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The mammalian lymphatic vasculature is important for returning fluids from the extracellular tissue milieu back
to the blood circulation. We showed previously that Prox1 dosage is important for the development of the
mammalian lymphatic vasculature. The lack of Prox1 activity results in the complete absence of lymphatic
endothelial cells (LECs). In Prox1 heterozygous embryos, the number of LECs is reduced because of a decrease in
the progenitor pool in the cardinal vein. This reduction is caused by some progenitor cells being unable to
maintain Prox1 expression. In this study, we identified Vegfr3, the cognate receptor of the lymphangiogenic
growth factor Vegfc, as a dosage-dependent, direct in vivo target of Prox1. Using various mouse models, we also
determined that Vegfr3 regulates Prox1 by establishing a feedback loop necessary to maintain the identity of LEC
progenitors and that Vegfc-mediated activation of Vegfr3 signaling is necessary to maintain Prox1 expression in
LEC progenitors. We propose that this feedback loop is the main sensing mechanism controlling the number of

LEC progenitors and, as a consequence, the number of budding LECs that will form the embryonic lymphatic

vasculature.
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In the mammalian embryo, lymphatic endothelial cells
(LECs) originate from the embryonic veins during a brief
period (mouse embryonic days 9.75-13.5 [E9.75-E13.5])
(Srinivasan et al. 2007). The nuclear hormone receptor
Coup-TFII and the Sry-related homeobox transcription
factor Sox18 are both required to activate the expression
of the prospero-related homeobox transcription factor
Prox1 in a subpopulation of venous ECs. This step leads
to the formation of the initial Proxl-expressing LEC
progenitors in the cardinal vein (CV) (Francois et al.
2008; Srinivasan et al. 2010). Subsequently, most of these
progenitors bud from the CV and express additional genes
such as podoplanin (Yang et al. 2012; Hagerling et al.
2013). The small fraction of LEC progenitors that remain
inside the CV help form the lymphovenous valve, which
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is responsible for returning lymph fluid to the blood
circulation (Srinivasan and Oliver 2011).

In vivo and in vitro data have highlighted the key roles
of Prox1 during different stages of LEC differentiation and
lymphatic vasculature formation. In Prox1-null embryos,
LECs are absent (Wigle and Oliver 1999), and conditional
deletion of Prox1 at any developmental or postnatal time
point results in the loss of LEC identity and the reversal of
these cells’ identity to a blood EC (BEC)-like fate (Johnson
et al. 2008). Ectopic expression of Proxl in BECs main-
tained in culture activates several LEC-specific genes,
including podoplanin and Vegfr3 (Hong et al. 2002;
Petrova et al. 2002). At the molecular level, the analysis
of ProxI-null embryos in which the ORF of Prox1 was
replaced with either LacZ or GFP reporter gene con-
structs revealed that Prox1 maintains its own expression
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in venous LEC progenitors (Wigle et al. 2002; Srinivasan
et al. 2010). The expression of these reporter genes is
normally activated in ProxI-null embryos but cannot be
maintained (Wigle et al. 2002; Srinivasan et al. 2010).

Prox1*'~ (Prox1*/*%°Z and Prox1*/¢f'**) embryos dis-
play edema and occasionally develop blood-filled lym-
phatics (Harvey et al. 2005; Johnson et al. 2008; Srinivasan
and Oliver 2011). Most of these animals die at birth due to
chylothorax and chylous ascites (Harvey et al. 2005;
Johnson et al. 2008; Srinivasan and Oliver 2011), and those
that survive become obese with age (Harvey et al. 2005).
We recently showed that Prox1*/~ mice have a reduced
number of LEC progenitors and LECs and that the lym-
phovenous valves are absent (Srinivasan and Oliver 2011).
Furthermore, we determined that the autoregulation of
Prox1 expression is dose-dependent, and the number of
Prox1-expressing LEC progenitors in the CV of Prox1*/~
mice is reduced due to the decreased amount of available
Coup-THII/Prox]1 protein complex during the early stages of
Prox1 regulation in these cells (Srinivasan and Oliver
2011). This protein complex is known to regulate several
LEC-specific genes, including the lymphangiogenic re-
ceptor tyrosine kinase Vegfr3 (Lee et al. 2009; Yamazaki
et al. 2009; Aranguren et al. 2013).

Despite these facts, how ProxI regulates itself or how
Prox1 expression is regulated in LECs remains unknown.
This knowledge is important, as it might provide us with
clues about how the embryo controls the number of
specified LEC progenitors in the CV and their subsequent
budding. Our previous work failed to identify direct
binding of Proxl to the Coup-TFII-binding site in the
Prox1 regulatory element, excluding the possibility that
the Coup-TFII/Prox1 protein complex directly regulates
Prox1 expression. Alternatively, downstream targets of
Prox1 might regulate Prox1 expression in a feedback
manner; however, in vivo, Prox1 targets in LECs have
not yet been identified. Earlier in vitro work suggested
that Vegfr3 is a Prox1 target (Petrova et al. 2002). Vegfr3 is
expressed in all BECs until around E10.5, and, in its
absence, mouse embryos die at around E10.0 with severe
cardiovascular defects (Dumont et al. 1998). Later, its
expression becomes restricted to LECs and the tips of
growing blood vessels (Kaipainen et al. 1995; Dumont et al.
1998; Tammela et al. 2008; Nakayama et al. 2013). Vegfc is
the best-characterized Vegfr3 ligand, and, in its absence,
Prox1* LEC progenitors fail to bud from the CV (Karkkainen
et al. 2004). Similar to Prox1*/~ embryos, the number of
LEC progenitors and LECs is reduced in both Vegfr3*/~
and Vegfc'’~ embryos (Hagerling et al. 2013), suggesting
a functional relationship between Prox1 and Vegfr3.

