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Class 3 semaphorins negatively regulate dermal lymphatic

network formation
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ABSTRACT

The development of a patterned lymphatic vascular network is
essential for proper lymphatic functions during organ development
and homeostasis. Here we report that class 3 semaphorins
(SEMAS3s), SEMA3F and SEMA3G negatively regulate lymphatic
endothelial cell (LEC) growth and sprouting to control dermal
lymphatic network formation. Neuropilin2 (NRP2) functions as a
receptor for SEMA3F and SEMAS3G, as well as vascular endothelial
growth factor C (VEGFC). In culture, Both SEMA3F and SEMA3G
inhibit VEGFC-mediated sprouting and proliferation of human dermal
LECs. In the developing mouse skin, Sema3f is expressed in the
epidermis and Sema3g expression is restricted to arteries, whereas
their receptor Nrp2 is preferentially expressed by lymphatic vessels.
Both Sema3f;Sema3g double mutants and Nrp2 mutants exhibit
increased LEC growth in the skin. In contrast, Sema3f;Sema3g
double mutants display increased lymphatic branching, while Nrp2
mutants exhibit reduced lymphatic branching. A targeted mutation in
PlexinA1 or PlexinA2, signal transducers forming a receptor
complex with NRP2 for SEMA3s, exhibits an increase in LEC
growth and lymphatic branching as observed in Sema3f;Sema3g
double mutants. Our results provide the first evidence that SEMA3F
and SEMA3G function as a negative regulator for dermal
lymphangiogenesis in vivo. The reciprocal phenotype in lymphatic
branching between Sema3f;Sema3g double mutants and Nrp2
mutants suggest a complex NRP2 function that regulates LEC
behavior both positively and negatively, through a binding with
VEGFC or SEMAS3s.

KEY WORDS: SEMA3s, NRP2, Dermal lymphangiogenesis, LEC
sprouting, LEC growth

INTRODUCTION

Vascular endothelial growth factor C (VEGFC) and its receptor,
VEGF receptor 3 (VEGFR3) are key signaling molecules required
for lymphatic development (Dumont et al., 1998; Karkkainen et al.,
2004; Makinen et al., 2001). VEGFC stimulates lymphatic
endothelial cell (LEC) proliferation, survival, and migration
in vitro and in vivo (Jeltsch et al., 1997; Makinen et al., 2001).
In Vegfc mutant mice, LEC progenitors initially differentiate in the
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embryonic cardinal veins, but fail to migrate and form the primary
lymph sacs, resulting in the complete absence of peripheral
lymphatic vasculature (Karkkainen et al., 2004).

Neuropilin2 (NRP2) acts as a co-receptor to modulate VEGFC/
VEGFR3 signaling in lymphatic vessel development. The
interaction of NRP2 with VEGFR3 enhances VEGFC-induced
LEC survival and migration in vitro (Favier et al., 2006; Gluzman-
Poltorak et al., 2001). Nrp2 mutants show a severe reduction of
small-caliber lymphatic vessels (Yuan et al., 2002). Further genetic
analysis indicates that a VEGFR3/NRP2 receptor complex mediates
VEGFC-induced lymphatic sprouting (Xu et al., 2010). Selective
disruption of VEGFC binding to NRP2 by an anti-NRP2 blocking
antibody also leads to the reduction of LEC sprouting but does not
inhibit LEC proliferation (Caunt et al., 2008).

NRP2 also functions as a co-receptor with a signal transducer
PlexinA for class 3 semaphorins (SEMA3s), a family of ligands
first identified for its role in axon guidance (Giger et al., 1998).
SEMA3B and SEMA3C can bind to NRP2 as well as NRP1,
whereas SEMA3F and SEMA3G have a higher binding affinity for
NRP2 (Chen et al., 2000; Giger et al., 1998; Takahashi et al., 1998;
Taniguchi et al., 2005). In addition to their role as axonal guidance
cues (Pasterkamp and Kolodkin, 2003), SEMA3s are involved in
developmental angiogenesis, tumor angiogenesis, lymphatic valve
formation and organ development. For example, SEMA3F can act
as a functional inhibitor of tumor cell growth, metastasis and tumor
angiogenesis (reviewed in Bielenberg et al., 2006). SEMA3F also
inhibits VEGFC or VEGFA-mediated endothelial cell migration
and proliferation in vitro (Bielenberg et al., 2004; Favier et al.,
2006; Kessler et al., 2004). SEMA3F and/or SEMA3G signal
through NRP2 controls neural crest cell migration (Gammill et al.,
2006; Yu and Moens, 2005). Recently, it has been reported that
SEMA3A/PlexinA1/NRP1 signaling is important for lymphatic
valves formation (Bouvree et al., 2012; Jurisic et al., 2012).
Although the VEGFR3/NRP2 complex is important for VEGFC-
mediated LEC sprouting, whether SEMA3/PlexinA/NRP2
signaling is also involved in lymphatic development remains
unclear.

In this study, we provide the first evidence demonstrating that
SEMA3F and SEMA3G negatively regulate lymphatic vessel
development. The NRP2 receptor has a dual function that
regulates lymphatic sprouting and LEC proliferation both
positively and negatively, through a binding with VEGFC or
SEMA3s.

RESULTS

SEMA3F and SEMA3G inhibit LEC sprouting and proliferation
in culture

To examine how lymphatic endothelial cells (LECs) respond to
SEMA3F and SEMA3G in culture, dermal-derived human
lymphatic microvascular ECs (HMVEC-dLy-Neo; human LECs)
were treated with AP-SEMA3F and AP-SEMA3G. Both SEMA3F
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Fig. 1. SEMA3F and SEMA3G induce LEC contraction and inhibit LEC sprouting in culture. (A-C) Cell contraction assay for human LECs with 1 nM of
AP control protein (A), AP-SEMA3F(R580A/R582A) (B) or AP-SEMA3G (C). Cell shape is visualized by Phalloidin-AF568 staining and nuclei are stained by the
nuclear marker TO-PRO-3. (D) Quantification of total cell area. N=231 cells, AP control; N=278, AP-SEMA3F; N=260, AP-SEMA3G; two independent experiments.
(E-G) Sprouting assay for human LECs in response to VEGFC with 0.5 nM AP (E), VEGFC with 1 nM AP-SEMA3F (R580A/R582A) (F), or VEGFC with 0.5 nM
AP-SEMAS3G (G). Arrowheads indicate each sprout. Cell sprouts are visualized by Phalloidin-AF568 staining and nuclei are stained by the nuclear marker TO-PRO-
3. (H) Quantification of total number of LEC sprouts per one aggregate. N=8 from two independent experiments, bars represent meanzs.d. (I-K) Proliferation
assay forhuman LECs in response to VEGFC with 0.5 nM AP protein (I), VEGFC with 0.5 nM AP-SEMA3F(R580A/R582A) (J), or VEGFC with 0.5 nM AP-SEMA3G
(K). The cells were stained with the LEC marker PROX1 (red), proliferation marker Ki67 (green) and TO-PRO-3 (blue). Arrowheads indicate PROX1 and Ki67 double
positive cells. (L) Quantification of Ki67"/PROX1" LECs. N=43 images, AP control; N=34, AP-SEMA3F; N=39, AP-SEMA3G; from 2-3 independent experiments
were analyzed. Bars represent meanzs.e.m. *P<0.01, one-way ANOVA with Tukey-HSD multiple comparison test. Scale bars: 100 um.

and SEMA3G dramatically induced cell contraction (Fig. 1A-D).
We next examined whether SEMA3F and SEMA3G influence
VEGFC-mediated LEC behavior in vitro. VEGFC stimulates
sprouting and proliferation of human LECs in a dose-dependent
manner (data not shown). We found that both SEMA3F and
SEMA3G inhibit VEGFC-mediated human LEC sprouting in 3D
collagen gel (Fig. 1E-H). We also found that both SEMA3F and
SEMA3G inhibit VEGFC-induced human LEC proliferation
(Fig. 1I-L). These results demonstrate that SEMA3F and
SEMA3G inhibit VEGFC-mediated human LEC sprouting and
proliferation.

