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Abstract

During the growth of lymphatic vessels (lymphangiogenesis), lymphatic endothelial cells (LECs)
at the growing front sprout by forming filopodia. Those tip cells are not exposed to circulating
lymph, as they are not lumenized. In contrast, LECs that trail the growing front are exposed to
shear stress, become quiescent and remodel into stable vessels. The mechanisms that
coordinate the opposed activities of lymphatic sprouting and maturation remain poorly
understood. Here we show that the canonical tip cell marker Delta-Like 4 (DLL4) promotes
sprouting lymphangiogenesis by enhancing Vascular Endothelial Growth Factor C (VEGF-C)
IVEGF Receptor 3 (VEGFR3) signaling. However, in lumenized lymphatic vessels laminar
shear stress (LSS) inhibits the expression of DLL4, as well as additional tip cell markers.
Paradoxically, LSS also upregulates VEGF-C/VEGFR3 signaling in LECs, but sphingosine 1-
phosphate (S1P) receptor 1 (S1PR1) activity antagonizes LSS-mediated VEGF-C signaling to
promote lymphatic vascular quiescence. Correspondingly, S7pr1 loss in LECs induced
lymphatic vascular hypersprouting and hyperbranching, which could be rescued by reducing
Vegfr3 gene dosage in vivo. In addition, S1PR1 regulates lymphatic vessel maturation by
promoting membrane localization of the tight junction molecule Claudin-5. Our findings suggest
a new paradigm in which LSS induces quiescence and promotes the survival of LECs by
downregulating DLL4 and enhancing VEGF-C signaling, respectively. S1PR1 dampens
LSS/VEGF-C signaling, thereby preventing sprouting from quiescent lymphatic vessels. These
results also highlight the distinct roles that S1PR1 and DLL4 play in LECs when compared to

their known roles in the blood vasculature.
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Introduction
Several signaling pathways (VEGF-A, Notch, BMP, PDGF-B, Angiopoietin-1 and -2, S1P,
shear stress) are known to regulate angiogenesis in a highly coordinated manner (1). The
migratory tip cells and the more-mature stalk cells have distinct characteristics (2). One of the
important distinctions is that the tip cells are devoid of blood flow, whereas stalk cells actively
experience hemodynamic cues and shear stress. DLL4, ADM, ESM1 and ANGPT2 are
established markers of sprouting, angiogenic tip cells (3). The expression of at least some of
these molecules is regulated by VEGF-A, which is expressed maximally in the vicinity of tip
cells (4-7). However, to the best of our knowledge the mechanisms that restrict the expression
of these molecules to a few cell layers close to the migrating front are not fully understood.
Growth of lymphatic vessels from pre-existing vessels is achieved via
lymphangiogenesis, a process that is phenotypically similar to angiogenesis. The mechanisms
that control lymphangiogenesis remain incompletely understood (8). VEGF-C binding to, and
activation of, its cognate receptor VEGFR3 is the most well-studied pro-lymphangiogenic
pathway known, and is necessary for the formation, migration and proliferation of lymphatic
endothelial cells (LECs). Indeed, Vegfc” mice lack LECs and Vegfc™ mice have severe
lymphatic vessel hypoplasia (9). Likewise, mice harboring a dominant negative mutation in
VEGFR3 feature hypoplastic lymphatic vessels (10). In contrast, VEGF-C overexpression in
mice results in lymphatic vessel overgrowth and dysplasia (11). Consequently, mice
overexpressing VEGF-C during a critical developmental time window develop lymphatic
vascular defects, such as chylous ascites and chylothorax, and die rapidly after birth. Hence, a
delicate balance of VEGF-C/VEGFR3 signaling is necessary for the proper patterning of the
lymphatic vasculature. Specifically, while sprouts must form at the growing front under the

influence of VEGF-C, the distal trailing vessels must remain stable and quiescent. Accordingly,
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negative regulators of VEGF-C/VEGFRS signaling likely play key roles in coordinating
productive lymphatic vascularization.

Shear stress produced by fluid flow is an important regulator of vascular development
and physiology (12). Both oscillatory shear stress (OSS) and laminar shear stress (LSS) are
necessary for lymphatic vascular development. OSS regulates the expression of molecules
such as FOXC2 and GATAZ2 that are necessary for the maturation of lymphatic vessels and
lymphatic valve development (13-16). In contrast, LSS regulates valve maturation (17) and
promotes LEC proliferation by inhibiting Notch signaling (18, 19). However, whether any direct
crosstalk exists between shear stress and VEGF-C signaling pathways is currently not known.

Sphingosine 1-phosphate (S1P) receptor 1 (S1PR1) is a G protein-coupled receptor
(GPCR) that is necessary for preventing hypersprouting of the blood vessel endothelium.
VEGF-A promotes the internalization and degradation of VE-cadherin from tight junctions to
promote endothelial sprouting. S1PR1 antagonizes this process by stabilizing VE-cadherin
assembly into adherens junctions and by inhibiting VEGF signaling thus limiting sprouting and
enabling blood vessel maturation (20-22). Furthermore, S1PR1 is necessary for normal blood
endothelial cell responses to LSS (23). Normally, in response to LSS blood endothelial cells
align in the direction of blood flow and become quiescent (24). However, in the absence of
S1PR1 blood endothelial cells fail to align in the direction of flow and do not activate LSS-
responsive signals such as phosphorylation of downstream effector molecules like ERK, AKT
and eNOS (23). Based on this knowledge, we hypothesized that STPR1 also controls

lymphatic vascular sprouting during lymphangiogenesis and maturation in response to LSS.
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RESULTS

S1PR1 signaling is active in mature lymphatic vessels: Using our previously reported
RNA-Sequencing (RNA-Seq) data, we determined that STPR1 is the most strongly expressed
S1P receptor in primary cultured human LECs (HLECs) (Supplementary Figure 1A) (14, 25).
Immunohistochemistry (IHC) on cryosections from embryonic day (E)17.5 wild-type mouse
embryos confirmed that S1PR1 is expressed in LECs in vivo (Supplementary Figure 1B).

S1P binding to S1PR1 stimulates several signaling events such as Gi-dependent Rac
GTPase action and 3-arrestin recruitment to the plasma membrane, which leads to receptor
internalization. To identify cells with S1PR1 signaling, we employed S1PR1-GFP reporter mice.
These mice express: 1) S1PR1 C-terminally fused to a tetracycline transactivator (tTA),
separated by a TEV protease recognition site, as well as 2) a R-arrestin-TEV protease fusion
protein. Thus, in the presence of S1P ligand, R-arrestin-TEV protease is recruited to and
cleaves the S1PR1-tTA chimeric receptor; free tTA then translocates to the nucleus to activate
expression of a tetracyline response element-driven H2B-EGFP reporter (26). We analyzed
cryosections of E16.5 S1PR1-GFP embryos and observed few GFP* blood endothelial cells
(Supplementary Figure 1C, arrowheads). Interestingly, most PROX1* LECs were GFP*
(Supplementary Figure 1C, arrows), but some PROX1" LECs were clearly GFP"
(Supplementary Figure 1C, red arrowheads).

