCD camera attached to a stereo-microscope (Leica). Color intensities
were compared.

Lymphatic vessel sprouting and proliferation in vivo

To detect lymphatic vessel sprouting in vivo, 3-month-old wild-type and LEC-DKO mice
was daily treated with 100 ng of recombinant VEGF-C (R&D) in PBS or PBS by
intradermal injection into the ear skin for 2 days. To detect lymphatic endothelial
proliferation, mice were injected intraperitoneally with 150 pg EdU (Sigma) in PBS at day 2
after VEGF-C injections. At day 3, mice were Killed and one ear of each mouse was
dissected for whole mount staining. The other ear was embedded in optimal cutting
temperature (OCT) compound (Sakura).
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Immunostaining

Cell culture,

For tissue whole mount staining, mesentery, intestine, or skin were dissected, fixed in 4%
PFA, and blocked in PBS solution containing 5% donkey serum and 0.3% Triton X-100. For
staining, we used anti-mouse CD31 (BD), anti-mouse VEGFR3 (R&D), anti-mouse
LYVE-1 (R&D), anti-mouse Neuropilin-2 (R&D), anti-mouse integrina-9 (R&D), goat anti-
mouse epsin 1 (Santa Cruz), goat anti-mouse epsin 2 (Santa Cruz), and anti-mouse Prox1
(Angiobio) antibodies. Samples were mounted with Vectashield. Photomicrographs were
obtained using an Olympus 1X81 Spinning Disc Confocal Microscope with an Olympus
plan Apo Chromat 20x objective and Hamamatsu Orca-R2 Monochrome Digital Camera.

For OCT embedded ear tissues, 10-um cryostat sections were cut, air dried, fixed in 4%
PFA, and blocked in PBS solution containing 5% donkey serum and 0.3% Triton X-100. We
used anti-mouse LYVE-1 (R&D) antibodies for staining. In the case of EdU labeling,
sections after incubation with secondary antibodies were fixed in 4% PFA for 20 min and
incorporated EdU was detected by incubation with 100 uM Alexa Fluor 594 azide (Life
technologies) diluted in 200 mM Tris, 0.5 mM CuSO4 and 50 mM ascorbic acid. Samples
were mounted and analyzed as described above.

For LEC staining, cultured LECs were fixed with 4% PFA or 100% MetOH, permeabilized
with 0.1% Triton X-100 and blocked in PBS solution containing 5% donkey serum and
0.1% Triton X-100. We used anti-LYVE-1 antibody to analyze LEC purification. We used
rabbit anti-epsin 1 (26, 27) and goat anti-epsin 2 (Santa Cruz) antibodies to measure epsin 1
and 2 abundance under flow or static conditions. Samples were mounted and analyzed as
described above.

plasmids and transfection

Primary mouse LECs were isolated from skin or mesenteric tissues of wild-type and LEC-
DKO mice as previously described (49). Briefly, the finely minced skin or mesentery tissue
was digested with enzyme solution (2 mg/ml collagenase, 5 mg/ml dispase; Roche) at 37°C
for 1 hour, then the cells were cultured in complete endothelial cell medium (Invitrogen).
Anti-Podoplanin antibody (clone 8F11, MBL) was first labeled with Biotin (EZ-Link®
Micro Sulfo-NHS-LC Biotinylation Kit) according to the manufacture’s instructions. LECs
were further purified by streptavidin-conjugated magnetic beads (Pierce) after cells were
incubated with biotinylated anti-Podoplanin antibodies for 2 hours at room temperature. The
identity of LECs was confirmed with LYVE-1 immunofluorescence staining and VEGFR3
flow cytometry analysis. LEC purity (>90%) was measured by expressions of LYVE-1 and
VEGFR3. Deletion of epsin 1 and 2 were confirmed by quantitative RT-PCR and Western
blotting.

Mammalian expression plasmids for HA-tagged epsin 1 and its mutants were described
previously (28). 293T cells were transfected with VEGFR3, HA-tagged epsin 1, or HA-
tagged epsin1AUIM constructs with Lipofectamine 2000 according to the manufacturer’s
instructions (Invitrogen).
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RNA extraction and Quantitative RT-PCR