Differential expression patterns of SEMA3s in the embryonic
skin

We next examined the expression patterns of Sema3b, Sema3c,
Sema3f and Sema3g in E15.5 skin by in situ hybridization, stages
when lymphatic network is actively developing in the skin. We
found distinct expression patterns of Sema3c and Sema3f (Fig. 2A,B),
albeit a less clear in situ hybridization signal for Sema3b and
Sema3g (data not shown). Expression of Sema3c was detectable
in the layer adjacent to the boundary between the dermis and
hypodermis (Fig. 2A). Consistent with a previous report (Eckhardt
and Meyerhans, 1998), expression of Sema3f was observed in the
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Fig. 2. Expression of SEMA3s and their receptor NRP2 in limb skin.
(A,B) Expression of Sema3c and Sema3fin E15.5 skin (arrows). In situ
hybridization on serial transverse sections was performed with the indicated
probes. (C,D) Whole-mount limb skin staining of E17.5 Nrp2"@“9%'* embryos
with antibodies to the LEC marker PROX1 (red), LYVE1 (blue), and the EC
marker PECAM1 (red) together with GFP (Nrp2"“9%, green). A, arteries; L,
lymphatic vessels; V, veins. (E,E’) Whole-mount limb skin staining of E17.5
Sema3g'®#*;Nrp2'@9P"* embryos with antibodies to B-gal (Sema3g'®?, red),
GFP (Nrp2#49% green), and PECAM1 (blue). Sema3g®Z is expressed in
arteries (A, open arrowhead), whereas Nrp2‘a“gfp is expressed in both
lymphatic vessels (L, arrow) and veins (V, arrowhead). (F) Schematic model
illustrating differential expression patterns of SEMA3s and NRP2 in the skin.
Scale bars: 100 ym.
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epidermis (Fig. 2B). Although the Sema3g in situ hybridization
signal was not clearly detectable, the expression of SEMA3G using
Sema3g'®?* heterozygous embryos, carrying a lacZ reporter
cassette under the endogenous Sema3g promoter, was restricted to
arteries and is not expressed in veins or lymphatic vessels within the
skin (Fig. 2E,E’; Kutschera et al., 2011).

These SEMA3s are known to exert repulsive functions by
activating their cognate NRP receptors. Examination of NRP2
expression using Nrp2'@&?/* heterozygous embryos, carrying a
tauGFP reporter cassette under the endogenous Nrp2 promoter
(Walz et al., 2002), revealed that Nrp2““s? was consistently
detected in LECs expressing the LEC markers PROX1 and LYVEI1
(Fig. 2C) and in venous ECs expressing the pan-EC marker
PECAMI1 (Fig. 2D). Interestingly, we discovered mutually
exclusive expression of Nrp2“&? and Sema3g®“ in the double
heterozygous embryos (Fig. 2E,E’). The unique expression patterns
of SEMA3s adjacent to NRP2-expressing LECs suggest that
multiple SEMA3s may affect lymphatic network formation in the
skin (Fig. 2F).

Abnormal lymphatic vessel network formation in Sema3s
and Nrp2 mutants

To examine whether mutants lacking SEMA3s-mediated signaling
exhibit defective lymphatic network formation in the embryonic
skin, we first established a whole-mount imaging of embryonic limb
skin lymphatic vasculature with quantification measurements
(Fig. 3A). Using this method, we examined what happens to
dermal lymphatic vessel development in mutants lacking Nrp2,
Sema3f or Sema3g. Interestingly, Nrp2aus/ausl  Sema3f~'~,
Sema3gle?tacZ or  Sema3f~'";Sema3g“?“? double mutants
showed different phenotypes in lymphatic  branching
morphogenesis and LEC growth (Fig. 3B-F). Analysis of
branching point phenotypes revealed that Nyp2t@ e/ tauel mutants
exhibited  decreased  lymphatic ~ branching  complexity
(Fig. 3B vs C; G). In contrast, both Sema3f~'~ and Sema3g'e?'e?
mutants exhibited increased lymphatic branching complexity, albeit
more branching in Sema3g'#*Z mutants than Sema3f~'~ mutants
(Fig. 3B vs D and E; G). Furthermore, Sema3f~'~;Sema3g'ac?'e?
double mutants displayed a synergistic increase in lymphatic
branching points (Fig. 3B vs D vs E vs F; G), which indicates
both SEMA3F and SEMA3G cooperatively inhibit lymphatic
sprouting in in vivo. Quantification analysis of PROX1* LEC
number revealed that Nrp2'@“s/taus> mytants exhibited increased
LEC number resulting in lymphatic hyperplasia (Fig. 3B’ vs C’; H).
Like Npp2faug/taugfe  mutants, Sema3f~~ mutants, but not
Sema3gl?!eZ mutants, exhibited a significant increase in LEC
number (Fig. 3B’ vs D’ vs E’; H). Interestingly, Sema3f~'~;
Sema3g'*#'Z double mutants exhibited increased PROX1* LEC
number, but not a synergistic increase (Fig. 3B’ vs D' vs E’ vs F’; H),
almost similar number with Sema3f~~ mutants. This result suggests
that SEMA3F but not SEMA3G is responsible to control PROX1"
LEC number in vivo. Furthermore, Nrp2@“&/P/taugle  mutants
exhibited an increase lymphatic width whereas Sema3g'“?! %
had a decrease width (Fig. 3B vs C vs E; I). The increased branching
complexity of Sema3f™~;Sema3g'®#"*Z double mutants may be
due to an increased tip cell formation (Fig. 3J).

SEMAS3F negatively regulate LEC proliferation in the skin

We next examined whether the increased LEC number results from
an increased LEC proliferation in the mutants. LEC proliferation at
E14.5 was significantly increased in Nrp2'@ e’/ @ e/> mutants and
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Fig. 3. SEMA3-NRP2 signaling is required for lymphatic network formation in limb skin. (A) Schematic diagram illustrating forelimb skin dissection and
whole-mount limb skin staining for analysis of lymphatic network formation. The forelimb is dissected at the base of shoulder (dashed line) from E15.5 embryos,
and then limb skin is peeled off along the dashed line. Whole-mount immunolabeling of limb skin is performed with antibodies to the LEC markers PROX1 and
LYVE1, and the pan-endothelial cell markers PECAM1. For multiple quantification measurements, we defined an image area (white box, 1.45 mmx1.45 mm) in
20x confocal tiled z-stack images using the position of large-diameter blood vessels (white dashed line) as a frame of reference. The PROX1 staining visualizes
nuclei of LECs that allows us to measure LEC number in the lymphatic vasculature. The LYVE1 staining allows us to measure lymphatic branching points. Note
that the LYVE1 staining also detects tissue macrophages in the skin. (B-F’) Whole-mount staining of limb skin from E15.5 mutants and wild-type (WT) controls
with PROX1 (red) and LYVE1 (green). The boxed regions in (B-F) are magnified in (B’-F’), respectively: The magnified images show PROX1 only. Scale bars:
100 pm. (G-J) Quantification of lymphatic branching points (G) and total LEC number (H) per area (mmz). Lymphatic vessel width at the middle of lymphatic
branching points represented as box and whisker plot (I) (N=1404, WT controls; N=980, Nrp2 mutants; N=1856, Sema3f mutants; N=2388, Sema3g mutants;
N=3318, Sema3f;Sema3g double mutants). Quantification of lymphatic tip cells in total LECs (J). Bars represent meanzts.e.m. and sample numbers (the number
of limb skins we analyzed) are shown in the bars. *P<0.05; **P<0.01; NS, not significant by one-way ANOVA with Tukey-HSD multiple comparison test.
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Fig. 4. SEMA3F-NRP2 signaling is responsible for inhibition of LEC proliferation in limb skin. (A-D) Whole-mount limb skin staining of E14.5 mutants and
WT controls with the proliferation marker phosphohistone H3 (pHH3, green) in addition to PROX1 (red) and LYVE1 (blue). Arrowheads indicate pHH3 positive
proliferating LECs. Scale bar: 100 um. (E) Quantification of pHH3"/PROX1" LECs at E14.5 limb skin. (F) Quantification in genetic interaction analysis of Prox1*
LEC number per area (mmz) in E15.5 limb skin between Nrp2 and Sema3f mutants. Bars represent meanzts.e.m. and sample numbers (the number of limb skins
we analyzed) are shown in the bars. *P<0.05 and **P<0.01; NS, not significant by one-way ANOVA with Tukey-HSD multiple comparison test.