In this study, we provide conclusive in vivo evidence to
demonstrate that Vegfr3 is a dosage-dependent, direct
Prox1 target gene. We also report for the first time that
Vegfr3 regulates Prox1 expression and establish the ex-
istence of a positive feedback loop between Proxl and
Vegfr3 in LECs in vivo and in vitro. Finally, we show that
Vegfc signaling helps to maintain LEC progenitor identity
and that, in Vegfc™/~ embryos, Prox1 expression fails to
be maintained, resulting in the reduction in the number
of Prox1* LEC progenitors and hence the number of LECs.
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We conclude that a defective Prox1-Vegfr3 regulatory
loop is responsible for the reduction in the number of LEC
progenitors in Prox1*/~, Vegfr3*/~, and Vegfc*/~ embryos.
We also show that this reduction is even more severe in
Prox1*/~;Vegfr3*/~ and Prox1*/;Vegfc*’~ embryos. We pro-
pose that in the mammalian embryo, this feedback loop is
the main regulator of the number of LEC progenitors
produced in the CV and ultimately the number of budding
LECs that will participate in the formation of the mam-
malian lymphatic vasculature.

Results

Vegfr3 is a dosage-dependent target of Prox1

Because the number of LEC progenitors on the CV and the
number of LECs outside the vein are reduced in Prox1*/~
embryos (Srinivasan and Oliver 2011), we hypothesized
that, in LEC progenitors, Prox1 regulates at least some of
its target genes in a dosage-sensitive manner and that the
reduced levels of expression of these targets results in
fewer LECs.

To identify some of those target genes, we first gener-
ated retroviral particles expressing Prox1, as previously
reported (Srinivasan et al. 2010). We infected the mouse
EC line HsV (Garlanda et al. 1994) with the particles and
then selected from the stably integrated viral genome
individual clones expressing Prox1. We reasoned that the
clones would have variable numbers of retroviral integra-
tion events, resulting in a variable amount of Prox1
expression. Following RNA isolation from these clones,
we quantified the amount of ProxI expression by using
real-time PCR. As expected, the clones had a wide range
of Prox1 expression levels (Fig. 1A). Similar variability in
expression levels was also observed at the protein level
using Western blot analysis (Fig. 1B).

Podoplanin is not expressed in venous Prox1* LEC
progenitors; instead, its expression is turned on once the
cells bud from the vein as differentiating LECs at around
E11.5 (Yang et al. 2012). Thus, we decided to identify the
genes whose expression is regulated by Prox1 in a dosage-
dependent manner prior to the activation of podoplanin
expression. As expected and consistent with previous
reports that used a similar strategy (Hong et al. 2002;
Srinivasan et al. 2010), the infected HsV cells expressed
podoplanin but only in clones expressing the highest
amounts of Prox1 (Supplemental Fig. 1). Next, we used
a targeted approach and quantified the expression levels
of various BEC- and LEC-specific genes (Foxc2, Integrin
9, Coup-TFII, Reelin, Tie2, Nrpl, Nrp2, PECAM1, VE-
Cadherin, Lyvel, and Tie2) (Supplemental Fig. 1) in the
different clones. Among those, the only gene whose
expression level showed a tight correlation with that of
Prox1 was Vegfr3 (Fig. 1A). This correlation with Vegfr3 is
also seen at the protein level (Fig. 1B).

Because of the identified role of Vegfr3/Vegfc in early
lymphangiogenesis and the compelling in vitro data
suggesting that Vegfr3 is regulated by Prox1, we decided
to validate this regulation further. To determine whether,
in this context, Prox1 is a direct regulator of Vegfr3, we
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Figure 1. Vegfr3 is a dosage-dependent target of Proxl. (A) H5V cells were infected with Prox1-expressing retroviruses. Individual
clones were picked following positive selection with antibiotics. RNA extracted from the clones was analyzed by real-time PCR for the
expression of Prox1 (left graph) and Vegfr3 (right graph). (B) Protein levels of Vegfr3 appear to correlate directly with those of Prox1. (C)
DNA regions located 5 kb upstream of exon 1 of human (Hs), mouse (Mm), rat (Rn), and zebrafish (Dr) Vegfr3 were analyzed for putative
Prox1-binding sites by TRANSFAC bioinformatics software. Upward bars indicate the sites in the sense orientation, and downward
bars indicate those in the antisense orientation. Colored boxes identify the different Prox1 recognition sites (see Supplemental Table 1).
(D) ChIP was carried out on mouse LECs collected by flow cytometry. A rabbit polyclonal antibody against Prox1 or control IgG was
used to pull down the DNA fragments. Real-time PCR was carried out using primers specific for the various regions along the 5-kb
DNA element of mouse Vegfr3. Substantial Prox1 binding was observed at the indicated sites. These data are from three independent
experiments. (*) P < 0.05.

performed a computational analysis to identify putative binding sites (Supplemental Table 1). Ten of the sites were
Prox1-binding sites. It was previously reported that a 3.6-kb identified within the different Vegfr3 regulatory regions of
DNA fragment located upstream of the mouse Vegfr3 different species (Fig. 1C). To validate this initial analysis,
translational initiation site is sufficient to recapitulate we next sorted LECs from El14.5 mouse embryos and
its endogenous expression pattern (Iljin et al. 2001), and performed chromatin immunoprecipitation (ChIP) using
Proxl was also shown to activate luciferase reporters an antibody specific for Prox1 followed by real-time PCR
containing fragments of this regulatory element (Flister to identify various fragments within the region. Five of the
et al. 2010). Accordingly, we used the TRANSFAC bio- seven binding sites (located 5.1 kb, 3.9 kb, 2.7 kb, 0.6 kb,
informatic software (Matys et al. 2006) to compare a 5-kb and 0.5 kb upstream of the ORF of mouse Vegfr3) that we
genomic region encompassing that DNA fragment across tested showed substantial enrichment of Proxl binding
humans, mice, rats, and zebrafish. This software considers when compared with their IgG control and an independent
12 different recognition sequences as putative Prox1 DNA- region devoid of putative Prox1-binding sites (Fig. 1D). In
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conclusion, from this initial analysis, we identified Vegfr3
as a gene that is directly regulated by Prox1 in a dosage-
sensitive manner.