Mouse LECs were isolated and purified as described. Mesenteric tissues were harvested
from P6 wild-type or LEC-DKO mice. RNA was extracted using RNeasy Mini Kit
(QIAGEN) according to the manufacturer’s instructions. cDNA was synthesized using the
SuperScript 11 First-Strand Synthesis SuperMix (Invitrogen). Individual quantitative RT-
PCR was performed using gene-specific primers. VEGFR3 (5'-
CTGGCCAGAGGCACTAAGAC-3, 5-CAGGGTGTCCTCTGGGAATA-3) (50); Epsin 1
(5’-CTACCAACGTCCATTGCGGT-3, 5-GCAGCGATGAGGTCGACATT-3'); Epsin 2
(5’-TCT ATC AGA CGG CAG ATG AAA AAC-3,5-GTC ATT GGA GGT GGC CTC
C-3"); CX37 (5'-GGCTGGACCATGGAGCCGGT-3, 5'-
TTTCGGCCACCCTGGGGAGC-3'); 18S rRNA (5-CGCGGTCCTATTCCATTATTC-3,
5-CCC GAAGCG TTT ACT TTG AAA-3)).

Immunoprecipitation and Western Blotting

Immunoprecipitation and Western blotting analyses were performed as described previously
(31). For detection of phosphorylated VEGFR3 signaling in vitro, LECs were lysed with
RIPA buffer (25mM Tris-HCI pH 7.6, 150 mM NacCl, 1% NP-40, 1% sodium deoxycholate,
0.1% SDS at pH6.8 and protease inhibitors) after stimulation with 100 ng/ml VEGFC c156s
(R&D) for 0, 5, and 15 minutes. Cell lysates were followed by immunoprecipitation with
anti-mouse VEGFR3 antibodies (R&D) and Western blotting using anti-mouse 4G10
antibodies (Santa Cruz). Ligand induced downstream signaling were detected by Western
blotting using antibodies against p-Akt (Cell Signaling), p-PLCy (Cell Signaling), p-ERK
(Cell Signaling).

For detection of the endogenous interaction of VEGFR3 with epsin 1 or epsin 2, LECs were
lysed with RIPA buffer after stimulation with 100 ng/ml VEGF-C (R&D) for 0, 5, and 15
minutes. Cell lysates were followed by immunoprecipitation with goat anti-mouse epsin 1
(Santa Cruz) or epsin 2 (Santa Cruz) antibodies and Western blotting using VEGFR3
antibodies (R&D).

Skin or mesentery tissues from P6 wild-type or LEC-DKO mice were dissected and
sonicated in RIPA buffer. Total protein concentration was measured using the BCA Protein
Assay Kit (Pierce). Western blot analyses were performed using anti-VEGFR3 (R&D), anti-
VEGFR?2 (Cell Signaling), anti-VEGFR1 (Cell Signaling), anti-TGFpR1 (Cell Signaling),
anti-PDGFR (Cell Signaling), or anti-EGFR (Cell Signaling) antibodies. All Western
blotting quantification was performed by NIH Image 1.60.

For mesenteric LECs Western blotting, mesenteric tissues were dissected from E14, E16,
E18, PO, and P6 embryaos or pups. Collecting lymphatics from E16, E18, PO, and P6 were
carefully collected from mesenteric tissues under dissection microscopy. Tissues were
digested and LECs were purified as described above. Protein abundance were detected by
Western blotting using anti-mouse epsin 1 (26, 27), anti-mouse epsin 2 (27), anti-mouse
VEGFR3 (R&D) and anti-mouse p-VEGFR3 (Cell Applications) antibodies.

For detecting the interactions of VEGFR3 with epsin 1 UIM domain, lysates of transfected
293T cells were either pulled down by anti-HA antibodies (epsin 1 or epsin 1AUIM), or
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anti-human VEGFR3 antibodies (Cell Signaling). Interactions were identified by Western
blotting using anti-human VEGFR3 (Cell Signaling) or anti-HA (Roche) antibodies. For
Western blotting, bound antibodies were detected using HRP-conjugated secondary
antibodies (Jackson ImmunoResearch) and ECL chemiluminescence (Pierce).

Cell surface VEGFR3 endocytosis assay

Mouse LEC cell surface VEGFR3 endocytosis was performed as described previously (31).
Briefly, mouse LECs were incubated with 1 mM EZ-Link Sulfo-NHS-S-S-Biotin (Pierce)
on ice for 30 minutes. Cells were then stimulated with 100 ng/ml VEGF-C for 0, 5, and 15
minutes to allow receptor endocytosis. Remaining uninternalized surface biotinylated
plasma membrane proteins were removed by incubation with PBS/50 mM glycine/50 mM
DTT for 30 minutes on ice. Cells were lysed and processed for streptavidin bead pull down.
Internalized VEGFR3 was visualized by Western blotting using anti-VEGFR3 antibodies
and quantified by NIH Image 1.60.