Sema3f~'~ mutants, compared to Sema3g'*“#*Z mutants and WT
controls (Fig. 4A-E).

We further examined whether SEMAJ3F inhibits LEC
proliferation through NRP2 in vivo. To address this question, we
pursued the genetic interaction experiments in the LEC number
between Sema3f and Nrp2. There was a significant increase in the
PROX1" LEC number in Nrp2@“&?"* Sema3f”~ double
heterozygous mutants compared with WT controls, Nrp2/@us/’*
heterozygous, or Sema3f”~ heterozygous mutants (Fig. 4F). The
increase of LEC number in Nip2@e?" :Sema3f*~ double
heterozygous mutants was as much as that in Sema3f~
homozygous mutants which indicate a clear genetic interaction in
the LEC number between Sema3f'and Nrp2. These data suggest that
SEMAZ3F inhibits LEC proliferation through NRP2.

PlexinAs mutants display abnormal lymphatic vessel
development as observed in Sema3s mutants

The increased branching in Sema3f and Sema3g mutants are
opposite to what we expected based on our finding of decreased
branching in Nrp2 mutants (Fig. 3G). The phenotypic differences
between Sema3f/g double mutants and Nrp2 mutants might reflect a
dual function of NRP2 that regulates lymphatic sprouting and LEC
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proliferation both positively and negatively, through a binding with
VEGFC or SEMA3s. To further address the role of SEMA3s-
mediated signaling, we decided to examine whether loss of PlexinA,
a signal transducer and receptor complex with NRP2 for SEMA3s,
influences lymphatic branching and LEC number. Among PlexinA
family members, PlexinAl and PlexinA2 are mainly expressed by
FACS-isolated LECs (Fig. 5A). We further confirmed PlexinAl
expression in dermal lymphatic vasculature by anti-PlexinAl
specific antibody (Fig. 5B). PlexinAI~~ mutants exhibited an
increase in lymphatic branching points and LEC number (Fig. 5C vs
D; C’ vs D’; F,G), whereas PlexinA2~~ mutants exhibited only an
increase in lymphatic branching points (Fig. 4C vs E; C' vs E’; F,G).
Interestingly, PlexinAl~~ mutants exhibit almost identical, albeit
milder, phenotypes with Sema3f~~;Sema3g'“?"Z double
mutants. These observations support that PlexinA functions as a
physiological receptor for SEMA3F and SEMA3G in vivo.

Nrp2 knockdown diminishes SEMA3G-mediated inhibition of
VEGFC-induced LEC sprouting in culture

The abovementioned results suggest that Sema3F/PlexinA1/NRP2
signaling controls LEC growth in lymphatic vessel development.
However, phenotypic differences in lymphatic vessel branching
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Fig. 5. SEMA3-PlexinA signaling is required for lymphatic network formation in limb skin. (A) RT-PCR analysis of mMRNA from FACS-isolated PECAM1"/
LYVE1" LECs from E16.5 embryos. (B) Whole-mount staining of E16.5 limb skin with antibodies to PlexinA1 (red) together with LYVE1 (green). (C-E’) Whole-
mount staining of limb skins from E15.5 PlexinA1, PlexinA2 mutants and WT controls with PROX1 (red) and LYVE1 (green). The boxed regions in (C-E) are

magnified in (C’-E’), respectively: The magnified images show PROX1 only (C'-E

"). Scale bars: 100 pm. (F,G) Quantification of lymphatic branching points (F) and

total LEC number (G) per area (mm?). Bars represent meants.e.m. and sample numbers (the number of limb skins we analyzed) are shown in the bars. *P<0.01;
NS, not significant by one-way ANOVA with Tukey-HSD multiple comparison test.

between Sema3f/g double mutants and Nrp2 mutants make it
difficult to determine the role of Sema3s/NRP2 signaling in
lymphatic branching. Indeed, there was not a clear genetic
interaction experiments in lymphatic branching between Nrp2 and
Sema3s mutant mice (data not shown). To clarify the role of NRP2
on the LEC behavior, we therefore turned to in vitro LEC sprouting
assay and examine what happens to SEMA 3s-mediated inhibition of
LEC sprouting in the absence of NRP2.

Knockdown of NRP2 expression in LECs was successfully
carried out in culture (Fig. 6A). Nrp2-deficient LECs failed to
respond to SEMA3G such that the cells did not show SEMA3G-
induced cell contraction (Fig. 6B-H). Furthermore, the Nrp2
deficiency diminished SEMA3G-mediated inhibition of VEGFC-
induced LEC sprouting, although Nrp2-deficient LECs sprout more
than control LECs (Fig. 6I-M). These results suggest that NRP2 is
essential for SEMA3G-mediated inhibition of lymphatic sprouting.

Lymphatic defects in the trunk and skin of Sema3s and Nrp2
mutants at different developmental stages and adult

Whether the SEMA3s-mediated negative regulation influences LEC
progenitor at an earlier stage and lymphatic network maturation and

maintenance in a later embryonic stage and adult remain to be
determined. At E11.5, Prox1"™ LEC progenitors bud from the
anterior cardinal vein and migrate towards the superficial skin
(Fig. 7A). No apparent defective LEC progenitor migration was
observed in Sema3f~'~;Sema3g'*“?"*Z double mutants, given that
Nrp2 mutants exhibit lymph sac-like tubes which remain relatively
adjacent to the cardinal vein (Fig. 7B,C). Like the abovementioned
lymphatic phenotypes in the limb skin, the back skin of Nrp2
mutants exhibited hyperplastic lymphatic vasculature at E15.5
(Fig. 7E) and continued to display defective lymphatic vasculature
at E17.5 (Fig. 7). The back skin of Sema3f~'~;Sema3g'e?'e
double mutants also exhibited hyper branching phenotype
(Fig. 7F,I). Defective lymphatic network was found in E17.5 limb
skin of Nrp2 mutants and Sema3f~~;Sema3g'®?"*% double
mutants (arrowhead in Fig. 7K,L). Consistent with the previous
study (Yuan et al., 2002), however, the defective lymphatic network
appears to be recovered from E17.5 onwards. Furthermore, no
apparent defective lymphatic network and valve formation was
detectable in the adult ear skin (Fig. 7N,M; Fig. 8A,B). These data
suggest that the recovery of lymphatic vessel development occurred
during later embryonic stages and postnatal life in the mutants.
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human LECs (HMVEC-dLy-Neo). (B-G) Cell contraction assay for control or Nrp2 knockdown human LECs with 1 nM of AP control protein (B-D) or AP-SEMA3G
(E-G). Phalloidin-AF568 staining shows cell shape and nuclei are stained by TO-PRO-3. (H) Quantification of total cell area in the cell contraction assay. Control
KD LECs treated with AP control, N=263 cells; control KD LECs treated with AP-SEMA3G, N=296; Nrp2 KD #1 LECs treated with AP control, N=187 cells; Nrp2
KD #1 LECs treated with AP-SEMA3G; N=221; Nrp2 KD #2 LECs treated with AP control, N=227; Nrp2 KD #2 LECs treated with AP-SEMA3G, N=223; two
independent experiments). (I-L) Sprouting assay for control or Nrp2 knockdown human LECs in response to VEGFC with 0.5 nM of AP control protein (I,J) or AP-
SEMASG (K,L). Phalloidin-AF568 staining shows cell shape and nuclei are stained by TO-PRO-3. (M) Quantification of total number of LEC sprouts per one
aggregate. (N=8 from two independent experiments, bars represent meanzts.d.). *P<0.01; NS, not significant by one-way ANOVA with Tukey-HSD multiple

comparison test.