Lymphatic vasculature is defective in Prox1*/¢FPCre;
Vegfr3*'1%Z embryos

Prox1*/~ mice develop edema embryonically, and nearly
70% die soon after birth (Srinivasan et al. 2010). If Vegfr3
is a dosage-dependent target of Prox1, then further re-
ducing Vegfr3 levels would most likely aggravate the
phenotype of Prox1*/¢FPC™ (Prox1 heterozygous) em-
bryos. To better understand the functional significance
of this regulation, we crossed Vegfr3*/*%° mice (Dumont
et al. 1998) with Prox1*/¢f’¢* mice (Srinivasan et al.
2010) to generate Prox1*/¢FPCre Vegfr3*/14°Z double-het-
erozygous embryos. Genotyping of nearly 300 live pups at
the time of weaning identified no double-heterozygous
animals, indicating that those animals died in utero or
shortly after birth. To determine their cause of death, we
collected E13.5 and E15.5 embryos. As described pre-
viously, Vegfr3*/%4°Z embryos are normal (Fig. 2A), and, at
those stages, most of the Prox1*/“’" embryos exhibit
edema (Fig. 2B), and some display blood-filled lymphatics
(data not shown). In the case of Prox1*/GFFCme, Vegfr3*/tacz
embryos, the severity of the phenotype was variable:

E13.5

Ve Q‘ff’3 +lacZ Prox1 +/GFPCre Prox1 f/GFF’Cre,- Ve gfr3 +/Laf]
A B C )

Most of them exhibited severe edema and an accumula-
tion of blood in different body regions (Fig. 2C), others
showed a phenotype that is characteristic of blood-filled
dermal lymphatics (Supplemental Fig. 2C), and some
were almost devoid of lymphatic vessels in the skin
(Supplemental Fig. 2D)

The number of LEC progenitors and differentiating
LECs is severely reduced in Prox1*/¢T'¢re, Vegfr3*/tacZ
embryos

To further evaluate the lymphatic phenotype of
Prox1*/¢FPCr, Vegfr3+/14°Z embryos and determine whether
the cause of their severe phenotype is a reduction in the
number of LEC progenitors even greater than that seen in
Prox1 heterozygous embryos (Srinivasan and Oliver
2011), we performed a detailed analysis at three key de-
velopmental time points. E11.5 and E13.5 Prox1*/¢tPcre,
Vegfr3+'1%°Z embryos were sectioned and immunostained
for Proxl, podoplanin, and PECAMI1. The same anti-
bodies were used to immunostain the skin of E15.5
embryos. In E11.5 Prox1*/¢FPCre,Vegfr3*/14°Z embryos,
the number of LEC progenitors in the CV and differenti-
ating LECs outside the vein was reduced even more
drastically than in Prox1*/¢f'¢* embryos (Fig. 2D-F). In
addition, the level of podoplanin expression was down-

| Prox1*6FPCre H Prox 1+6FPCre-\fegfr3*LacZ |

+PECAM1

| Prox1+

" Prox140FPCre:\fe g fr3tiacz |

B Prox{ +GFPCre
F [ Prox1+/GFPCre.iegfr3 +iLacZ | Prox 1*/GFFCre
70004
ior
60004 E
@ 5000 &
2 T
£ .
£ 4000
4
— 3000
Q
© 2000 _=
+
10004 §
o
LEC Differentiating

progenitors LECs

Figure 2. LEC progenitors and LECs are reduced in Prox1*/GFC", Vegfr3+/14°Z embryos. Vegfr.
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| Prox1+
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mice were bred with Prox1*/¢frcre

to generate Prox1*/FPCr, Vegfr3*/14°Z double-heterozygous embryos. (A-C) At E13.5 Vegfr3*/%%° embryos were phenotypically normal
(A), Prox1*/TP€™ embryos had mild edema (B), and severe edema and regions of hemorrhagic accumulation were observed in most
Prox1*/GFPCre, Vegfr3+/19¢Z embryos (C). Prox1*/<FP" and Prox1*/¢FPC, Vegfr3*/*%°? embryos were collected at E11.5 (D-F), E13.5 (G,H),
or E15.5 (I,]) and analyzed by immunohistochemistry for the LEC markers Prox1 and podoplanin together with the pan-EC marker
PECAML. (D,E,G,H) Transverse sections, with the neural tube and heart at the right and left, respectively, of the figures. (I,]) Whole mounts
on the peripheral skin. (D,E) Compared with Prox1*/“*¢r¢ embryos, the expression of Prox1 and podoplanin is reduced in Prox1+/¢FCre,
Vegfr3*/+%°% littermates at E11.5. (F) Furthermore, the number of Prox1* LECs is reduced in Prox1*/“F¢", Vegfr3*/14Z embryos at E11.5
(n = 3 for each genotype). At E13.5, while a clear lymph sac (LS) was seen in Prox1*/¢"° embryos (G), scattered and mispatterned blood-
filled structures were seen in Prox1*/fPCe,Vegfr3*/14Z embryos (H; arrows). At E15.5, lymphatic vessels are seen in Prox1*/¢Frcre
embryonic skin (I); however, in Prox1*/¢T7Cr,Vegfr3*/1%°Z embryos, the few Proxl* structures (dashed lines) failed to express
podoplanin (]). P-values are as follows: (**) P = 0.0068; (*) P = 0.0128. Bars, 100 pm.
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regulated in the few scattered Prox1* ECs seen outside of
the CV (Fig. 2D,E). At E13.5, relatively normal-looking
lymph sacs were seen in Prox1*/¢™¢" embryos (Fig. 2G);
in contrast, several scattered blood-containing enlarged
structures were seen in Prox1*/f7Cr, Vegfr3*/14°Z embryos
at this stage (Fig. 2H, arrows). The levels of Proxl and
podoplanin expression were also drastically reduced at
E13.5 in these double-heterozygous embryos (Fig. 2H). At
E15.5, mostly normal-looking lymphatic vessels were
seen in the skin of Proxl heterozygous embryos (Fig. 2I;
Supplemental Fig. 2B,F). Instead, as mentioned above,
many Prox1*/¢T’¢", Vegfr3*/14Z embryos exhibited blood-
filled dermal lymphatics (Supplemental Fig. 2C), and,
consistent with the X-gal staining data (Supplemental Fig.
2D), some Prox1*/¢TCt, Vegfr3*/14Z embryos were almost
devoid of lymphatic vessels in the skin, as shown by the
lack of Prox1 and Vegfr3 staining (Supplemental Fig. 2H).
The few Prox1* vessels detected in those embryos were
devoid of podoplanin expression (Fig. 2J, dashed lines).