FACS analysis of cell surface abundance of VEGFR3

FACS analysis of the cell surface abundance of VEGFR3 was performed as described
previously (31). Briefly, mouse LEC suspensions were stained with anti-VEGFR3 antibody
(R&D) for 30 minutes on ice, followed by fluorescent secondary antibody staining for
another 30 minutes on ice. Isotype antibody served as a negative control. Flow cytometry
was performed on a FACSCalibur (BD Biosciences). Data were analyzed with BD
CellQuest Pro software.

Application of shear stress to LEC monolayers

To examine effect of shear stress on epsin MRNA and protein abundance in LECs, LECs
were cultured in a parallel flow chamber (ibidi flow chamber, ibidi) under laminar shear
flow (4 dyn/cm?) or under oscillatory flow conditions (4 dyn/cm?2, ¥ HZ) driven by a peri-
static pump as described previously (12), or under static condition for 16 hr at 37 °C. Shear
stress parameters were chosen based on the stress measurements reported previously (11).
Some sets of LECs were pretreated with 10 pM PP2 (4-amino-5-(4-chlorophenyl)-7-(t-
butyl) pyrazolo [3, 4-d]pyrimidine) (Sigma-Aldrich), a Src family kinase inhibitor, or
DMSO for 30 min before exposure to laminar shear flow as described previously (51).

Administration of the VEGFR3 pharmacological inhibitor MAZ51

The SVEC 4-10 cell line, an SV40-transformed murine endothelial cell line (52), was a kind
gift from Dr. Minghui Zhou. For in vitro experiment, LECs were further purified from
SVEC 4-10 by streptavidin-conjugated magnetic beads after cells were incubated with
biotinylated anti-podoplanin antibody. Purified SEVC 4-10 cells were starved overnight and
pretreated with 10 uM MAZ51 (Sigma-Aldrich) for 4 hours, followed by VEGF-C
stimulation for 5 minutes. For in vivo experiment, 10 mg/kg MAZ51 or DMSO was
subcutaneously injected into LEC-DKO pups at P2, P5, and 8h before dissection at P6 as
described previously (43).
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Statistical analysis

Percentages dependence on covariates was modeled with logistic regression implemented as
part of glm function in the R statistical software. Distribution of continuous variable means
(for example, mean expression) among several groups was analyzed with the ANOVA
procedure or t test also implemented in R. Validity of the ANOVA assumptions was
established with Shapiro-Wilks test (normality) and Brown-Forsythe Levene test
(homoscedasticity). The 95% confidence intervals of group means/proportions, shown in the
figures, were returned by the gIm/ANOVA procedures as part of the standard output. The p
values for testing the difference between groups, also displayed in the figures, were obtained
by using the contrast options of the two functions. The omnibus test, implemented as part of
ANOVA, was used to test mean equality among several groups at once.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Defective collecting lymphatic valve formation in LEC-DKO mice
A-H) Representative whole mount immunofluorescent staining of wild-type and LEC-DKO

mesenteric lymphatic valves at E18.5 (A-D) and P6 (E-H) with antibodies against CD31,
Prox1 and Integrin-a9. B, D and F, H are enlarged images of A, Cand E, G. A, C: n=5
embryos per group; E, G: n=6 pups per group. Itga9: Integrin-a9. V: vein, A: artery, L:
collecting lymphatic. Scale bar, 100 um (A, C, E, G); Scale bar, 50 um (B, D, F, H). 1-J)
Representative whole mount immunofluorescent staining of wild-type (1) and LEC-DKO (J)
mesenteric lymphatic valves at P13 with antibodies against CD31 (n=6 pups per group).
Scale bar, 100 pm. K-N) Representative bright field images of chyle-filled mesenteric
vessels in both wild-type (K, L) and LEC-DKO mice (M, N) (n=6 mice per group). LEC-
DKO mice (L) have immature valve morphology (black arrow) and dilated vessels
compared to wild-type mice (N). L: Lymphatic vessels. Scale bar, 1 mm (K-M); Scale bar,
50 um (L-N). O) Quantification of percentages of V-shaped valve numbers of in wild-type
and LEC-DKO mice at different developmental stages. *, P<0.05; geographic regression.
All values are mean x SD (n=3 independent experiments).
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Fig. 2. Impaired lymphatic drainage in LEC-DKO mice
A-B) Representative images of ear lymphatic drainage after FITC-Dextran injection in P14