To determine whether the GFP* LECs were spatially restricted, we performed whole-
mount IHC on the dorsal skin of E16.5 S1PR1-GFP embryos. Lymphatic vessels sprouting
from the left and right lymph sacs migrate towards the midline of the dorsal skin in a
stereotypic manner (27). These lymphatic vessels featured elevated GFP reporter expression
compared to blood vessels (Figure 1A, compare white and yellow arrowheads, respectively).
Furthermore, GFP was evident in maturing lymphatic vessels (Figure 1A, white arrowheads)

and in lymphatic valves (Figure 1A, green arrowheads), but LECs at the migrating front lacked
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GFP expression (Figure 1A, arrows). As expected, GFP was not expressed in single
transgenic H2B-GFP negative control littermates (Figure 1A). Thus S1PR1 signaling is
restricted to quiescent LECs in lymphatic vessel stalks, rather than tip LECs undergoing active

lymphangiogenesis.

S1PR1 prevents lymphatic vessel hypersprouting and hyperbranching: To investigate the
function of S1PR1 signaling in the lymphatic endothelium, we used Lyve1-Cre (28) to delete
S1pr1 (29) specifically in LECs of the dorsal skin vasculature. We generated Lyve1-
Cre;S1pr1” embryos by breeding Lyve1-Cre;S1pr1™ with S1pr1” mice. E16.5 Lyve1-
Cre;S1pr1” embryos did not display any obvious defects such as edema or blood-filled
lymphatic vasculature suggesting that the lymphatic drainage is happening in mutants (data
not shown). However, analysis of the dorsal skin by whole mount immunohistochemistry
revealed that the E16.5 Lyve1-Cre;S1pr1” embryos displayed a higher number of lymphatic
vessel branches (Figure 1B). The S71pr1 mutant lymphatic vessels were dilated and did not
reach the dorsal midline, unlike control vessels (Figure 1B). The migrating front appeared
indistinguishable between control and mutant embryos (data not shown). In contrast,
excessive sprouts were seen within the lymphatic plexus of mutant embryos (Figure 1B,
arrows).

We genotyped over 400 animals at postnatal day 10 (P10), but obtained only 4 Lyve1-
Cre;S1pr1” mice, indicating perinatal lethality. The surviving adult animals displayed increased
lymphatic vascular sprouts in the heart and the ears (Figure 1C, arrowheads). These results
suggest that S1PR1 prevents lymphatic vascular hypersprouting and hyperbranching during

embryogenesis and organogenesis.
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S1PR1 regulates the expression of claudin-5 in maturing lymphatic vessels: During
angiogenesis, S1PR1 regulates the stability of quiescent blood endothelial cells by promoting
the VE-Cadherin assembly into adherens junctions (20, 23). VE-Cadherin is also a
mechanosensory molecule that is critical for sensing shear stress (30). Mice lacking Cdh5
(which encodes VE-Cadherin) in blood endothelial cells recapitulated the hypersprouting
phenotype of mice lacking S7pr1 (20). We did not observe any obvious reduction in VE-

Cadherin expression within the lymphatic vessels of E17.5 Lyve1-Cre;S1pr1f/'

embryos,
although VE-Cadherin appeared to be mislocalized in some LECs (Figure 2A, red
arrowheads). In addition, lymphatic vascular hypersprouting and hyperbranching were not
reported in Cdhb lymphatic mutant mice (31, 32). Hence, we conclude that VE-Cadherin
expression is not regulated by S1PR1 in LECs although its localization appears to be regulated.
S1PR1 maintains blood-brain barrier by regulating the proper localization of tight
junction proteins including Claudin-5 (33). Therefore, we tested whether Claudin-5 localization
could be defective in the lymphatic vessels of Lyve1-Cre;S1pr1” embryos. Intriguingly,
Claudin-5 was expressed in a gradient within the growing lymphatic vessels at E16.5. Claudin-
5 expression was lower in the migrating lymphatic vessels compared to the patent vessels of
the posterior plexus (Figure 2B, compare red and black arrowheads, respectively). This
gradient of Claudin-5 expression was reminiscent of reporter activity in the S1PR1-GFP
embryos (Figure 1A). Therefore, we investigated whether expression of Claudin-5 is regulated
by S1PR1. Claudin-5 expression remained low in the migrating lymphatic front of Lyve1-
Cre;S1pr1”" embryos (Figure 2B, red arrowhead). However, Claudin-5 was dramatically
downregulated in the posterior lymphatic plexus (Figure 2B, black arrowhead). This

observation indicated that S1PR1 regulates the expression of Claudin-5 in the developing

lymphatic vasculature.
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In summary, our data suggest that S1PR1 regulates the quiescence and maturation of
lymphatic vasculature by preventing hypersprouting and by promoting cell-junction formation

respectively.

DLL4 is a pro-lymphangiogenic molecule in vitro and in vivo: S1PR1 activity is excluded
from the migrating tip cells (Figure 1A) and deletion of S7pr1 from LECs resulted in the
dramatic increase in the number of tip cells (Figure 1B). Delta-like 4 (DLL4) is the prototypic
tip-cell marker in blood vasculature. DIl4 encodes a Notch ligand that is critical for blood
vascular patterning. VEGF-A activation of VEGFR2 in tip cells increases DIl4 expression (5). In
turn, DLL4 activates Notch signaling in adjacent stalk cells, which decreases VEGFR2 levels
and inhibits excessive sprouting (5, 34, 35). Deletion of just one allele of DIl4 results in
embryonic death due to arteriovenous malformations and hypersprouting of the blood
endothelial cells (5, 34-37). DLL4 inhibits VEGF-C signaling in vivo in the zebrafish blood
vasculature (38). As in blood vessels, DLL4 is expressed in the tip cells of intestinal lacteals
(39). Likewise, DLL4 is expressed in the growing front of dermal lymphatic vessels
(Supplementary Figure 2). Both pro- and anti-lymphangiogenic properties are attributed to
DLL4. Overexpression of DLL4-Fc, which inhibits the activity of endogenous DLL4, results in
ectopic sprouts (40). In contrast, DIl4 is required for postnatal lymphangiogenesis during
wound healing and intestinal lacteal regeneration (39, 41). Given that the angiogenic
phenotype of DII4*" mice is similar to loss of S1PR1, we investigated whether DIl4 is required
for normal lymphatic vessel patterning during mouse development.

IHC revealed that the lymphatic vessels in the dorsal skin of E16.5 D/l4" embryos were
severely hypoplastic (Figure 3A). Additionally, DII4*" mutant embryo lymphatic vessels were
less migratory than control litermates and had significantly fewer branch points (Figure 3A).

These results indicate that in contrast to its role in blood vasculature, DLL4 promotes the

8
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growth of lymphatic vessels. VEGF-C and its receptor VEGFRS3 are critical, established
positive regulators of lymphangiogenesis. Hence, by using in vitro assays we tested whether
DLL4 regulates VEGF-C signaling. Briefly, we transfected HLECs with siDLL4, then treated
them with VEGF-C. As expected, HLECs treated with siDLL4 showed downregulation of DLL4
and Notch1 activation, as assessed by presence of the cleaved Notch1 intracellular domain
(NICD) (Figure 3B). Consistent with the pro-lymphangiogenic role of DLL4 in vivo, siDLL4
treatment reduced the levels of pERK and pAKT in HLECs treated with VEGF-C (Figure 3B).
These results suggest that DLL4 enhances VEGF-C signaling in tip LECs to promote

lymphangiogenesis.