LEC progenitor identity is lost in Prox1*/¢Frere,
Vegfr3*'1%Z embryos

The reduced number of LECs in Prox1*/¢FFCre, Vegfr3+/ Lacz
embryos could be caused by a reduction in cell prolif-
eration, an increase in apoptosis, or the loss of LEC
identity. Prox1 heterozygous embryos that have fewer
LECs do not exhibit altered cell proliferation or apopto-
sis (Srinivasan and Oliver 2011). Instead, they fail to
maintain LEC fate. This led us to believe that something
similar could happen in Prox1*/GFFCreVegfr3+/tacz
embryos; however, proliferation and apoptosis assays
did not reveal obvious alterations in these embryos at
E11.5 (data not shown).

In the case of Prox1 heterozygous embryos, we pre-
viously used a lineage-tracing approach to follow the fate of
LEC progenitors. To that end, we crossed the Prox1*/¢Fcre
mice with R26"Y" mice in which R26 was ubiquitously
expressed, and an YFP reporter cassette was targeted
into the locus downstream from a transcription stop
cassette that was flanked by LoxP sites (Soriano 1999; Jeong
et al. 2004). In Prox1*/“FP¢" animals, Cre recombinase is
expressed where Prox1 is expressed (Srinivasan et al. 2010).
Cre-mediated deletion of the stop cassette in R26"/Y™"
mice activates the expression of YFP in all Prox1-expressing
cells and their descendants irrespective of the subsequent
presence or absence of the expression of Proxl or Cre.
Using this approach, we previously identified numerous
Prox1~;YFP* ECs on the CV of E13.5 Prox1 heterozygous
embryos (Srinivasan and Oliver 2011). This finding con-
clusively argued that the Proxl* LEC progenitors had
reverted to their original venous EC fate by losing Prox1
expression.

To determine whether Vegfr3 is also involved in main-
taining LEC fate, we performed a similar lineage-tracing
experiment in the Vegfr3*/7%? background. We used the
R26™T/mC mice (Muzumdar et al. 2007) that express a
fluorescent membrane-tagged GFP that fluoresces stronger
than the YFP of R26"/Y™ mice. Numerous GFP*;Prox1~
cells were detected in the CV of E10.5 Prox1*/GFrere,

Regulation of lymphatic progenitor identity

R26™T™mC embryos (Fig. 3A-C, white dotted line). However,
the number of GFP*;Prox1~ ECs detected was greater (non-
significant but with a trend P-value = 0.065) in Prox1*/¢frcre,
Vegfr3*/L9Z,R26™T/mE Jittermates (Fig. 3D-F [white dotted
line], G). Thus, Vegfr3 is likely involved in maintaining
LEC progenitor fate.

Vegfr3 regulates Prox1 expression in LEC progenitors
and LECs

One possible mechanism by which Vegfr3 maintains LEC
fate could be by regulating Prox1, a known regulator of
LEC progenitor identity. To evaluate this possibility, we
isolated E11.5 LEC progenitors (inside the CV) and
differentiating LECs (outside the CV) using a laser capture
microdissection approach from wild-type, Prox1 hetero-
zygous, and Vegfr3 heterozygous embryos. ProxI and
Vegfr3 mRNA levels were compared in these different
cell populations by quantitative PCR (qPCR). In wild-type
embryos, Prox1 and Vegfr3 levels were higher in differ-
entiating LECs than in progenitors (Fig. 4). As expected,
Vegfr3 expression in LEC progenitors was reduced in
Prox1 heterozygous embryos (Fig. 4B). In addition, we
found that Prox1 expression was also reduced in Vegfr3
heterozygotes (Fig. 4A). Interestingly, the reduction in the
expression of these two genes was in not only LEC
progenitors but also differentiating LECs outside of the
CV (Fig. 4).

Due to the severely reduced numbers of LECs, we were
unable to perform a similar laser capture and qPCR
analysis in Prox1*/GFPCre, Vegfr3*/19°Z embryos. However,
as reported above, we used image analysis software to
quantify the fluorescent intensity of Vegfr3 and Prox1 as
a measure of their expression levels in semiquantitative
immunohistochemical analysis. As before, we grouped
the cells as progenitors (on the vein) or differentiating
LECs (outside). Consistent with the qPCR data, Vegfr3
expression was reduced in LEC progenitors and differen-
tiating LECs in E11.5 Prox1*/¢T7¢™ embryos (Fig. 51,]).
Prox1 expression was also reduced in both populations in
Vegfr3*/"%Z embryos (Fig. 5L]). Moreover, Vegfr3 and
Prox1 levels were even more reduced in Prox1*/GFPere,
Vegfr3+'"%°Z (double-heterozygous) embryos than in their
Prox1*/CFPCre or Vegfr3*/1°? littermates (Fig. 5L]). Ex-
pression of the pan-endothelial marker PECAMI was not
significantly different between the samples, although, as
expected, its expression was higher in progenitors relative
to differentiated LECs (Fig. 5I]). These in vivo results
strongly support the presence of a positive feedback loop
between Prox1 and Vegfr3 in LECs.

Blood flow was shown to down-regulate the expression
of LEC-specific genes, particularly that of Prox1 (Chen
et al. 2012). To evaluate whether venous blood flow could
be responsible for the observed down-regulation of Prox1
levels in Vegfr3 heterozygous embryos, we used an in
vitro approach in which Proxl or Vegfr3 activity was
knocked down using specific siRNAs in hLECs. By using
Alexa-Fluor-564-conjugated siRNA and performing flow
cytometry, we determined that the siRNA transfection
efficiency was ~85% (data not shown). Quantitative real-
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time PCR analysis demonstrated that, as expected and in
agreement with previous results (Mishima et al. 2007; Lee
et al. 2009; Pan et al. 2009), Vegfr3 levels were down-
regulated when Prox1 is knocked down (Fig. 6A). Like-
wise, ProxI mRNA levels decreased ~40% after siVegfr3
transfection in hLECs (Fig. 6A). At the protein level,
endogenous Prox1 protein was detected in the nuclei of
hLECs transfected with control siRNA, whereas Prox1
protein was decreased or not detected in LECs trans-
fected with siProxl or siVegfr3 (Fig. 6B, arrowheads)
These results argue that the feedback loop regulation
between ProxI and Vegfr3 is at the RNA and protein
levels, that it is most likely independent of blood flow,
and that it takes place in LEC progenitors and differen-
tiating LECs.