wild-type (A) and LEC-DKO (B) mice (n=9 mice per group). Arrow indicates a defective
valve. Scale bar, 50 um. C) Representative fluorescence microlymphangiography of FITC-
Dextran injection into tail tips of P14 wild-type (n=4) and LEC-DKO mice (n=6) analyzed
in 3 independent experiments. Black arrow above the images marks the direction of
lymphatic transport. Scale bar, 1 cm. Quantification of FITC-Dextran labeling intensity is
shown at right. Two-way ANOVA. D) Representative images of popliteal lymph nodes
(black arrows) after Evans blue injection into hind foot pads of P6 wild-type and LEC-DKO
pups (n=6 pups per group analyzed in 3 independent experiments). White dashed lines
indicate a possible collecting lymphatic vessel. Scale bar, 5 mm. Quantification of Evans
blue intensity is shown at right. All values are mean + SD. *p<0.05; Logistic regression.
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Fig. 3. Reciprocal expression of VEGFR3 and epsin in developing collecting lymphatic vessels
A) Quantification of gRT-PCR analysis of epsin 1 and epsin 2 mRNA in mesenteric

lymphatics at developmental stages of E14, E16, E18, PO and P6 (n=3 independent
experiments). One-way ANOVA. B) Quantification of gRT-PCR analysis of epsin 1, epsin 2
and CX37 mRNA from mouse LECs pretreated with or without PP2 under steady shear
stress or static conditions (n=3 independent experiments). One-way ANOVA. C)
Quantification of qRT-PCR analysis of epsin 1, epsin 2 and CX37 mRNA from mouse LECs
under laminar shear stress or static conditions (n=3 independent experiments). All values are
mean + SD. *p<0.05; Student t test. D-F) Representative immunostaining of mouse LECs
after 16 hours of static, laminar shear stress or oscillatory shear stress conditions using
antibodies against epsin 1, epsin 2 and counterstained with DAPI (n=3 independent
experiments). Scale bar, 10 um. White arrow indicates the colocalization of epsin 1 and
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epsin 2. G-1) Representative whole mount immunostaining of wild-type mesenteric
collecting lymphatic vessels at developmental stages E16 (n=6 embryos) (G), PO (n=5 pups)
(H), and P6 (n=4 pups) (1) using antibodies against VEGFR3. Scale bar, 50 pm. J) Western
blot analysis of epsin 1, epsin 2, VEGFRS3, and p-VEGFR3 in isolated mesenteric LECs at
developmental stages E14, E16, E18, PO and P6. K) Quantification of epsin 1, epsin 2, and
VEGFRS3 protein abundance normalized to Tubulin (left panel) and VEGFR3
phosphorylation normalized to total VEGFR3 abundance (right panel) (n=3 independent
experiments). All values are mean + SD. *p<0.05 compared to E14; One-way ANOVA.
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Fig. 4. Increased VEGFR3 abundance in LEC-DKO collecting lymphatic trunk LECs
A-B) Representative whole mount immunostaining of wild-type (A) and LEC-DKO (B)

mesenteric collecting lymphatic vessels at P5 using antibodies against VEGFR3 (n=5 pups
per group). White arrows indicate lymphatic valves. The diagrams at the right are models for
how epsin 1 and 2 facilitate the decrease in VEGFR3 abundance in collecting lymphatic
trunk LECs to ensure proper valve formation. Scale bar, 100 um. C) Western blotting
analysis of VEGFR3 abundance in skin LECs from WT and LEC-DKO mice. D)
Quantification of VEGFR3 abundance normalized to Tubulin (n=3 independent
experiments). E) Western blotting analysis of VEGFR3, VEGFR2, VEGFR1, EGFR,
PDGFRB, and TGFBR1 abundance in mesenteric LECs from WT and LEC-DKO mice. F)
Quantification of receptor protein fold changes normalized to Tubulin (n=3 independent
experiments). All values are mean + SD. *p<0.05; One-way ANOVA. G) Schematic
summary of the predicted roles of epsins in temporally and spatially regulating VEGFR3
abundance during lymphatic valve formation. Blue arrow indicates the two different types of
lymph flow. Diagram at the right indicates the possible regulatory role of epsins which are
increased by steady flow thus reducing VEGFR3 abundance to ensure proper valve
formation.
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Fig. 5. Decreased ligand-induced VEGFR3 internalization and signaling termination in epsin-