Laminar Shear Stress (LSS) inhibits the expression of tip-cell expressed molecules in
an S1PR1-independent manner: In addition to DLL4, Angiopoietin-2 (ANGPT2), Endothelial
Cell Specific Marker 1 (ESM1), and Adrenomedullin (ADM) are expressed in blood endothelial
tip cells (3). Both ANGPT2 and ADM promote lymphatic vascular growth and patterning in vivo
(42, 43), while ESM1 can enhance HLEC proliferation induced by VEGF-C in vitro (7). Thus, all
tip-cell enriched genes are necessary for lymphatic vascular growth. Furthermore, tip cells are
not exposed to shear stress as they lack a functional lumen (2, 22).

We exposed HLECs to 5 dynes/cm? LSS as described by Choi et al (18, 19) and
investigated whether S1PR1 and LSS could synergize in restricting the expression of tip cell
markers. Indeed, LSS potently inhibited the expression of DLL4, ANGPT2, ESM1 and ADM in
both control siRNA and siS71PR1-treated HLECs (Figure 3C). Knockdown of S1PR1 slightly
reduced the expression of ANGPT2 in HLECs cultured under static conditions (Figure 3C).
Expression of ESM1 was also potently downregulated by siSTPR1 (Figure 3C). However, no
obvious differences in expressions of ESM1, ANGPT2 or ADM were observed between control

siRNA and siST1PR1 transfected HLECs cultured under LSS (Figure 3C). A slight reduction in
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DLL4 was observed in siSTPR1 transfected HLECs cultured under LSS (Figure 3C). However,
while Western blotting confirmed the downregulation of DLL4 expression by LSS (Figure 3D),
we did not observe an obvious difference in DLL4 expression between control siRNA and
SiS1PR1 treated HLECs that were cultured under LSS (Figure 3E). These results indicate that
LSS inhibits the expression of several tip-cell molecules in HLECs in an S1PR1-independent

manner.

S1PR1 does not regulate VEGF-C signaling in HLECs cultured under static conditions:
Having excluded the role of S1PR1 in regulating tip cell identity we investigated whether
S1PR1 signaling could directly regulate VEGF-C signaling or LSS in HLECs. Briefly, HLECs
were serum starved for 6 hours, pretreated with either the S1PR1 agonist SEW2871, or the
S1PR1 antagonist W146 for 1 hour, and then treated with 100 ng/ml VEGF-C. We observed no
obvious differences in either phosphorylated ERK or AKT between control and SEW2871-
treated HLECs, whereas W146 treatment slightly reduced the levels of pERK and pAKT
(Figure 4A). In addition, HLECs treated with control siRNA or siS1PR1 for 48 hours prior to
stimulation with either 100 ng/ml or 10 ng/ml VEGF-C did not show any obvious differences in
PERK or pAKT levels (Figure 4B and data not shown). Together, these data suggest that

S1PR1 signaling does not inhibit VEGF-C signaling in HLECs under static conditions.

S1PR1 is not necessary for the LSS response in HLECs: LSS promotes the quiescence of
blood vascular endothelial cells (44, 45). S1PR1 is necessary for HUVEC alignment in
response to LSS and for activating LSS-regulated signaling pathways (MEK/ERK, PI3K/AKT,
and eNOS) (23). Likewise, LSS elevated pERK and pAKT levels in HLECs within 10 minutes,
and this increase returned to baseline levels after 30 minutes (Figure 4C). To determine

whether S1PR1 is required for LSS-mediated activation of flow-induced signaling pathways,
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we exposed HLECs transfected with control siRNA and siS1PR1 to LSS. Phosphorylation of
ERK, AKT, p38 and eNOS was indistinguishable between control siRNA and siS71PR1-treated
HLECs (Figure 4D). Furthermore, both control and siSTPR1-treated HLECs exposed to 24
hours of LSS had upregulated the shear stress-responsive genes KLF2 and KLF4 (Figure 4E),
and were elongated and aligned in the direction of fluid flow (Figure 4F). Altogether, these

results demonstrate that that S1PR1 is not necessary for canonical LSS responses in HLECs.

LSS enhances VEGF-C signaling, which is antagonized by S1PR1: LSS sensitizes blood
endothelial cells to BMP9 and BMP10 signaling (46). To test whether LSS sensitizes HLECs to
VEGF-C stimulation, we exposed HLECs to LSS for 24 hours, and then treated with 10 ng/ml,
5 ng/ml or 1 ng/ml of VEGF-C for 10 minutes. We found that LSS enhanced the
phosphorylation of ERK and AKT at all tested concentrations of VEGF-C compared to static
culture conditions (Figure 5A). Thus, LSS potentiates VEGF-C signaling in HLECs.

To determine whether S1PR1 affects this process, we transfected HLECs with control
siRNA or siS1PR1, exposed them to LSS and then treated with VEGF-C. We found that
phosphorylation of ERK and eNOS was increased in siS1PR1-treated HLECs compared to
control cells (Figure 5B). Total eNOS was also increased in siST1PR1-treated HLECs. In
contrast, AKT phosphorylation was unchanged. These data suggest that S1PR1 antagonizes
specific downstream pathways of LSS-enhanced VEGF-C signaling in HLECs.

Early growth response 1 (EGR1) is an immediate early gene that is activated by VEGF-
C in HLECs (4), so we examined whether this process is affected by LSS and S1PR1. EGR1
expression was downregulated by LSS (Figure 5C). Although VEGF-C induced EGR1
expression in both statically cultured and LSS-treated HLECSs, the fold induction was higher in
HLECs grown under LSS (Figure 5C and Supplementary Figure 3). Importantly, EGR1 was

upregulated even further in siS1PR1-treated HLECs compared to control cells that were
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cultured under LSS. Together these results further suggest that STPR1 signaling antagonizes

LSS-enhanced VEGF-C signaling.

Vegfr3-heterozygosity ameliorates hypersprouting caused by the deletion of S71pr17:
Given our findings that S1PR1 inhibits VEGF-C/VEGFRS signaling in vitro, we hypothesized
that genetic reduction of VEGF-C/VEGFRS3 signaling components would ameliorate the
phenotypes observed in Lyve1-Cre; S1pr1”" mice. Indeed, Vegfr3 heterozygosity rescued the
increased numbers of sprouts and branches that were observed in lymphatic S7pr1 mutants
(arrows) (Figure 5D). However, neither the increased vessel diameter, nor delayed migration
was rescued by Vegfr3-heterozygosity. Furthermore, Claudin-5 expression remained reduced
in Lyve1-Cre;S1pr1”;Vegfr3*" embryos (Supplementary Figure 4) suggesting that these
S1PR1 mutant phenotypes are likely not dependent on VEGF-C/VEGFR3 signaling.

In summary, LSS plays a dual role in regulating lymphangiogenesis. On the one hand
LSS inhibits the expression pro-lymphangiogenic molecules such as DLL4, ANGPT2, ESM1
and ADM, and on the other hand LSS promotes VEGF-C signaling. S1PR1 is not involved in
LSS-mediated downregulation of pro-lymphangiogenic molecules. However, S1PR1

antagonizes LSS-enhanced VEGF-C signaling.