Vegfc signaling helps maintain LEC progenitor identity

In Vegfc™/~ embryos, LEC progenitors remain inside the
CV; thus, Vegfc activity is required for these cells to bud
from the vein (Karkkainen et al. 2004). The data presented
above showed that a Prox1-Vegfr3 feedback loop in LEC
progenitors helps maintain Proxl expression. Accord-
ingly, as Vegfc activates Vegfr3 signaling, the number of
venous LEC progenitors in Vegfc ™/~ embryos should be
lower than in their control littermates. To test this possi-
bility, we immunostained E10.5 Vegfc"”’~ and Vegfc '~
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57, maintain Proxl expression in LEC progenitors.
; Prox1*/CFPCe mice were bred with VegfIS*/ Lacz,
R26™TME mijce, and the resulting E10.5 Prox1*/¢Fcre,
R26111T/mG and pIOX1+/(;FI)C1/e; Vegﬁ_gv-/LacZ;RQémT/mG
embryos were analyzed by immunohistochemistry
for Prox1 and GFP. Upon Cre-mediated activation,
the R26™T/mG reporter expresses a membrane-
tagged GFP that allows the visualization of the cell
surface. (A-C) In Prox1*/¢FP¢r.Ro6™T/mG embryos,
numerous Prox1* cells were seen on the CV. All of
these cells and a few Prox1~ cells on the CV were GFP*
(white dotted line). (D-F) In contrast, in Prox1*/¢FPcre,
Vegfr3+/14°Z,Ro6™mT/ME embryos, fewer Prox1* cells
were seen on the CV, although most of these cells
were GFP* (white dotted line). Bars, 100 pm. (G) For
cell counting, the number of GFP* Prox1 DAPI* or
GFP* Prox1"DAPI" cells were quantitated in stained
sections (n = 3 embryos for each genotype). Cell
counting showed that the number of Prox1~ GFP*
LEC progenitors (P-value = 0.065) was higher in
double heterozygous, indicating that the Vegfr3-
Prox1 interaction is required to maintain LEC fate.

embryos (Karkkainen et al. 2004) against the LEC markers
Prox1 and Lyvel. At this stage, in Vegfc heterozygous
embryos, Prox1*Lyvel® LEC progenitors lined the ante-
rior CV, and Prox1l* LECs cells were budding from
the vein (Supplemental Fig. 3A). However, fewer Prox1*
LEC progenitors remained inside the CV of Vegfc™/~
embryos (Supplemental Fig. 3B,C). Furthermore, com-
pared with wild-type littermates, the number of LEC
progenitors and LECs was reduced in E11.5 Prox1*/¢FFcre
and Vegfc'/~ embryos, as previously described (Fig. 7A-C;
Srinivasan and Oliver 2011; Hagerling et al. 2013). These
numbers were more dramatically reduced at E11.5 in
Prox1*/CTPCre Vegfc*/~ embryos when compared with
Prox1*/GFPCre or Vegfc*/~ littermates, a result providing
further support to the proposed regulatory interaction
between Prox1 and Vegfc/Vegfr3 signaling (Fig. 7D,E).
No surviving Prox1*/¢C Vegfc*’~ pups were found
from these crosses. Finally, to determine whether the
reduction in LEC numbers seen in Prox1,Vegfc double-
heterozygous embryos is due to the reversal of LEC pro-
genitor fate into venous ECs, we generated Prox1*/¢™cr,
Vegfc'’~;R26™T/MC embryos as described previously. As
expected, several GFP*Prox1~ DAPI* cells were seen on
the veins of Prox1*/¢FPCre,Ro6mT/mS embryos (Sup-
plemental Fig. 4A, white dotted line); however, these
numbers were higher in Prox1*/¢f’¢", Vegfc*/~;R26™T/mC
embryos (Supplemental Fig. 4D, white dotted line), in-
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[Tg(Prox1-tdTomato);Prox1**4°%], and Vegfr3*'~ [Tg(Prox1-tdTomato); Vegfr3*'*%°?] embryos were collected at E11.5 (one embryo per
genotype). Using laser capture microdissection, LEC progenitors (inside the CV) and differentiating LECs (outside the CV) were
collected separately, and the levels of Prox1 (A) and Vegfr3 (B) were analyzed by quantitative real-time PCR. mRNA levels are shown as
fold of increase and were normalized to PECAMI1 levels. These qPCR results were generated from a single laser capture experiment
using pooled mRNA extracted from cells captured from 10-wm sections obtained from the entire embryo for each genotype.

dicating that Vegfc also cooperates with Prox1l in the
maintenance of LECs progenitors.

Although these results provide further support for
a Prox1-Vegfr3 feedback loop in LECs, it could still be
argued that the observed results are the consequence of
the loss of LEC fate and therefore of the expression of
LEC-specific genes upon Prox1 or Vegfr3 inactivation. To
address this possibility, we cultured hLECs in the pres-
ence of Vegfc and found that Vegfr3 and Prox1 expression
was up-regulated 3.0-fold and 2.8-fold above baseline,
respectively (Supplemental Fig. 5). These quantifications
were done with internal controls to normalize for cell
numbers (data not shown).

Together, these results argue that Prox1* LEC progen-
itors require Vegfr3 to maintain their identity and bud
from the CV and that this regulation is mediated through
the activation of Vegfr3 by Vegfc. Alterations in Vegfc—
Vegfr3 signaling leads to the loss of Prox1 expression in
LEC progenitors and their reversal to venous EC fate.