DISCUSSION

In this study, we provide the first genetic evidence that SEMA3F
and SEMA3G negatively regulate both lymphatic sprouting and
LEC proliferation to control lymphatic vessel network formation.
SEMAS3F and SEMA3G inhibit VEGFC mediated LEC sprouting
and proliferation. Genetic inactivation of SEMA3s-mediated
signaling leads to abnormal lymphatic branching network and

1200

LEC proliferation in the skin. Our findings define a key negative
regulator that shapes the pattern of lymphatic vessel network
formation.

Despite the significance of SEMA3s action on LEC growth
through NRP2, the reciprocal phenotype in lymphatic branching
complexity between Nrp2@&//@ug/’ homozygous mutants and
Sema3f~~;Sema3g'*#"*Z double homozygous mutants makes it
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Fig. 7. Early and late stage phenotypes of Nrp2 mutants and Sema3f; Sema3g double mutants. (A-C) Section staining of E11.5 Nrp2/@“9P/aua® mytants
and Sema3f”'~;Sema3g®?"® double mutants and WT controls at trunk level with antibodies to PROX1 (red) and LYVE1 (green) together with the nuclear
marker TO-PRO-3 (blue). Nrp2 mutants exhibit lymph sac-like tubes, which remain relatively adjacent to the cardinal vein (arrowhead). CV, cardinal vein.

(D-1) Whole-mount staining of back skin from E15.5 (D-F) and E17.5 (G-I) mutants and WT controls with antibodies to PROX1 (red) and LYVE1 (green). Nrp2
mutants exhibit defective lymphatic vessels (arrowhead). Sema3f;Sema3g double mutants exhibit increased lymphatic branching points (arrowhead).

(J-L) Whole-mount staining of limb skins from E17.5 mutants and WT controls with antibodies to PROX1 (red) and LYVE1 (green). Nrp2 mutants and Sema3f;
Sema3g double mutants exhibit enlarged lymphatic vessels (arrowhead). However, the defects in the mutant lymphatic vasculature at E17.5 are milder than that
at E15.5 (compared to Fig. 3). (M,N) Whole-mount staining of adult ear skins from Sema3f; Sema3g double mutants and WT controls with an anti-LYVE1 antibody
(green). Note that Nrp2 mutants die after weaning. Scale bars: 100 pm.

c
o)
Q

o
>
)

9

Q

[

1201



RESEARCH ARTICLE

Biology Open (2015) 4, 1194-1205 doi:10.1242/bio.012302

Adult ear skin

Fig. 8. Normal lymphatic valve formation in Sema3f;
Sema3g double mutants. Whole-mount staining of adult

ear skin Sema3f~'~;:Sema3g'®#"** double mutants (A,A’)

lacZ/lacZ and WT controls (B,B’) with antibodies to the lymphatic valve

Control (WT)

3 0

a9-integrin/LYVE1/PECAM1

challenging to definitely determine if NRP2 is required for
SEMA3s-mediated negative regulation of lymphatic branching
complexity: our genetic interaction experiments between Sema3g
and Nrp2 did not provide a clear answer for the phenotypic
differences: Sema3g'*?" heterozygous mutants exhibited more
branching points than Nrp2/@“&?’* heterozygous and WT controls,
whereas this increase is diminished in Nrp2™@“&?’* :Sema3g'*<?™*
double heterozygous mutants (data not shown). One possible
explanation is that the reduction of lymphatic sprouting in Nrp2
mutants may reflect the lack of VEGFC/VEGFR3/NRP2-mediated
positive signaling. This possibility is supported by previous studies
demonstrating that selectively inhibiting VEGFC binding to NRP2
with a function-blocking antibody results in the reduction of
VEGFC-induced LEC migration but not LEC proliferation (Caunt
et al., 2008) and further genetic analysis that a VEGFR3/NRP2
receptor complex mediates VEGFC-induced lymphatic sprouting
(Xu et al., 2010). In addition, SEMA3F inhibits VEGFA and
VEGFC-induced endothelial cell proliferation, survival and
migration (Favier et al., 2006; Kessler et al., 2004). These studies
suggest VEGFC/VEGFR3/NRP2 complex is necessary for
lymphatic sprouting in vivo. Nrp2 deficiency, which results in no
VEGFC-induced positive sprouting signal, overrides the increase in
branching complexity induced by the lack of SEMA3s/PlexinA/
NRP2-mediated inhibitory signaling. The other possible
explanation is that SEMA3s action on lymphatic sprouting might
be NRP2-independent, although it depends on PlexinAs. It should
be noted that NRP2 is known to interact with TGFp signaling
(Grandclement et al., 2011), HGF signaling (Sulpice et al., 2008)
and/or Integrins signaling (Ou et al., 2015; Cao et al., 2013; Goel
et al.,, 2013). These signaling pathways might affect lymphatic

1202

Sema3f” ;Sema3g
s Lo

marker 09-integrin (red) together with LYVE1 (green) and an
pan-endothelial cells marker PECAM1 (blue). Arrowheads
indicate lymphatic valves. A’ and B’ show only red and blue
channels of A and B, respectively. Scale bar: 100 pm.

branching. Indeed, we have previously demonstrated that TGFB
signaling is required for sprouting lymphangiogenesis in the skin
(James et al., 2013). Resolution of this issue, as well as direct
demonstration that NRP2 is required for SEMA3s action on
lymphatic sprouting in vivo, will require Nrp2 mutant mice
expressing Nrp2 with a mutation which selectively abolishes
SEMA3s-NRP2 binding.

Although SEMA3F and SEMA3G exhibit the same effects for
human LECs in in vitro experiment which both inhibit sprouting
and proliferation, we find different phenotypes in lymphatic
branching complexity and LEC growth between Sema3f and
Sema3g mutants. This observations may reflect the different
expression patterns of SEMA3F and SEMA3G: Epidermis-
derived SEMA3F globally influences LEC proliferation and
sprouting at relatively low concentration, whereas arterial
SEMA3G provides a local signal, at relatively high concentration,
to inhibit lymphatic sprouting. Alternatively, SEMA3F and
SEMA3G may bind to the PlexinAs/NRP2 receptor complexes
with different binding affinities or different receptor complexes. Our
observation that 0.5 nM of SEMA3G inhibits VEGFC-induced
LEC sprouting, while 1 nM of SEMA3F inhibits the LEC sprouting
(Fig. 1E-H) suggest that SEMA3s may have different binding
affinity to distinct receptor complexes. Indeed, SEMA3F signaling
functions through NRP2/PlexinA3 or NRP2/PlexinA1 complex but
not NRP2/PlexinA2 complex (Doci et al., 2015). We also found that
both Sema3f mutant and PlexinAl mutants exhibit an increased
lymphatic branching and LEC number, while both Sema3g mutant
and PlexinA2 mutants exhibit an increased lymphatic branching.
These results suggest that, at least in part, SEMA3G may
preferentially function through PlexinA2 in lymphatic branching.
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Resolution of this issue in vivo will require a genetic interaction
experiment in lymphatic branching between Sema3f/g and
Plexin41/42. Of note, a very recent report demonstrates that full-
length Semaphorin-3C functions as an inhibitor of tumor
lymphangiogenesis and metastasis (Mumblat et al., 2015). Since
we found the unique expression of SEMA3C in the limb (Fig. 2A),
lymphatic vessel development in Sema3c mutants needs to be
investigated. The mechanisms underlying the functional differences
of SEMA3s in lymphatic vessel network formation will provide
interesting topics for further study.