deficient LECs

A) FACS analysis of the surface abundance of VEGFR3 in LECs from wild-type or LEC-
DKO mice. Quantification is shown at right (n=6 independent experiments). B) Western blot
analysis of internalized biotinylated VEGFR3 detected by pull down with streptavidin beads
and Western blotting with VEGFR3 antibodies. Quantification of VEGFR3 internalization is
shown at right (n=4 independent experiments). C) Mouse LECs from wild-type and LEC-
DKO mice were stimulated with VEGFC ¢156s for indicated time points and lysates were
followed by immunoprecipitation with VEGFR3 antibodies or control 1gG. Phospho-
VEGFR3 signals were detected by Western blotting using 4G10 antibodies. D)
Quantification of total and phosphorylated VEGFR3 shown in (C) (n=3 independent
experiments). E) Mouse LECs from wild-type and LEC-DKO mice were stimulated with
VEGFC c156s for the indicated time points, and VEGFR3 downstream signaling was
analyzed by Western blotting with the indicated antibodies. F) Quantification of VEGFR3
downstream signaling shown in (E) (n=3 independent experiments). All values are mean *
SD. *p<0.05; **p<0.01; Two-way ANOVA.
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Fig. 6. Epsin interacted with activated VEGFR3 through its UIM domain
A) Mouse LECs were stimulated with VEGF-C for indicated time points and lysed followed

by immunoprecipitation with epsin 1 antibodies or control 1gG. Interactions were detected
by Western blotting with the indicated antibodies. B) Quantification of epsin 1-bound
VEGFR3 (n=3 independent experiments) and epsin 2-bound VEGFR3 (n=3 independent
experiments). All values are mean + SD. *p<0.05; One-way ANOVA. C) Lysates from
HEK 293T cells expressing VEGFR3 or empty vector were stimulated with VEGF-C and
then immunoprecipitated with VEGFR3 antibodies then Western blotted with ubiquitin
antibodies (n=3 independent experiments). Ub: ubiquitin. D) Lysates from HEK 293T cells
expressing combinations of VEGFR3, HA-epsin 1, HA-epsin 1AUIM, or empty vector and
stimulated with VEGF-C for 15 minutes were immunoprecipitated with HA antibodies or
control 1gG and Western blotted with the indicated antibodies (n=3 independent
experiments). E) Lysates from HEK 293T cells expressing combinations of VEGFR3, HA-
epsin 1, HA-epsin 1AUIM, or empty vector and stimulated with VEGF-C were
immunoprecipitated with VEGFR3 antibodies or control IgG and Western blotted with the
indicated antibodies (n=3 independent experiments).
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Fig. 7. Improved lymphatic valve formation by reducing VEGFR3 abundance or activity in
epsin-deficient mice

A-C) Representative whole mount immunostaining of mesenteric lymphatic valves of P6
wild-type mice (A), LEC-iDKO mice (B), and LEC-iDKO-FIt4¢SFP/* mice (C). White
arrow indicates potential lymphatic valve region. Scale bar, 50 pm. D) Representative image
of lymphatic drainage after FITC-Dextran injection into the footpads of P6 LEC-iDKO-
FIt48GFP/* mice. Scale bar, 50 um. E) Quantification of percentage of functional collecting
lymphatic vessels assessed as in (C) in P6 wild-type, LEC-iDKO or LEC-iDKO-FIt4¢GFP/+
pups (n=3 pups per group analyzed in 3 independent experiments). All values are mean +
SD. *p<0.05; Logistic regression. F-G) Representative whole mount immunostaining of
mesenteric lymphatic valves of P6 LEC-DKO mice treated with DMSO (F) or LEC-DKO
mice treated with MAZ51 (G). White arrow indicates potential lymphatic valve region.
Scale bar, 50 um. H) Quantification of percentage of VV-shape mesenteric lymphatic valves
in (A-C) and (F-G) (n=3 pups per group analyzed in 3 independent experiments). All values
are mean + SD. **p<0.01; Logistic regression. I) Representative image of lymphatic
drainage after FITC-Dextran injection into footpads of P6 LEC-DKO mice treated with
MAZ51. Scale bar, 50 um. J) Quantification of percentage of functional collecting
lymphatic vessels in P6 LEC-DKO pups assessed as in (1) after treatment with DMSO or
MAZ51 (n=6 pups per group analyzed in 3 independent experiments). All values are mean +
SD. *p<0.05; Logistic regression. K) Quantification of mean lymphatic vessel diameters in
P6 DMSO-treated LEC-DKO, MAZ51-treated LEC-DKO, LEC-iDKO, LEC-iDKO-
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FIt4eGFP/+ and wild-type intestinal capillary. Statistically significant differences are
indicated. All values are mean + SD (n=3 embryos per group analyzed in 3 independent
experiments). *p<0.05; One-way ANOVA.
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