S1PR1 regulates the membrane localization of Claudin-5 by inhibiting RhoA: To
investigate how S1PR1 regulates Claudin-5, we treated cultured HLECs with the S1PR1
inhibitor W146. 30 minutes of W146 treatment dramatically decreased Claudin-5 staining in the
periphery of HLECs (Figure 6A). However, Western blotting revealed that the expression of
claudin-5 was not downregulated in W146-treated HLECs (data not shown), suggesting that
S1PR1 inhibition causes mislocalization of Claudin-5. No obvious changes were observed in

the expression of other tight junction and adherens junction proteins ZO-1 and VE-Cadherin,
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although they were expressed with a discontinuous (zigzag) pattern in W146-treated HLECs
(Figure 6A and Supplementary Figure 5A, respectively). Furthermore, gaps could be seen in
between cells, suggesting that the cell-cell interactions were compromised (Supplementary
Figure 5A, white arrowheads). We used in vitro cell permeability assays to verify this
observation. Briefly, we coated plates with biotin-conjugated gelatin before seeding HLECs.
Confluent HLECs were treated with W146 for 30 minutes, fixed, washed and stained with
Alexa 488-conjugated streptavidin. Intercellular gaps were revealed by a green signal. As
shown in Supplementary Figure 6, inhibition of S1PR1 by W146 resulted in increased
intercellular gaps.

We next investigated how S1PR1 regulates Claudin-5 localization. Cell-cell interactions
and cell shape are regulated by the actin cytoskeleton. Hence, we analyzed the cytoskeletal
architecture of control and W146-treated HLECs by using Alexa 488-conjugated phalloidin
staining. Cortical actin (actin around the cell periphery) was enriched in vehicle-treated HLECs
(Supplementary Figure 5A). In contrast, treatment with W146 for 30 minutes induced active
remodeling of cytoskeleton with the formation of radial actin bundles that are orientated
perpendicularly to the cell periphery (Supplementary Figure 5A, red arrowheads). The
increased accumulation of the radial actin fibers supports a cell retraction mechanism, which
was also supported by the decreased size and compromised barrier integrity of W146-treated
HLECs (Supplementary Figure 5A and Supplementary Figure 6). Altogether, these data
show that W146 treatment compromises cytoskeletal architecture in cultured lymphatic
endothelial cells.

The Rho family of small GTPases, such as RhoA, regulate cytoskeletal dynamics (47).
We found that RhoA activity was increased in HLECs treated with W146 (Figure 6B). We
tested whether inhibition of RhoA/ROCK pathway could restore Claudin-5 localization in W146-

treated HLECs. Treatment of HLECs with ROCK inhibitor Y-27632 for 6 hours resulted in “oak
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leaf shaped” HLECs in which the expression of VE-Cadherin and Claudin-5 were intact
(Figure 6A). Strikingly, Y-27632 pretreatment followed by incubation with W146 for 30 minutes
prevented the formation of radial actin bundles, cellular retraction and Claudin-5
downregulation (Figure 6A). These results indicate that STPR1 regulates the membrane
localization of Claudin-5 in HLECs by inhibiting RhoA/ROCK activity. Nevertheless, HLEC
permeability was increased by Y-27632 as well (Supplementary Figure 6). Furthermore,
W146-induced formation of gaps between HLECs was not completely abolished by Y-27632
(Supplementary Figure 5A, white arrowheads and Supplementary Figure 6). These results
indicate that both over-activation or inhibition of RhoA activity could compromise HLEC barrier
integrity.

Localization of Claudin-5 at the periphery of HLECs was restored 24 hours after
treatment with W146 (Supplementary Figure 5B). VE-Cadherin was also expressed in a
uniform manner around the cell membrane, indicating that the cell-cell junctions were fully
restored. However, treatment with W146 for 24 hours resulted in elongated HLECs with
obvious increases in stress fiber (actin fibers that traverse across the cytoplasm) formation
(Supplementary Figure 5C). The elongated morphology of HLECs, increased formation of
stress fibers and elevated RhoA activity were also observed in HLECs treated with siSTPR1
(Figure 6C and Supplementary Figure 5D). Based on these observations, we conclude that
loss of STPR1 upregulates RhoA activity and transiently disrupt Claudin-5 localization and cell-
cell interactions. As Claudin-5 expression is unaffected in siS1PR1-treated HLECs, we
concluded that Claudin-5 is dispensable for the crosstalk between LSS and VEGF-C signaling.

In conclusion, LSS regulates lymphangiogenesis via two distinct mechanisms of action.
First, LSS inhibits the expression of pro-lymphangiogenic sprouting genes, such as DLL4,
ANGPT2, ESM1 and ADM, which does not involve S1PR1. Second, LSS enhances VEGF-C, a

process that is directly antagonized by S1PR1. Additionally, STPR1 regulates the membrane
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localization of Claudin-5 by inhibiting RhoA activity. Correspondingly, S71pr1 deletion in LECs
results in hypersprouting and hyperbranching of lymphatic vessels, which are immature due to
the delayed expression of Claudin-5 and abnormal localization of VE-Cadherin. Our findings

are schematically summarized in Figure 7.
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DISCUSSION

We have determined that the lymphatic vasculature-specific roles of DLL4 and S1PR1 are
distinct from their known activities in blood endothelial cells. DLL4 is known to inhibit
angiogenesis. In contrast, we have determined that DLL4 promotes lymphangiogenesis.
S1PR1 is known to regulate the expression of VE-Cadherin and the alignment of blood
endothelial cells with respect to LSS. In contrast, S1PR1 is not required for the expression of
VE-Cadherin in HLECs or for the alignment of HLECs with respect to LSS. However, S1PR1 is
required for the expression of claudin-5 in LECs in vitro and in vivo. Finally, while S1PR1
antagonizes VEGF-A signaling in blood vascular endothelial cells, it inhibits VEGF-C signaling
that is specifically enhanced by LSS.

We have also identified several previously unknown mechanisms that operate during
lymphatic vascular patterning. The tip-cell expressed molecule DLL4 is an enhancer of VEGF-
C signaling. Dil4*" embryos have hypoplastic lymphatic vessels, establishing the pro-
lymphangiogenic role of this gene. We currently do not know whether the other tip-cell
expressed molecules ADM, ANGPT2 or ESM1 could regulate VEGF-C signaling. However,
evidence from published manuscripts suggests that they might. Conditional deletion of Calcrl,
the gene encoding the ADM receptor, in LECs results in a lacteal phenotype similar to that of
DIl4*" mice (48). Furthermore, CALCRL knockdown downregulates, while ADM treatment
enhances, DLL4 expression in cultured HLECs (48). Therefore, ADM could regulate VEGF-C
signaling indirectly through DLL4. ESM1 can enhance VEGF-A signaling in blood endothelial
cells (6). In addition, ESM1 is able to enhance VEGF-C-mediated HLEC proliferation (7).
Finally, ectopic expression of ANGPT2 promotes lymphangiogenesis, which could be inhibited
by a VEGFR3-blocking antibody (49). Thus, DLL4, ANGPT2, ADM and ESM1 are likely part of

a network that enhances VEGF-C signaling in lymphatic tip cells.
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LSS is a potent inhibitor of DLL4, ADM, ESM1 and ANGPT2 expression in HLECs.
Previous reports have shown that VEGF-C could transiently enhance DLL4 expression in
HLECs (4). Thus, a balance between VEGF-C and LSS activities might confine the expression
of DLL4 and other molecules to non-perfused tip cells (Figure 7A). The shear-responsive
transcription factor KLF2 is a potential candidate through which LSS inhibits the expression of
tip cell genes, as KLF2 is known to inhibit ANGPTZ2 and EGR1 expressions in blood vascular
endothelial cells (50).