Discussion

We showed previously that Prox1 heterozygous embryos
exhibit a reduction in the number of LEC progenitors and,
consequently, LECs because of a defect in maintaining
Prox1 expression (Srinivasan and Oliver 2011). To better
characterize the molecular steps leading to the formation
and maintenance of LEC progenitors, we identified direct
in vivo downstream targets of Prox1 that are regulated in
a dosage-dependent manner. Using a combination of in
vitro and in vivo approaches, we identified Vegfr3 as a
dosage-dependent target of Prox1 and demonstrated that,
in turn, Vegfc-Vegfr3 signaling is necessary to maintain
Prox1 in LECs. Consistent with these data, Vegfr3*/~ and
Vegfc*/~ embryos have reduced numbers of LEC pro-
genitors and LECs (Hagerling et al. 2013). Our lineage-
tracing experiments further revealed that this reduction
is due to the reversal of LEC progenitor fate into venous
ECs. We conclude that a feedback loop between Prox1
and Vegfr3 is important for maintaining LEC fate and

therefore for regulating the number of LEC progenitors
being specified in the CV and their subsequent budding to
form the complete lymphatic vasculature.

Feedback loops that operate between transcription
factors and signaling molecules are known to regulate
the normal development of many tissues. Such feedback
loops most likely play an important role in rapidly
amplifying the molecular programs that control lineage
differentiation. Based on the generated data, we propose
a simple model to explain the functional significance of
the newly identified Prox1-Vegfr3 feedback loop in lym-
phatic vascular development (Fig. 8). According to this
model, Coup-TFII and Sox18 provide the initial “spark”
for LEC specification by initiating the expression of Prox1
in the CV at around E9.75. In turn, this expression of
Prox1 will be necessary to maintain Vegfr3 expression in
venous LEC progenitors. Vegfc, whose expression is
stronger in the mesenchyme on the dorso-lateral side of
the anterior CVs where LECs bud directly (Karkkainen
et al. 2004), will trigger the Prox1-Vegfr3 feedback loop by
stabilizing Prox1 and therefore Vegfr3 expression on that
side of the vein and will be responsible for the budding of
those progenitors. The lack of Vegfr3 expression in ECs of
the lymphovenous valves (Srinivasan and Oliver 2011)
may explain why those cells remain inside the vein.

Reduction in Vegfr3-mediated signaling in Prox1*/~,
Prox1~/~, Vegfr3'/~, Vegfc*'~, Vegfc™'~ Prox1*'~;Vegfc*’",
and Prox1*/~;Vegfr3*/~ embryos results in the silencing of
Prox1 expression in some or all LEC progenitors and
therefore results in the reduction in the number of LECs.
It is worth pointing out that Vegfc-mediated signals could
be modulated by multiple mechanisms. Mice that carry
a deletion in the Vegfc-binding domain of Vegfr3
(Vegfr3!BP/LBD) still retain their ability to form lymph
sacs (Zhang et al. 2010). In this context, Neuropilin-2
(Nrp-2) could bind Vegfc and function as a coreceptor for
Vegfr3 (Zhang et al. 2010). Vegfr3"PP/*EP embryos are
nevertheless severely edematous due to reasons that
remain unknown (Zhang et al. 2010). Based on our data,
we predict that it is a defect in the Prox1-Vegfr3 feedback
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loop that leads to the reduction in the number of LEC
progenitors and LECs in these embryos. The ProxI-
Vegfr3 feedback loop could also be modulated by CCBE],
aprotein that proteolytically processes Vegfc (Jeltsch et al.
2014). Any of the aforementioned proteins could also
affect the timing and number of specified LEC progeni-
tors, and it could be possible that Proxl might also
control the expression of some of them. In fact, our
transfection assay showed that Prox1 up-regulates Nrp-2
expression in HsV cells (Supplemental Fig. 1).
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It has been proposed that Jaggedl/Notchl signaling is
responsible for the down-regulation of Coup-TFII expres-
sion in a subset of venous ECs in the early CV such that
LEC progenitors are not specified in that subpopulation
(Murtomaki et al. 2013). At the same time, in neighboring
venous EC cells with low or no Notch signaling, Coup-
TFII is up-regulated (Murtomaki et al. 2013). In these
cells, Coup-TFII in turn inhibits Notch signaling but
activates Prox1 (You et al. 2005; Srinivasan et al. 2010). This
argument is in agreement with results from Murtomaki et al.



Regulation of lymphatic progenitor identity

Prox1 ]| DAPI

| RNA oligo ||

Merge |

I Prox1 levels -—

I Vegfr3 levels .b

“" e Q

= oy wn

5 1.0

&

o 0.8 —
2
3

o 06 <

< o

pd f et

r 0.4 o

£ ‘B

S 0.2
=} ]
£ ool @
™ .

S FL X FL S

FEE L o

5 5 & 5 >

17}

Figure 6. Feedback loop regulation between Prox1 and Vegfr3 is at the RNA and protein levels. (A) hLECs were transfected with
siRNAs and cultured in conditioned medium. After 48 hm mRNA was extracted, and qPCR was carried out to quantify Prox! and
Vegfr3 expression levels. siProx]l down-regulates both ProxI and Vegfr3 levels (P < 0.0001 and P = 0.0108, respectively). Likewise,
siVegfr3 down-regulates both Vegfr3 and Prox1 levels (P = 0.0003 and P = 0.0051, respectively). These data are the result of three
independent experiments. (B) hLECs transfected with siRNA were cultured and immunostained for Prox1. Prox1 expression was down-
regulated in those cells that were successfully transfected with fluorescently labeled siRNAs directed against either ProxI or Vegfr3

(arrowheads).

(2013) showing that Notchl is capable of suppressing
Prox1 expression (likely via repression of Coup-TFII) in
early embryonic LECs and that deletion of one allele of
Notch1 rescues Prox1 haploinsufficiency. In the context
of our findings (see Fig. 8), it could be speculated that
early on in the CV, some venous ECs are devoid of Notch
signaling, or its threshold is below the one necessary to
repress Coup-TFII. Therefore, in those venous ECs, Coup-
TFII together with Sox18 induce Prox1 expression such
that LEC specification takes place, and the Prox1/Vegfr3
feedback loop is initiated and maintained in LEC pro-
genitors. Interestingly, we found that Notch1 levels were
increased in LEC progenitors of ProxI heterozygous
embryos as well as in hLECs transfected with Proxl1
siRNA (data not shown), a result suggesting that there
could also be cross-regulation between Notch signaling
and Prox1 in LECs such that, at those early stages, Prox1
expression in LEC progenitors maintains Notch expres-
sion at low levels. Later on (after approximately E13.5)
(see Fig. 8), for reasons that we still do not understand, the
threshold of Notch signaling in venous ECs increases to
a level sufficient to directly repress Coup-TFII and, as
a consequence, shut off Proxl expression. At the same
time, this increase in Notch signaling levels is probably
also sufficient to inhibit Vegfr3 activity via its effectors,
Hey1 and Hey2 (Murtomaki et al. 2013). As a consequence
(see Fig. 8), it is likely that the Prox1-Vegfr3 feedback loop
will be disrupted and so will the generation of LEC
progenitors in the CV at those later stages.