Defective lymphatic phenotypes of Sema3f;Sema3g double
mutants and Nrp2 mutants are restored during later embryonic
stage (E17.5~) or postnatal stage, and no apparent defective
lymphatic network and valve formation was detectable in the adult
skin. The restoration of defective lymphatic vessels has been
observed in Nrp2 mutants (Yuan et al., 2002) and in transgenic mice
overexpressing a soluble VEGFR3 (Makinen et al., 2001). One
possible explanation is that other SEMA3s such as SEMA3A,
SEMA3B, SEMA3C, SEMA3D and/or SEMA3E may compensate
for the lymphatic defects in Sema3f;Sema3g double mutants during
later embryonic stage or postnatal stage. Indeed, SEMA3A/
PlexinA1/NRP1 signaling is important for lymphatic valves
formation (Bouvree et al., 2012; Jurisic et al., 2012). SEMA3E
directly binds to PlexinD1 without neuropilins (Oh and Gu, 2013)
and the expression of PlexinD1 was significantly detectable in
dermal LECs (Fig. 5A). Although mechanisms regulating the
restoration in these mutants remain unclear, our findings that
SEMA3F and SEMA3G negatively regulate lymphatic branching
and LEC growth provide important insights in understanding the
process of lymphangiogenesis during development and
pathological conditions such as metastatic cancer. A very recent
study by the Gutkind’s group has demonstrated that (1) loss of
SEMAZ3F is a frequent event in head and neck squamous cell
carcinomas (HNSCC), which correlates with increased tumor
vascularity and metastasis, (2) SEMA3F requires NRP2 to
promote LEC collapse, and (3) SEMA3F re-expression
diminishes lymphangiogenesis and lymph node metastasis (Doci
et al., 2015). Combined, SEMA3F/NRP2 signaling represents an
important regulatory axis in tumor lymphangiogenesis, thus
providing new therapeutic targets to halt aggressive metastasis.

MATERIALS AND METHODS

Experimental animals

Nrp2 mice (Walz et al., 2002) were purchased from Jackson Laboratory.
Sema3g mice were generated by the trans-NIH Knock-Out Mouse Project
(KOMP). Genotyping for the Sema3g-lacZ allele was carried out with
the following primer pairs: 5-GCGGCTCTCCTACAGAGGTACTG-3’
and 5'-TGTCCTAGAGCCACGGACATTC-3" as primers to detect
wild-type allele; 5-TAGCTGCACGGGCATTGAGC-3" and 5'-
GTCTGTCCTAGCTTCCTCACTG-3" as primers to detect mutant allele.
The plexinAl, plexinA2, and Sema3f mice have been reported elsewhere
(Sahay et al., 2003; Suto et al., 2007; Yoshida et al., 2006). All animals and
procedures for mouse experiments were approved by the National Heart,
Lung, and Blood Institute (NHLBI) Animal Care and Use Committee.

RNA in situ hybridization analysis

In situ hybridization using digoxigenin (DIG)-labeled riboprobes was
essentially as previously described (Mukouyama et al., 2005, 2002). The
sections (16 pum thickness) were permeabilized by 0.1% Tween20 in
phosphate buffered saline (PBS) twice for 5 min each and then fixed with
4% paraformaldehyde (PFA, Electron Microscopy Science) for 30 min. The
sections were washed with 0.1% Tween20 in PBS and incubated with 0.2%
DEPC in PBS for 5 min. The sections were hybridized with anti-sense probe

at 65°C for 16 h. The DIG-labeled cRNA probes diluted in hybridization
solution (50% formamide, 5x SSC, 1% SDS, 50 pg/ml yeast RNA and
50 pg/ml heparin). After hybridization, the sections were washed in 50%
formamide, 5% SSC and 1% SDS at 65°C for 30 min and then washed twice
in 50% formamide and 2x SSC at 65°C for 45 min each. The sections were
washed twice with 0.1% Triton X-100 in PBS for 5 min each at room
temperature and then incubated with blocking buffer (0.1% Triton X-100
and 2% sheep serum in PBS) for 40 min. For DIG detection, the sections
were incubated with alkaline phosphatase-conjugated anti-digoxygenin
antibody (Roche 1:1000) for 3 h at room temperature. The hybridization
signal was detected by BCIP/NTB (Roche). The probes for Sema3c and
Sema3f were a generous gift from Y. Yoshida (Cincinnati, OH, USA;
Yoshida et al., 2006). We have confirmed the specific in situ hybridization
signals using anti-sense and sense cRNA probes.

Immunohistochemistry

Whole-mount staining was performed as previously described (Li and
Mukouyama, 2011; Mukouyama et al., 2002). The embryos were fixed by
4% PFA 4°C overnight. The forelimbs were dissected from embryos (E15.5,
E17.5) and the skin peeled off; upper back skin was also peeled off. The
samples were stained in the blocking buffer (0.1% TX-100 and 10% goat
serum or donkey serum in PBS) containing primary antibodies overnight at
4°C. The primary antibodies used were: anti-PECAMI1 antibody (rat
monoclonal, clone MEC13.3, BD Pharmingen, 1:300) to detect endothelial
cells; anti-LYVE1 antibodies (rabbit polyclonal, Abcam, ab14917, 1:500 or
rat monoclonal antibody, clone ALY7, MBL, 1:500) and anti-PROX1
antibody (goat polyclonal, R&D, AF2727, 1:500) to detect lymphatic
endothelial cells; anti-GFP antibody (rabbit polyclonal, with or without
Alexa Fluor-488 conjugation, Invitrogen, 1:500) to detect GFP expression;
anti-B-galactosidase (B-gal) antibody (rabbit polyclonal, Cappel, 55976,
1:5000) to detect B-gal expression; anti-phospho-Histon H3 (pSer28, rat
monoclonal antibody, clone HTA28, Sigma, 1:1000) to detect proliferating
cells. The samples were then washed 3 times in 0.1% TX-100 and 2% goat
or normal donkey serum in PBS for 10 min each at room temperature. The
samples were incubated with blocking buffer containing secondary
antibodies for 5 h at 4°C. Different combinations of Alexa Fluor-488-,
Alexa Fluor-568-, Cy3- or Alexa Fluor-647-conjugated secondary
antibodies (Invitrogen 1:500 or Jackson Immunoresearch, 1:500) were
used for different staining. The stained forelimb skins were mounted on
slides, inner surface to the slide, in an anti-fade mounting media (Prolong
Gold, Life Technologies). All confocal microscopy was carried out on a
Leica TCS SPS5 confocal (Leica).