We have determined that LSS enhances VEGF-C signaling in HLECs. Previous reports,
including our own, have shown that Clec2” mice, which lack lymph flow (51), have hypoplastic
lymphatic vessels (13). Therefore, the LSS/VEGF-C signaling pathway is likely to be
physiologically significant to promote the growth of lymphatic vessels.

LSS and MAPK signaling pathway are critical for the survival of quiescent blood
vascular endothelial cells (44, 45, 52, 53). MAPK signaling is activated by FGF to maintain the
survival and integrity of quiescent blood vascular endothelial cells (52). The mechanisms that
activate MAPK signaling in quiescent LECs are currently unknown. However, deletion of Vegfc
from adult mice results in the regression of lymphatic vessels (54). Therefore, we suggest that
LSS/VEGF-C signaling could be important for the survival of quiescent LECs (Figure 7B).
Coincidently, FGFR3 is one of the molecules that are upregulated by LSS in HLECs (19).
Whether LSS could enhance FGF or other receptor tyrosine kinase signaling pathways
remains to be determined.

In addition to promoting the growth and quiescence of LECs, LSS/VEGF-C signaling
could eliminate redundant vessel segments that do not support physiologically productive
lymph flow (Figure 7C). Accordingly, poorly perfused lymphatic vessels will experience

reduced VEGF-C/VEGFR3 signaling compared to vessels with stronger lymph flow, and be
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pruned. Successive rounds of pruning will progressively strengthen lymph flow in the
remaining vessels and result in their quiescence and maturation.

S1PR1 activity is excluded from tip cells. In contrast, S1PR1 activity is enriched in
more-mature lymphatic vessels where it antagonizes LSS/VEGF-C signaling. S1PR1 activity is
likely regulated by S1P that is present at high concentrations in lymph (28). We postulated that
S1PR1 functions as a buffer that prevents the over activation of the LSS/VEGF-C signaling.
This model would predict excessive sprouting and insufficient pruning of lymphatic vessels in
Lyve1-Cre;S1pr1” mice, resulting in excessive lymphatic branching, as we observed (Figure
7D).

Oscillatory shear stress is thought to be necessary for the maturation of lymphatic
vessels (51). Approaches to determine lymph flow during development currently do not exist.
The elongated morphology of LECs in embryonic lymphatic vessels suggests that they are
likely exposed to LSS (Figure 2A). Nevertheless, LECs could be exposed to oscillatory shear
stress at earlier developmental time points, and at branch points and valves (16). Whether
oscillatory shear stress could enhance VEGF-C signaling at such instances remains to be
determined.

S1PR1 plays an additional role in regulating Claudin-5 localization to LEC-junctions in
developing lymphatic vessels. Claudin-5 expression is defective in the lymphatic vessels of
Lyve1-Cre;S1pr1'/f mice. S1PR1-mediated inhibition of RhoA signaling appears to be important
for the localization of Claudin-5 to cell membrane. Intriguingly, RhoA activity also appears to be
important for LEC junctional integrity, as inhibition of ROCK results in abnormally shaped
HLECs.

Due to the similarities between the blood and lymphatic endothelium, we are tempted to
suggest that our findings could be relevant during developmental and pathological

angiogenesis as well. Whether S1PR1 function modulating drugs could be used to treat
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angiogenic defects should be tested. Furthermore, T-cell expressed S1PR1 is an important
target for treating the neuroinflammatory disease multiple sclerosis (55). Recent evidences
have suggested that meningeal lymphatic vessels could regulate neuroinflammation (56). It will
be important to determine how FDA approved drugs such as Fingolimod could affect the

structure and function of meningeal lymphatic vessels.
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MATERIALS AND METHODS
IHC on sections and skin were performed according to our previously published protocols (13,

14, 57). Immunocytochemistry was performed as we described recently (13, 25).

Antibodies

Primary antibodies for immunohistochemistry: rabbit anti- PROX1 (Cat# 11-002, Angiobio, San
Diego, CA, USA), goat anti-human PROX1 (Cat# AF2727, R&D Systems, Minneapolis, MN,
USA), goat anti-mouse VEGRF3 (Cat# AF743, R&D Systems, Minneapolis, MN, USA), rat
anti-mouse S1PR1 (Cat# MAB7089, R&D Systems, Minneapolis, MN, USA), rat anti-mouse
CD31 (Cat# 553370, BD Pharmingen, San Jose, CA, USA), rat anti-mouse VE-Cadherin (Cat#
550548, BD Pharmingen, San Jose, CA, USA), chicken anti-GFP (Cat# ab13970, abcam,
Cambridge, MA, USA), goat anti-mouse LYVE-1 (Cat# AF2125, R&D Systems, Minneapolis,
MN, USA), rabbit anti-human ZO-1 (Cat# 40-2200, Invitrogen, Camarillo, CA, USA), rabbit anti-
mouse CLDN5 (Cat #34-1600, Thermo Fisher Scientific, Rockford, IL, USA) and Alexa 488-

conjugated Phalloidin (Cat# A12379, Invitrogen, Camarillo, CA, USA).

Secondary antibodies for immunohistochemistry: Cy3-conjugated donkey anti-rabbit, Cy3-
conjugated donkey anti-Rat, Cy3-conjugated donkey anti-goat, Cy5-conjugated donkey anti-rat,
Cy5-conjugated donkey anti-goat, FITC-conjugated donkey anti-chicken and Biontin-
conjugated donkey anti-goat antibodies were purchased from Jackson ImmunoResearch
Laboratories (West Grove, PA, USA). Alexa 488-conjugated donkey anti-goat and Alexa 488-
conjugated donkey anti-rat antibodies were purchased from Life Technologies (Grand Island,

NY, USA).
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Primary antibodies for Western blotting: mouse anti-B-Actin (Cat# A5441, Sigma-Aldrich, St.
Louis, MO, USA), rabbit anti-human GAPDH (Cat# PAB13195, Abnova, Taipei City, Taiwan,
R.0.C), rabbit anti-human S1PR1 (Cat#A12935, ABclonal, Woburn, MA) and rabbit anti-
human eNOS (Cat#NB300-500SS, Novus Biologicals). Rabbit anti-mouse AKT (Cat# 4691),
rabbit anti-human Phospho-AKT (Cat# 4060), rabbit anti-rat ERK1/2 (Cat# 4695), rabbit anti-
human p38 MAPK (Cat# 8690), rabbit anti-human Phospho-p38 MAPK (Cat# 4511), rabbit
anti-human Phospho-eNOS (Cat# 9571), rabbit anti-human NICD (Cat# 4147), rabbit anti-
human DLL4 (Cat# 2589) and rabbit anti-RhoA (Cat# 2117) were purchased from Cell

Signaling Technology, Danvers, MA.