Another level of complexity is added by the fact that
Coup-TFII and Proxl could interact to form a protein
complex (Lee et al. 2009; Yamazaki et al. 2009; Srinivasan
et al. 2010). We previously determined that the reduction
in the number of Proxl-expressing LEC progenitors in
Prox1*/~ embryos was the consequence of a decrease in

the amount of the available Coup-TFII/Prox1 protein com-
plex (Srinivasan and Oliver 2011). This complex is known
to activate Vegfr3 in LECs (Lee et al. 2009; Yamazaki et al.
2009). Coup-TFI also activates Nrp-2, although it is
currently unknown whether this is via the Coup-TFII/
Prox1 complex (Lin et al. 2010). Alternatively, it could then
be argued that the Coup-TFII/Prox1 protein complex might
regulate the expression of additional LEC-specific genes
such as Heyl1/2, as recently reported (Aranguren et al.
2013), and these genes in turn inhibit Vegfr3 expression.

We found that the Proxi1-Vegfr3 feedback loop is
operational in not only LEC progenitors but also differ-
entiating LECs at least until E13.5. How is this loop
operating in functional lymphatics and in what context?
Are there other players involved? It was previously shown
that the expression of Prox1 and Vegfr3 is down-regulated in
collecting lymphatic vessels during maturation (Norrmen
et al. 2009). While the functional relevance of this down-
regulation is not yet clear, this down-regulation appears
not to take place in Foxc2~/~ embryos that fail to undergo
proper collecting vessel maturation (Norrmen et al.
2009). It is possible that a subtle interference with the
Prox1-Vegfr3 feedback loop by Foxc2 results in a sudden
and dramatic reduction in their expression levels and the
subsequent maturation of the lymphatic vessel. A genetic
interaction between Foxc2 and Vegfr3 has been reported
(Petrova et al. 2004).

In summary, we propose that the Prox1-Vegfr3 feed-
back loop is a simple but necessary sensing mechanism
required to maintain LEC fate and regulate the number of
specified LEC progenitors and, subsequently, the number
of budding LECs. Clearly, we only solved a small portion
of a jigsaw puzzle, and future research with the advance-
ment of appropriate technologies will help us put to-
gether the other pieces.
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Figure 7. Prox1 and Vegfc genetically interact with each other
to regulate the number of LEC progenitors and LECs. (A-D)
Prox1*/GFPCre and Vegfc*/~ mice were bred with each other, and
embryos were collected at E11.5 and analyzed by immunohis-
tochemistry for the LEC markers Prox1 and podoplanin together
with the pan-EC marker PECAMI1. Compared with wild-type
(WT) embryos (A, Vegfc*’~ (B) and Prox1*/F¢* (C) embryos
had fewer Prox1* LEC progenitors and LECs. (D) Prox1*/¢FPcre;
Vegfc'/~ embryos had even fewer LECs. (E) Quantification of the
cell numbers revealed that the differences in differentiating LEC
numbers are statistically significant ([***] P = 0.001; n = 3
embryos for each genotype). Regarding LEC progenitors, there is
no significant difference; however, there is a trend that shows
that the number of LECs decreases in the double-heterozygous
embryos (P = 0.0925). Bar, 100 pm.

Materials and methods

Mice

R26*YFP Ro6™T/ME and Tg(Prox1-tdTomato) mice were obtained
from the Jackson Laboratory (Jeong et al. 2004; Muzumdar et al.
2007; Truman et al. 2012). Vegfc"~, Prox1*"?, Prox1*/GFrere,
and Vegfz3*/%? mice have been reported previously (Dumont
et al. 1998; Wigle et al. 1999; Karkkainen et al. 2004; Srinivasan
et al. 2010). All mouse experiments were approved by the
International Animal Care and Use Committee (IACUC) at
St. Jude Children’s Research Hospital.

Viral constructs and generation of viral particles

Avitag-Prox1 was cloned into a two-promoter MSCV-fl-sv-Puro
retroviral vector containing the LTR promoter and an SV40-PAC
selection cassette. Viral particles pseudotyped with VSV-G and
PEQ-PAM were generated by transient transfection in 293T cells.
Briefly, 293T cells were plated at 2 x 10° cells per 100-mm-
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diameter tissue culture dish and transfected with the retroviral
vector (empty or containing avitag-Prox1) by using FuGENE 6
(Roche Applied Science). At 12 h post-transfection, the medium
was replaced with fresh DMEM containing 10% FBS, and cells
were grown for an additional 24 h. The conditioned medium
containing recombinant retroviruses was collected and filtered
through polysulfonic filters (pore size, 0.45 pm; Corning).