Staining for cell culture was performed as previously described (Li and
Mukouyama, 201 1; Mukouyama et al., 2002). The cells were fixed with 4%
paraformaldehyde (PFA)/PBS and stained with Alexa Fluor-568-
conjugated Phalloidin (Invitrogen, 1:300) to detect actin cytoskeleton;
TO-PRO-3 (Invitrogen, 1:2000) to detect nuclei; Ki67 (rabbit polyclonal,
Vector Labs, VP-K451, 1:1000) to detect proliferating cells; anti-PROX1
antibody (goat polyclonal, R&D, AF2727, 1:500). Cell area measurement
was performed by Imagel software.

Cell culture

Dermal-derived human lymphatic microvascular ECs (HMVEC-dLy-Neo,
Lonza) were cultured in EBM-2 medium with growth supplements. About
75% of HMVEC-dLy-Neo cells are positive for PROX1 (data not shown).
For cell contraction assays, 5x10° of HMVEC-dLy cells were grown for
over night on coverslips (Thermo Scientific) with fibronectin coating, then
treated with 1 nM of alkaline phosphatase (AP) control protein, mouse AP-
Sema3F with cleavage resistant point mutations (R580A/R582A), or mouse
AP-SEMA3G for 30 min. Sprouting assays were modified as previously
reported (Korff and Augustin, 1999). To make aggregates of HMVEC-dLy-
Neo cells, 2000 cells were cultured in each well of ultra-low attachment
round bottom 96 well plate (Corning Coster) for over night, then the cell
aggregates were transferred into collagen gels. After collagen solidified, the
cell aggregates were cultured with a basal EBM-2 medium (no serum and
supplements) with 100 ng/ml VEGFC (Peprotech) and 0.5 nM of AP
protein, 1 nM of AP-Sema3F (R580A/R582A) or 0.5 nM of AP-Sema3G,
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for 24 h. For proliferation assays, 1x10% of the cells were cultured on
coverslips for 5 h in a growth medium. After 5 h, the cells were cultured in
the basal EBM-2 medium with 100 ng/ml VEGFC and 0.5 nM AP protein,
AP-Sema3F (R580A/R582A) or AP-Sema3G, for 3 days. RNAi experiment
of HMVEC-dLy-Neo, 5x10° of the cells were cultured on 6 cm dish for
2 days. Then, siRNA (Ambion) were transfected 2 times by lipofectamine
RNAIMAX (Life Technologies) each 2 days. The siRNAs for Nrp2 and
negative control are obtained from Silencer Select Validated/Pre-designed
siRNA (Ambion); Nrp2#1 (ID#s16840), Nrp2#2 (ID#s16841) and Silencer
Select Negative Control No.l (cat#4390843). Nrp2 knockdown was
detected by immunoblot analysis with anti-NRP2 antibody (rabbit
polyclonal, Santa Cruz, sc-5542, 1:500) and anti-B-actin antibody (mouse
monoclonal, Sigma, clone AC-74, 1:5000).

LECs isolation by FACS and RT-PCR

FACS isolation of LECs from embryos (James et al., 2013), and subsequent
RNA isolation and RT-PCR was performed as previously described
(Iwashita et al., 2003; James et al., 2013; Molofsky et al., 2003). RT-PCR
primers sequence for mouse Nrp2, Vegfr3 and Plexins were from
PrimerBank (Spandidos et al., 2008, 2010; Wang and Seed, 2003): 5'-
GACTTCATTGAGATTCGGGATGG-3’ and 5'-AACTTGATGTATAAC-
ACGGAGCC-3" as primers for Nrp2 (ID#116686133c2); 5'-GGCAAAT-
GGTTACTCCATGACC-3" and 5'-ACAACCCGTGTGTCTTCACTG as
primers for Vegfi-3 (ID#226874801cl); 5'-GGTTGGACGATCTCTTCA-
AGC-3" and 5'-GGGGAAGTATTCTGATTTGCCAT-3" as primers for
PlexinAl (ID#253683485¢c3); 5-ACTCTGAGAATCGTGACTGGA-3’
and 5-TGTTGGTGAGTGTAAGCACTTC-3" as primers for PlexinA2
(ID#113722112¢2); 5'-CAGATACCACTCTGACTCACCT-3" and 5'-GG-
CCCGTAGCTCAGTTAGG-3' as primers for PlexinA3 (ID#6679391al);
5’-ACAGGGCACATTTATTTGGGG-3’ and 5'-CACTTGGGGTTGTCC-
TCATCT-3" as primers for PlexinA4 (ID#171543898cl); 5'-GAGCAAG-
CGCAACATACAGC-3' and 5'-GGCTACAGTCAGCACTCGC-3' as
primers for PlexinD1 (ID#153792703c2).

Acknowledgements

We thank D. Ginty for providing Sema3f mutants, C. Gu and Y. Yoshida for providing
in situ probes for Sema3s, M. Taniguchi for providing the Sema3G expression
vector, and trans-NIH Knock-Out Mouse Project (KOMP) Repository for providing
Sema3g mutants (www.komp.org). We also thank J. Hawkins and the staff of NIH
Bldg50 animal facility for assistance with mouse care, L. Samsel, H. Sardon and
P. J. McCoy for FACS assistance, K. Gill for laboratory management and technical
support, and R. Reed and F. Baldrey for administrative assistance. Thanks also to
R. S. Adelstein, A. M. Michelson, R. S. Balaban and A. Nalbandian for invaluable
help and discussion, and other members of the Laboratory of Stem Cell and Neuro-
Vascular Biology for technical help and thoughtful discussion.

Competing interests
The authors declare no competing or financial interests.

Author contributions

Y.U. performed the majority of experiments for this study and wrote for the
manuscript. J.M.J. developed whole-mount imaging for lymphatic vessels. F.S.
prepared a PlexinA antibody, plexinA1 and plexinA2 mutant embryos. Y.-s.M.
directed this study and wrote the manuscript.

Funding
This work was supported by the Intramural Research Program of the National Heart,
Lung, and Blood Institute, National Institutes of Health [HL0O05702-07 to Y.-s.M.].

References

Bielenberg, D. R., Hida, Y., Shimizu, A., Kaipainen, A., Kreuter, M., Kim, C. C.
and Klagsbrun, M. (2004). Semaphorin 3F, a chemorepulsant for endothelial
cells, induces a poorly vascularized, encapsulated, nonmetastatic tumor
phenotype. J. Clin. Invest. 114, 1260-1271.

Bielenberg, D. R., Pettaway, C. A., Takashima, S. and Klagsbrun, M. (2006).
Neuropilins in neoplasms: expression, regulation, and function. Exp. Cell Res.
312, 584-593.

Bouvree, K., Brunet, l., del Toro, R., Gordon, E., Prahst, C., Cristofaro, B.,
Mathivet, T., Xu, Y., Soueid, J., Fortuna, V. et al. (2012). Semaphorin3A,
Neuropilin-1, and PlexinA1 are required for lymphatic valve formation. Circ. Res.
111, 437-445.

1204

Cao, Y.,Hoeppner, L. H.,Bach, S., E, G., Guo, Y., Wang, E., Wu, J., Cowley, M. J.,
Chang, D. K., Waddell, N. et al. (2013). Neuropilin-2 promotes extravasation and
metastasis by interacting with endothelial alpha5 integrin. Cancer Res. 73,
4579-4590.

Caunt, M., Mak, J., Liang, W.-C., Stawicki, S., Pan, Q., Tong, R. K., Kowalski, J.,
Ho, C., Reslan, H. B., Ross, J. et al. (2008). Blocking neuropilin-2 function
inhibits tumor cell metastasis. Cancer Cell 13, 331-342.

Chen, H., Bagri, A., Zupicich, J. A., Zou, Y., Stoeckli, E., Pleasure, S. J.,
Lowenstein, D. H., Skarnes, W. C., Chédotal, A. and Tessier-Lavigne, M.
(2000). Neuropilin-2 regulates the development of selective cranial and sensory
nerves and hippocampal mossy fiber projections. Neuron 25, 43-56.