HRP-conjugated secondary antibodies for Western blotting: goat anti-mouse IgG (Cat# A 4416,
Sigma-Aldrich, St. Louis, MO, USA) and goat anti-rabbit IgG (Cat# GtxRb-003-EHRPX,

ImmunoReagents, Raleigh, NC).

Cells

Dr. Donwong Choi provided the HLECs harvested according to their reported protocols (15, 18,
19). HLECs were grown on culture dishes or glass slide coated with 0.2% gelatin and were
maintained in EGM-2 EC Growth Medium-2 Bullet Kit (Lonza). All experiments were conducted
using cells until passage (P) 8. HLECs were treated as potential biohazards and were handled

according to institutional biosafety regulations.

Cell treatments
S1PR1 agonist and antagonist treatment: HLECs were seeded onto six-well plates. After 48 hr
culture (80 to 100% confluency), cells were starved for six hours and then treated with 20 uM

SEW2871 (Cat# 10006440, Cayman Chemical, Ann Arbor, MI), 10 uM W146 (Cat# 10009109,
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Cayman Chemical, Ann Arbor, MI) or vehicle respectively for one hour. Pretreated HLECs
were subsequently treated with 100ng/ml VEGF-C (cat# 9199-vc-025/CF, R&D Systems) for

10 minutes.

SiRNA transfection: HLECs were seeded onto six-well plates or culture dishes. After 24 hours
of culture (around 30% confluency), cells were transfected with siCTR (Cat# 51-01-14-03,
Integrated DNA Technologies), siS1PR1 (Cat# SI100376201, Qiagen), or siDLL4
(hs.Ri.DLL4.13.1, Integrated DNA Technologies) using Lipofectamine RNAiMax Tranfection

Reagent (Cat# 13778150, Invitrogen) according to manufacturer’s instruction.

VEGF treatment: Confluent HLECs were treated with the indicated concentrations of VEGF-C
(cat# 9199-vc-025/CF, R&D Systems) or VEGF-A (cat# CYT-241, ProSpec) and collected after

the indicated time points.

Laminar Shear Stress: HLECs were seeded in culture dishes and grown to 80-100%
confluency before exposing them to LSS for either 10 minutes or 24 hours. LSS was applied to
the cells at 5 dynes/cm? using the approach described previously (18, 19). Cells were not
serum starved for VEGF-C treatment after LSS. VEGF-C was added to the dishes and
incubated for 10-30 minutes for Western blotting. For quantifying EGR1 expression VEGF-C

was added to the cells and returned back to LSS for 1 hour.

Rock inhibitor treatment: HLECs were seeded onto 24-well plates. 100% confluent cells were
treated with 10 uM Y-27632 (Cat# SCMO075, Sigma) in starvation media for six hours. The cells
were then treated with either vehicle or 10 uM W146 for 30 minutes. Control cells were grown

in starvation media for 6 hours followed by vehicle or 10 uM W146 for 30 minutes.
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Cell junction analysis
HLECs were treated with chemicals as described above and their intracellular permeability
was analyzed using In Vitro Vascular Permeability Imaging Assay (Cat# 17-10398, Sigma)

according to manufacturer’s instructions.

Mice

Lyve1-Cre (28), S1pr1™*(29), S1PR1-GFP (26) mice were described previously and were
purchased from Jackson laboratory (catalog numbers 012601, 019141 and 026275
respectively). Mice were maintained in C57BL6 or C57BL6/NMRI mixed backgrounds. Dil4*"
cryopreserved embryos were purchased from the Canadian Mouse Mutant Repository
(CMMR) and implanted into CD-1/ICR females then backcrossed onto a C57BL6 background

(34, 58). HI provided the Vegfr3"E°F" mice (59).

Protein isolation and analysis
Protein was extracted from cells by using RIPA lysis buffer. Western blots were performed
according to standard protocols. The protein lysate was not boiled while performing Western

blot for S1PR1.

RNA isolation and quantitative real-time PCR

Total RNA from HLECs was purified using Trizol (Invitrogen, Carlsbad, CA, USA) according to
manufacturers instructions. cDNA was synthesized from total RNA (0.1 — 1.0 ug) with iScript
Advanced cDNA Synthesis Kit (BioRad, Hercules, CA, USA). QRT-PCR was performed using
PowerUp SYBR Green Master Mix reagent (Applied Biosystems, CA, USA) in a CFX96 Real-
Time System (Bio-Rad, Hercules, CA, USA). Expression levels were normalized to GAPDH.

Primer sequences will be provided upon request.
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Rho GTPase pull-down assays

For RhoA pull-down experiments we used the GST-RBD plasmid, a gift from Dr. Martin
Schwartz (Addgene plasmid # 15247; http://n2t.net/addgene:15247; RRID:Addgene_15247).
RhoA activation in cultured cells was assessed as previously described (60). Briefly, after
treatment, the cells were lysed in lysis buffer containing 20mM Hepes, pH 7.4, 0.1M NaCl, 1%
Triton X-100, 10mM EGTA, 40mM b-glycerophosphate, 20mM MgCl,, TmM NazVO4, TmM
dithiothreitol, 10 ug/ml aprotinin, 10 ug/ml leupeptin and 1mM phenylmethylsulfonyl fluoride on
ice. The lysates were incubated with the glutathione S-transferase-rhotekin-Rho-binding
domain previously bound to glutathione-Sepharose beads (Amersham Biosciences) and
washed three times with lysis buffer. Associated GTP-bound forms of Rho were released with
SDS—polyacrylamide gel electrophoresis loading buffer and analyzed by Western blot analysis
using a monoclonal antibody against RhoA (Cat #2117, Cell Signaling). Normalization took

place based on the total RhoA levels present in the whole cell lysate of the same samples.

Statistics

For biochemical studies the number n refers to the number of times the experiment was
performed. For histochemical analysis n refers to the total number of animals included per
group. Statistically significant differences were determined using unpaired t test. Prism
software was used for statistical analyses. Data are reported as mean + SEM with significance
set at P < 0.05. n and p values for each experiment is provided in the figure legends. Western
blots and gRT-PCR’s are performed at least three independent times. The most representative
Western blots are presented. The average values from individual qRT-PCR assays were

presented unless otherwise stated.
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Study Approval

All mice were housed and handled according to the institutional IACUC protocols.
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Figures and Figure legends
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Figure 1: S1PR1 inhibits lymphatic vascular hypersprouting.

(A) S1PR1 signaling is active in stable lymphatic vessels and in lymphatic valves. In the dorsal
skin VEGFR3" lymphatic vessels migrate from the two sides towards the midline (dotted line).
H2B-GFP embryos were devoid of GFP expression. Few GFP™ cells were observed in CD31*
blood vessels (yellow arrowheads) or in the migrating front of lymphatic vessels (arrows) in
S1PR1-GFP mice. In contrast, LECs that were behind the migrating front (arrowheads) and
lymphatic valves (green arrowheads) were predominantly GFP”. Statistics: n=4 for both
S1PR1GFP and H2B-GFP.