Viral transduction and selection of HsV clones expressing
Prox1

For retroviral infections, Hs5V cells were transduced with viral
particles for 24 h. Samples of retrovirus supernatants were applied
to HsV cells, which had been plated 18 h prior to infection at
a density of 10° cells per tissue culture dish (100-mm diameter).
Polybrene (Sigma) was added to a final concentration of 8 mg/mL,
and the supernatants were incubated with the cells for 12 h.
After infection, cells were placed in fresh growth medium and
maintained in culture as usual. Selection with 1.5 mg of puromy-
cin per milliliter was initiated 12 h after infection. About 7 d after
selection, 1 X 10* cells were seeded into each tissue culture dish
(100-mm diameter) to form individual clones. The individual
clones picked from microplates of the retrovirus-infected cells
were transferred to 24 microtiter wells and expanded to generate
cell clones stably expressing different levels of avitag-Prox1.

siRNA analysis

Human dermal LECs (HDLECs) were purchased from PromoCell
and cultured in endothelial basal medium (EBM) complemented
with supplement mix (C-39225, PromoCell) according to the
supplier’s instructions. These cells were used between passages
2 and 6. HDLECs were transfected with ON-TARGETplus
SMARTpool human for PROX1 (J-016913-08-0005), VEGFR3 (L-
003138-00-0005), or a control siRNA (D-001810-01-05) purchased
from Dharmacon (Thermo Scientific). siRNA transfections (50 nM
final concentration) were performed using Lipofectamine 2000
according to the manufacturer’s recommendations. After 5 h of
incubation, cells were rinsed twice with EBM and then incubated
in complete EBM for an additional 24 and 48 h in the presence of
100 ng/mL recombinant Vegfc (R&D Systems). The knockdown of
endogenous Prox1 and Vegfr3 was examined by Western blot
analysis (data not shown), immunofluorescence, and qPCR.

RNA isolation and quantification of gene expression

Total RNA was extracted with the RNeasy minikit (Qiagen)
according to the manufacturer’s instructions. To quantify gene
expression, 1 pg of total RNA was used for cDNA synthesis
(Clontech), and 1 uL of cDNA was used for real-time PCR using
LEC- and BEC-specific primers. Primer sequences are available
in Supplemental Table 2. PCR (SYBR Green, ABI) analysis was
performed on an Applied Biosystems 7500 real-time PCR sys-
tem. Ct values for each gene were normalized to the endogenous
control gene GAPDH using the AACt method. All experiments
were performed in triplicate.

Immunohistochemistry

For immunohistochemical analysis, whole embryos were fixed
in 4% PFA for 1 h at room temperature, embedded in 7% low-
melting agarose, sectioned on a vibratome (100 pm), and immu-
nostained. For immunohistochemical analysis of cryosections,
embryos were fixed in 4% PFA overnight at 4°C, embedded in
OCT, sectioned in a cryostat (10 pum), and immunostained. The
sections were mounted using Prolong Gold mounting medium
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containing DAPI (Life Technologies), and confocal microscopy
was performed.

Antibodies

The following primary antibodies were used: rabbit anti-B-gal
(MP Biomedicals), rabbit anti-Prox1 (AngioBio and ProteinTech
Group), goat anti-Prox1 (R&D Systems), hamster anti-podopla-
nin (Hybridoma Bank, Developmental Studies, University of
Towa), rat anti-PECAM1 (BD Pharmingen), goat anti-Vegfr3 (R&D
Systems), rabbit anti-GFP (Molecular Probes), and chicken anti-
GFP (Abcam). The following secondary antibodies were used: Alexa
488-conjugated donkey anti-rabbit (Molecular Probes), Alexa 488-
conjugated donkey anti-guinea pig (Molecular Probes), Alexa
488-conjugated goat anti-hamster (Molecular Probes), Alexa 488-
conjugated donkey anti-goat (Molecular Probes), Cy3-conjugated
donkey anti-rabbit (Jackson ImmunoResearch Laboratories), Cy3-

conjugated donkey anti-goat (Jackson ImmunoResearch Laborato-
ries), and Cy5-conjugated donkey anti-rat (Jackson ImmunoResearch
Laboratories).

Image analysis

Tissue sections prepared on a vibratome were immunostained with
antibodies and then visualized with a confocal laser-scanning
microscope (Zeiss LSM510). For images to be compared quantita-
tively, the same laser intensity settings were used, and images were
acquired on the same day. Quantification of the fluorescence
intensity was performed using Slidebook image analysis software.

Statistical analysis

Data analyses and statistical analyses were performed using
Prism 5 software (Graph Pad Software, Inc.). Values are presented
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as group mean * SEM. For statistical analyses in siRNA
experiments, we used one-way analysis of variance (ANOVA)
followed by ANOVA test, followed by Bonferroni’s multiple
comparison test. P-values <0.05 were considered statistically
significant (P = 0.05 [*], P = 0.01 [**],and P = 0.001 [***]). For
experiments where intensity of fluorescence was measured,
Microsoft Excel was used to evaluate the statistical significance
by unpaired Student’s t-test.

ChIP

Mouse primary LECs were isolated from E14.5 embryos by flow
cytometry. Lyve-1*, CD31*, and CD45~ populations were used in
the ChIP assay. ChIP was carried out with 10° cells by using the
LowCell ChIP kit (Diagenode). Rabbit anti-Proxl antibody
(ProteinTech Group) and rabbit IgG were used in the ChIP.
Following the pull-down and isolation of the chromatin frag-
ments, real-time PCR was performed using primers that were
specific for the multiple Prox1-binding sites and the nonspecific
control site (data not shown).

Whole-mount immunohistochemistry

Whole-mount immunohistochemistry was performed as pre-
viously reported (James et al. 2013)

Laser capture microdissection

E11.5 Tg(Prox1-tdTomato) (wild type), Tg(Prox1-tdTomato);
Prox1*t%Z (Prox1*/~), and Tg(Prox1-tdTomato); Vegfr3*'*4?
(Vegfr3*/~) embryos were generated and rapidly dissected at
4°C under RNase-free conditions. Embryos were fixed in 2%
PFA for 15 min at 4°C, washed twice with PBS, and frozen in
OCT on dry ice immediately. The blocks were stored at —80°C
until sectioning in the cryostat. Sections were subsequently
fixed for 30 sec by immersion in cold methanol, dehydrated in
graded ethanol solutions, and cleared in xylene. After air-drying,
laser capture was performed under direct fluorescence micro-
scopic visualization. Tomato* cells on the CV and Tomato™ cells
outside the CV were microdissected from the same frozen sections
and kept separately. Cells were captured using ArcturusXT LCM
instrument (Applied Biosystems). RNA was isolated using the
RNeasy FFPE kit (Qiagen) followed by ¢cDNA synthesis and
amplification using Ovation Pico WTA System V2 (NuGEN)
according to the manufacturer’s instructions. RNA quality was
assessed using a Bioanalyzer picochip (Agilent Technologies).
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