Doci, C. L., Mikelis, C. M., Lionakis, M. S., Molinolo, A. A. and Gutkind, J. S.
(2015). Genetic identification of SEMA3F as an antilymphangiogenic metastasis
suppressor gene in head and neck squamous carcinoma. Cancer Res. 75,
2937-2948.

Dumont, D. J., Jussila, L., Taipale, J., Lymboussaki, A., Mustonen, T., Pajusola,
K., Breitman, M. and Alitalo, K. (1998). Cardiovascular failure in mouse embryos
deficient in VEGF receptor-3. Science 282, 946-949.

Eckhardt, F. and Meyerhans, A. (1998). Cloning and expression pattern of a
murine semaphorin homologous to H-sema IV. Neuroreport 9, 3975-3979.

Favier, B., Alam, A., Barron, P., Bonnin, J., Laboudie, P., Fons, P., Mandron, M.,
Herault, J.-P., Neufeld, G., Savi, P. et al. (2006). Neuropilin-2 interacts with
VEGFR-2 and VEGFR-3 and promotes human endothelial cell survival and
migration. Blood 108, 1243-1250.

Gammill, L. S., Gonzalez, C., Gu, C. and Bronner-Fraser, M. (2006). Guidance of
trunk neural crest migration requires neuropilin 2/semaphorin 3F signaling.
Development 133, 99-106.

Giger, R. J., Urquhart, E. R., Gillespie, S. K. H., Levengood, D. V., Ginty, D. D.
and Kolodkin, A. L. (1998). Neuropilin-2 is a receptor for semaphorin IV insight
into the structural basis of receptor function and specificity. Neuron 21,
1079-1092.

Gluzman-Poltorak, Z., Cohen, T., Shibuya, M. and Neufeld, G. (2001). Vascular
endothelial growth factor receptor-1 and neuropilin-2 form complexes. J. Biol.
Chem. 276, 18688-18694.

Goel, H. L., Pursell, B., Chang, C., Shaw, L. M., Mao, J., Simin, K., Kumar, P.,
Vander Kooi, C. W., Shultz, L. D., Greiner, D. L. et al. (2013). GLI1 regulates a
novel neuropilin-2/alpha6beta1 integrin based autocrine pathway that contributes
to breast cancer initiation. EMBO Mol. Med. 5, 488-508.

Grandclement, C., Pallandre, J. R., Valmary Degano, S., Viel, E., Bouard, A,,
Balland, J., Rémy-Martin, J.-P., Simon, B., Rouleau, A., Boireau, W. et al.
(2011). Neuropilin-2 expression promotes TGF-beta1-mediated epithelial to
mesenchymal transition in colorectal cancer cells. PLoS ONE 6, e20444.

lwashita, T., Kruger, G. M., Pardal, R., Kiel, M. J. and Morrison, S. J. (2003).
Hirschsprung disease is linked to defects in neural crest stem cell function.
Science 301, 972-976.

James, J. M., Nalbandian, A. and Mukouyama, Y.-S. (2013). TGFbeta signaling is
required for sprouting lymphangiogenesis during lymphatic network development
in the skin. Development 140, 3903-3914.

Jeltsch, M., Kaipainen, A., Joukov, V., Meng, X., Lakso, M., Rauvala, H., Swartz,
M., Fukumura, D., Jain, R. K. and Alitalo, K. (1997). Hyperplasia of lymphatic
vessels in VEGF-C transgenic mice. Science 276, 1423-1425.

Jurisic, G., Maby-El Hajjami, H., Karaman, S., Ochsenbein, A. M., Alitalo, A.,
Siddiqui, S. S., Ochoa Pereira, C., Petrova, T. V. and Detmar, M. (2012). An
unexpected role of semaphorin3a-neuropilin-1 signaling in lymphatic vessel
maturation and valve formation. Circ. Res. 111, 426-436.

Karkkainen, M. J., Haiko, P., Sainio, K., Partanen, J., Taipale, J., Petrova, T. V.,
Jeltsch, M., Jackson, D. G., Talikka, M., Rauvala, H. et al. (2004). Vascular
endothelial growth factor C is required for sprouting of the first lymphatic vessels
from embryonic veins. Nat. Immunol. 5, 74-80.

Kessler, O., Shraga-Heled, N., Lange, T., Gutmann-Raviv, N., Sabo, E., Baruch,
L., Machluf, M. and Neufeld, G. (2004). Semaphorin-3F is an inhibitor of tumor
angiogenesis. Cancer Res. 64, 1008-1015.

Korff, T. and Augustin, H. G. (1999). Tensional forces in fibrillar extracellular
matrices control directional capillary sprouting. J. Cell Sci. 112, 3249-3258.

Kutschera, S., Weber, H., Weick, A., De Smet, F., Genove, G., Takemoto, M.,
Prahst, C., Riedel, M., Mikelis, C., Baulande, S. et al. (2011). Differential
endothelial transcriptomics identifies semaphorin 3G as a vascular class 3
semaphorin. Arterioscler. Thromb. Vasc. Biol. 31, 151-159.

Li, W. and Mukouyama, Y. S. (2011). Whole-mount immunohistochemical analysis
for embryonic limb skin vasculature: a model system to study vascular branching
morphogenesis in embryo. J. Vis. Exp. 51, €2620.

Makinen, T., Veikkola, T., Mustjoki, S., Karpanen, T., Catimel, B., Nice, E. C.,
Wise, L., Mercer, A., Kowalski, H., Kerjaschki, D. et al. (2001). Isolated
lymphatic endothelial cells transduce growth, survival and migratory signals via
the VEGF-C/D receptor VEGFR-3. EMBO J. 20, 4762-4773.

Molofsky, A. V., Pardal, R., lwashita, T., Park, I.-K., Clarke, M. F. and Morrison,
S. J. (2003). Bmi-1 dependence distinguishes neural stem cell self-renewal from
progenitor proliferation. Nature 425, 962-967.

c
@
o

o)
>
(o)