(B, C) Deletion of S1pr1 from LECs results in lymphatic vascular hypersprouting. (B) The
lymphatic vessels of E16.5 embryos lacking S1pr1 were dilated, had excessive number of
branches and did not migrate completely to the midline. Additionally, while the control embryos
were devoid of sprouts in between the lymphatic vessel branches, several sprouts were
observed in embryos lacking S71pr1 (arrows). Statistics: n=3 for control embryos; n=6 for
mutant embryos. (C) Heart and ear skin of adult mice lacking S1PR1 had higher lymphatic
vessel density and excessive number of sprouts (arrowheads). Statistics: n=6 for control
animals; n=4 for mutant animals.
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Figure 2: S1PR1 regulates claudin-5 expression in the developing lymphatic vessels.

(A) VE-Cadherin expression was modestly defective in the lymphatic vessels of embryos
lacking S1PR1. VE-Cadherin was uniformly expressed with “zipper-like” structure in the
lymphatic vessels of E17.5 control embryos. Breaks in VE-Cadherin localization were
observed (red arrowheads) at restricted locations within the lymphatic vessels of embryos
lacking S1PR1. Statistics: n=6 for control embryos; n=3 for mutant embryos.

(B) Claudin-5 was severely downregulated in embryos lacking STPR1. In control E16.5
embryos claudin-5 was expressed in a gradient manner along the developing lymphatic
vessels with weaker expression at the growing tips (red arrows) and stronger expression in
stable lymphatic vessels behind the migrating front (black arrows). In contrast, expression of
claudin-5 was uniformly low in embryos lacking S1PR1. Statistics: n=6 for control embryos;
n=10 for mutant embryos.
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Figure 3: LSS inhibits the expression of pro-lymphangiogenic tip cell molecules in a
S1PR1 independent manner

(A) Lymphatlc vessels of DIl4™ mice are hypoplastic. Lymphatic vessels in the dorsal skin of
E16.5 DIl4*" mice had fewer branch points, had migrated lesser distance and were mildly
dilated when compared to their wild type littermates.

(B) DLL4 enhances VEGF-C signaling. Signaling pathway activated by VEGF-C was
investigated using HLECs that were transfected with either control siRNA or siDLL4.
Phosphorylation of ERK and AKT was reduced in HLECs transfected with siDLL4. Statistics:
n=4 for both wild type and Dil4*" embryos.

(C-E) DLL4, ANGPT2, ADM and ESM1 are inhibited by LSS. HLECs transfected with control
siRNA or siS1PR1 were cultured under LSS for 24 hours and the expression of tip cell markers
was quantified by qRT-PCR (C) or by Western blot (D, E). (C) LSS inhibited the expression of
all tip cell markers except DLL4 in an S1PR1-independent manner. DLL4 was slightly but
significantly more reduced in siS1PR1 transfected HLECs. (D, E) While LSS reduced the
expression of DLL4 (D), no obvious differences were was observed between control siRNA
and siS1PR1 transfected HLECs that were cultured under LSS (E). Statistics: n=3 for all
experiments. **p < 0.01, ***p < 0.001, *** p < 0.0001. Error bars in graphs represent +SEM.
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Figure 4: S1PR1 does not inhibit VEGF-C signaling in statically cultured HLECs, and it is
not necessary for canonical LSS response.

(A, B) S1PR1 does not regulate VEGF-C signaling in statically cultured HLECs. (A) HLECs
were treated with 100 ng/ml VEGF-C in the presence or absence of S1PR1 agonist SEW 2871
or antagonist W146. SEW 2871 did not cause any obvious differences in VEGF-C signaling
(phosphorylation of ERK and AKT). W146 slightly reduced the VEGF-C signaling. (B) HLECs
were transfected with control siRNA or siS1P1 and then treated with the indicated
concentrations of VEGF-C. No obvious differences were observed in VEGF-C signaling
between control and siS1PR1 treated HLECs. Statistics: n=3 for A; n=4 for B.

(C-F) S1PR1 does not regulate canonical LSS-responses in HLECs. (C) Exposure of HLECs
to LSS (5 dynes/cm?) for 10 minutes activated the phosphorylation of ERK and AKT.
Prolonged exposure (30-60 minutes) to LSS caused the phosphorylation of ERK and AKT to
return to background levels (D) LSS induced phosphorylation of ERK, AKT, P38 and eNOS
was not affected by siS1PR1. (E) Shear stress responsive genes KLF2 and KLF4 were mildly
reduced in siS1PR1 treated HLECs cultured under static condition. Both KLF2 and KLF4 were
upregulated in both control and siS1P1 treated HLECs that were cultured with LSS for 24
hours. A slight reduction in KLF4 expression was observed in siS1PR1 treated HLECs
compared to controls. (F) siS1PR1 treatment caused the elongation of statically cultured
HLECs. However, both control and siS1PR1 transfected HLECs align normally in the direction
of LSS. Statistics: n=3 for C, E and F; n=4 for D. *p < 0.05. Error bars in graphs represent
+SEM.
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Figure 5: S1PR1 inhibits LSS-enhanced VEGF-C signaling.

(A) Exposure to LSS enhances VEGF-C signaling in HLECs. HLECs were cultured with 5
dynes/cm? of LSS for 24 hours following which they were treated with VEGF-C.
Phosphorylation of ERK and AKT was enhanced in LSS-exposed HLECs compared to
statically cultured cells (S). Statistics: n=4.

(B, C) S1PR1 antagonizes LSS enhanced VEGF-C signaling. HLECs were transfected with
control siRNA or siS1PR1, exposed to LSS for 24 hours and then treated with VEGF-C for (B)
10 or 30 minutes under static culture condition or for (C) 1 hour in the presence of LSS. (B)
Phosphorylation of ERK and eNOS, but not AKT, was enhanced in siS1PR1 transfected
HLECs. Total eNOS was also increased in siS1PR1 transfected HLECs. (C) VEGF-C induced
expression of EGR1 was dramatically enhanced by LSS and it was further enhanced by
siS1PR1. Statistics: n=4 for B;C is representative of 3 independent experiments. Results from
the other 2 experiments are presented in Supplementary Figure 3. P values were not
presented due to large variability in fold activation of EGR71 between independent experiments

(D) Heterozygosity of Ve/gfr3 rescues the hypersprouting phenotype in embryos lacking S1P1.
E16.5 Lyve1-Cre; S1P1” embryos were generated in the Vegfr3-heterozygous background.
Increased number of branch points that were observed in Lyve1-Cre; S1P1'/fembryos was
rescued by the loss of one allele of Vegfr3. Additionally, the excessive number of sprouts that
were seen in Lyve1-Cre; S1P1” embryos (arrows) was also reduced. However, the lymphatic
vessels remained enlarged and they did not migrate completely to the midline.

Statistics: n=5 for control embryos; n=7 for Lyve1-Cre; S1P1”" embryos; n=5 for
Vegfr3ECFP:Lyve1-Cre; S1P17 embryos. **p < 0.01, ***p < 0.001, *** p < 0.0001. Error bars in

graphs represent +SEM.
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Figure 6
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Figure 6: S1PR1 inhibits RhoA signaling to maintain Claudin-5 expression in HLECs.

(A) S1PR1 regulates the cell-membrane localization of claudin-5 by inhibiting RhoA/ROCK
signaling. VE-Cadherin and claudin-5 were localized to the cell membrane in vehicle-treated
HLECs. W146 treatment for 30 minutes resulted in the dramatic downregulation of claudin-5
expression at the cell junctions. Expression of VE-cadherin was not affected although it
assumed a discontinuous (zigzag) pattern. Treatment with the ROCK inhibitor Y-27632 for 6
hours resulted in the change in the morphology of HLECs although expression of VE-Cadherin
and claudin-5 were unaffected. Pre-treatment with Y-27632 inhibited the W146-induced
downregulation of claudin-5.

(B, C) Inhibition of STPR1 signaling in HLECs results in the activation of RhoA. HLECs were (B)
treated with W146 for the indicated time points or (C) transfected with siS1PR1 and RhoA

activity was measured using the protein lysates. RhoA activity was enhanced rapidly by both
W146 and siS1PR1.

Statistics: n=3 for all experiments. *p < 0.05, **p < 0.01. Error bars in graphs represent +SEM.
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Figure 7: Model for the crosstalk between LSS, S1PR1 and VEGF-C signaling during
lymphatic vascular patterning

A) LSS inhibits the expression of molecules such as DLL4, ANGPT2, ADM and ESM1 thereby
limiting their expression to tip cells. B) LSS enhances VEGF-C signaling to promote the
survival of quiescent LECs. S1PR1 functions as a buffer that prevents the hyper activation of
LSS/VEGF-C signaling to prevent the sprouting of lymphatic vessels. C) Lymphatic vessels
that are exposed to low dose of VEGF-C with little or no lymph flow regress due to reduced
LSS/VEGF-C signaling.

(D) In the absence of S1PR1, VEGF-C signaling is hyperactive in the posterior lymphatic
plexus, which results in excessive number of sprouts and branches.

In addition to modulating LSS/VEGF-C signaling, S1PR1 inhibits RhoA activity to regulate the
cytoskeleton and maintain claudin-5 expression (green vessels). Consequently, mice lacking
S1PR1 have immature cell junctions (yellow vessels).
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Supplementary Figures and Figure legends

Supplementary Figure 1
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Supplementary Figure 1: S1PR1 expression and activity are observed in
HLECs and mouse LECs.

(A) S1PR1 is the most strongly expressed S1P receptor in HLECs. RNA-seq was
performed using primary human LECs and the reads per kilo base of transcript
per million mapped reads (RPKM) for the five S1P receptors were plotted. The
RPKM values suggest that S1P1 is the most enriched S1P receptor in HLECs.

(B) S1PR1 is expressed in developing murine lymphatic vessels. E17.5 embryos
were sectioned and analyzed by immunohistochemistry. S1PR1 was expressed
in the VEGFR3" lymphatic vessels of the embryos. Statistics: n=4.

(C) Heterogeneous S1PR1 activity is observed in murine LECs. S1PR1-GFP
embryos were sectioned and immunostained for GFP. A few GFP" blood
endothelial cells were observed (arrowheads). Most LECs were GFP* (arrows)
although a few GFP"LECs were also observed (red arrowheads). Statistics: n=4
for both S1PR1GFP and H2B-GFP.
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Supplementary Figure 2
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Supplementary Figure 2: DLL4 expression is enriched in the migrating front
of lymphatic vessels.

Dorsal skins of E16.5 wild type embryos were analyzed for the expression of
DLL4. DLL4 was expressed in the migrating front of lymphatic vessels. In
contrast, DLL4 expression in the more-mature and quiescent lymphatic vessels
was greatly reduced. Statistics: n=5.
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Supplementary Figure 3: S1PR1 antagonizes LSS/VEGF-C signaling
induced expression of EGR1

VEGF-C induced expression of EGR1 was dramatically enhanced by LSS and it
was further enhanced by siS1PR1.

Statistics: Data from 2 out of 3 independent experiments is presented here. Data
from the other experiment is presented in Figure 5C. P values were not
presented due to large variability in fold activation of EGR1 between independent
experiments
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Supplementary Figure 4
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Supplementary Figure 4: Heterozygosity of Vegfr3 could not rescue the
expression of claudin-5 in embryos lacking S1PR1.

Claudin-5 was expressed in a gradient manner within the growing lymphatic
vessels of control embryos with weaker expression in the migrating tips and
stronger expression in the vessels behind. Claudin-5 expression was uniformly
downregulated in the lymphatic vessels of Lyve1-Cre;S1r1” embryos lacking one
allele of Vegfr3. Statistics: n=5 for control embryos and n=4 for mutant embryos.


https://doi.org/10.1101/2020.02.27.968594

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.27.968594; this version posted March 31, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Supplementary Figure 5

W146 30’
W146 24hrs

Vehicle 24hrs

PROX1 + Phalloidin
+ VE-Cadherin
" 5 ¢

o
@
©
<
3
+
o
@
©
N
&
>



https://doi.org/10.1101/2020.02.27.968594

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.27.968594; this version posted March 31, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Supplementary Figure 5: Inhibition of SIPR1 promotes cell junctional and
cytoskeletal defects in HLECs.

(A) S1PR1 antagonist W146 triggers cytoskeletal reorganization in HLECs, which
could be prevented by the inhibition of ROCK. Phalloidin staining revealed the
presence of actin filaments along the periphery of cells (cortical actin) in vehicle
treated HLECSs. Tight junction molecule ZO-1 was uniformly expressed along the
cell membrane. Treatment of HLECs with W146 for 30 minutes resulted in the
formation of radial actin bundles, which were aligned perpendicular to cell
membrane (red arrowheads). W146 treatment also resulted in the discontinuous
expression pattern of ZO-1. Treatment of HLECs with the ROCK inhibitor Y-
227632 for 6 hours promoted cell shape change. However, Y-227632 treatment
did not cause any obvious defects in the expression of actin or ZO-1.
Pretreatment of HLECs with Y-227632 for 6 hours dramatically inhibited the
formation of radial filaments upon W146 treatment. White arrowheads point to
the intracellular gaps.

(B-D) Prolonged inhibition of STPR1 results in the formation of stress fibers and
cell elongation. (B, C) Treatment with W146 for 24 hours resulted in elongated
HLECs (B) in which stress fibers could be seen traversing the cytoplasm (C). No
obvious defects were observed in the expressions of VE-Cadherin, claudin-5 or
Z0-1. (D) Knockdown of S1PR1 from HLECSs also resulted in the elongated cells
with numerous stress fibers.

Statistics: n=3 for all experiments.
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Supplementary Figure 6
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Supplementary Figure 6: W146 increases the permeability of HLECs and it
could not be ameliorated by the inhibition of ROCK.

Confluent HLECs were treated with W146 for 30 minutes with or without
pretreatment with ROCK inhibitor Y-227632 for 6 hours. Intracellular gaps (green
signals) were increased by W146. Y-227632 also modestly increased the
intracellular gaps. Y-227632 was also not able to prevent the formation of
intracellular gaps by W146.

Statistics: n=3.
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