i

§e

@



http://www.komp.org
http://dx.doi.org/10.1172/JCI21378
http://dx.doi.org/10.1172/JCI21378
http://dx.doi.org/10.1172/JCI21378
http://dx.doi.org/10.1172/JCI21378
http://dx.doi.org/10.1016/j.yexcr.2005.11.024
http://dx.doi.org/10.1016/j.yexcr.2005.11.024
http://dx.doi.org/10.1016/j.yexcr.2005.11.024
http://dx.doi.org/10.1161/CIRCRESAHA.112.269316
http://dx.doi.org/10.1161/CIRCRESAHA.112.269316
http://dx.doi.org/10.1161/CIRCRESAHA.112.269316
http://dx.doi.org/10.1161/CIRCRESAHA.112.269316
http://dx.doi.org/10.1158/0008-5472.CAN-13-0529
http://dx.doi.org/10.1158/0008-5472.CAN-13-0529
http://dx.doi.org/10.1158/0008-5472.CAN-13-0529
http://dx.doi.org/10.1158/0008-5472.CAN-13-0529
http://dx.doi.org/10.1016/j.ccr.2008.01.029
http://dx.doi.org/10.1016/j.ccr.2008.01.029
http://dx.doi.org/10.1016/j.ccr.2008.01.029
http://dx.doi.org/10.1016/S0896-6273(00)80870-3
http://dx.doi.org/10.1016/S0896-6273(00)80870-3
http://dx.doi.org/10.1016/S0896-6273(00)80870-3
http://dx.doi.org/10.1016/S0896-6273(00)80870-3
http://dx.doi.org/10.1158/0008-5472.CAN-14-3121
http://dx.doi.org/10.1158/0008-5472.CAN-14-3121
http://dx.doi.org/10.1158/0008-5472.CAN-14-3121
http://dx.doi.org/10.1158/0008-5472.CAN-14-3121
http://dx.doi.org/10.1126/science.282.5390.946
http://dx.doi.org/10.1126/science.282.5390.946
http://dx.doi.org/10.1126/science.282.5390.946
http://dx.doi.org/10.1097/00001756-199812010-00038
http://dx.doi.org/10.1097/00001756-199812010-00038
http://dx.doi.org/10.1182/blood-2005-11-4447
http://dx.doi.org/10.1182/blood-2005-11-4447
http://dx.doi.org/10.1182/blood-2005-11-4447
http://dx.doi.org/10.1182/blood-2005-11-4447
http://dx.doi.org/10.1242/dev.02187
http://dx.doi.org/10.1242/dev.02187
http://dx.doi.org/10.1242/dev.02187
http://dx.doi.org/10.1016/S0896-6273(00)80625-X
http://dx.doi.org/10.1016/S0896-6273(00)80625-X
http://dx.doi.org/10.1016/S0896-6273(00)80625-X
http://dx.doi.org/10.1016/S0896-6273(00)80625-X
http://dx.doi.org/10.1074/jbc.M006909200
http://dx.doi.org/10.1074/jbc.M006909200
http://dx.doi.org/10.1074/jbc.M006909200
http://dx.doi.org/10.1002/emmm.201202078
http://dx.doi.org/10.1002/emmm.201202078
http://dx.doi.org/10.1002/emmm.201202078
http://dx.doi.org/10.1002/emmm.201202078
http://dx.doi.org/10.1371/journal.pone.0020444
http://dx.doi.org/10.1371/journal.pone.0020444
http://dx.doi.org/10.1371/journal.pone.0020444
http://dx.doi.org/10.1371/journal.pone.0020444
http://dx.doi.org/10.1126/science.1085649
http://dx.doi.org/10.1126/science.1085649
http://dx.doi.org/10.1126/science.1085649
http://dx.doi.org/10.1242/dev.095026
http://dx.doi.org/10.1242/dev.095026
http://dx.doi.org/10.1242/dev.095026
http://dx.doi.org/10.1126/science.276.5317.1423
http://dx.doi.org/10.1126/science.276.5317.1423
http://dx.doi.org/10.1126/science.276.5317.1423
http://dx.doi.org/10.1161/CIRCRESAHA.112.269399
http://dx.doi.org/10.1161/CIRCRESAHA.112.269399
http://dx.doi.org/10.1161/CIRCRESAHA.112.269399
http://dx.doi.org/10.1161/CIRCRESAHA.112.269399
http://dx.doi.org/10.1038/ni1013
http://dx.doi.org/10.1038/ni1013
http://dx.doi.org/10.1038/ni1013
http://dx.doi.org/10.1038/ni1013
http://dx.doi.org/10.1158/0008-5472.CAN-03-3090
http://dx.doi.org/10.1158/0008-5472.CAN-03-3090
http://dx.doi.org/10.1158/0008-5472.CAN-03-3090
http://dx.doi.org/10.1161/ATVBAHA.110.215871
http://dx.doi.org/10.1161/ATVBAHA.110.215871
http://dx.doi.org/10.1161/ATVBAHA.110.215871
http://dx.doi.org/10.1161/ATVBAHA.110.215871
http://dx.doi.org/10.3791/2620
http://dx.doi.org/10.3791/2620
http://dx.doi.org/10.3791/2620
http://dx.doi.org/10.1093/emboj/20.17.4762
http://dx.doi.org/10.1093/emboj/20.17.4762
http://dx.doi.org/10.1093/emboj/20.17.4762
http://dx.doi.org/10.1093/emboj/20.17.4762
http://dx.doi.org/10.1038/nature02060
http://dx.doi.org/10.1038/nature02060
http://dx.doi.org/10.1038/nature02060

RESEARCH ARTICLE

Biology Open (2015) 4, 1194-1205 doi:10.1242/bio.012302

Mukouyama, Y.-S., Shin, D., Britsch, S., Taniguchi, M. and Anderson, D. J.
(2002). Sensory nerves determine the pattern of arterial differentiation and blood
vessel branching in the skin. Cell 109, 693-705.

Mukouyama, Y.-S., Gerber, H.-P., Ferrara, N., Gu, C. and Anderson, D. J. (2005).
Peripheral nerve-derived VEGF promotes arterial differentiation via neuropilin 1-
mediated positive feedback. Development 132, 941-952.

Mumblat, Y., Kessler, O., llan, N. and Neufeld, G. (2015). Full-length semaphorin-
3C is an inhibitor of tumor lymphangiogenesis and metastasis. Cancer Res. 75,
2177-2186.

Oh, W.-J. and Gu, C. (2013). Establishment of neurovascular congruency in the
mouse whisker system by an independent patterning mechanism. Neuron 80,
458-469.

Ou, J.-J., Wei, X., Peng, Y., Zha, L., Zhou, R.-B., Shi, H., Zhou, Q. and Liang, H.-J.
(2015). Neuropilin-2 mediates lymphangiogenesis of colorectal carcinoma via a
VEGFC/VEGFRS3 independent signaling. Cancer Lett. 358, 200-209.

Pasterkamp, R. J. and Kolodkin, A. L. (2003). Semaphorin junction: making tracks
toward neural connectivity. Curr. Opin. Neurobiol. 13, 79-89.

Sahay, A., Molliver, M. E., Ginty, D. D. and Kolodkin, A. L. (2003). Semaphorin 3F
is critical for development of limbic system circuitry and is required in neurons for
selective CNS axon guidance events. J. Neurosci. 23, 6671-6680.

Spandidos, A., Wang, X., Wang, H., Dragnev, S., Thurber, T. and Seed, B.
(2008). A comprehensive collection of experimentally validated primers for
Polymerase Chain Reaction quantitation of murine transcript abundance. BMC
Genomics 9, 633.

Spandidos, A., Wang, X., Wang, H. and Seed, B. (2010). PrimerBank: a resource
of human and mouse PCR primer pairs for gene expression detection and
quantification. Nucleic Acids Res. 38 Suppl. 1, D792-D799.

Sulpice, E., Plouet, J., Berge, M., Allanic, D., Tobelem, G. and Merkulova-
Rainon, T. (2008). Neuropilin-1 and neuropilin-2 act as coreceptors, potentiating
proangiogenic activity. Blood 111, 2036-2045.

Suto, F., Tsuboi, M., Kamiya, H., Mizuno, H., Kiyama, Y., Komai, S., Shimizu, M.,
Sanbo, M., Yagi, T., Hiromi, Y. et al. (2007). Interactions between plexin-A2,
plexin-A4, and semaphorin 6A control lamina-restricted projection of hippocampal
mossy fibers. Neuron 53, 535-547.

Takahashi, T., Nakamura, F., Jin, Z., Kalb, R. G. and Strittmatter, S. M. (1998).
Semaphorins A and E act as antagonists of neuropilin-1 and agonists of
neuropilin-2 receptors. Nat. Neurosci. 1, 487-493.

Taniguchi, M., Masuda, T., Fukaya, M., Kataoka, H., Mishina, M., Yaginuma, H.,
Watanabe, M. and Shimizu, T. (2005). Identification and characterization of a
novel member of murine semaphorin family. Genes Cells 10, 785-792.

Walz, A., Rodriguez, I. and Mombaerts, P. (2002). Aberrant sensory innervation of
the olfactory bulb in neuropilin-2 mutant mice. J. Neurosci. 22, 4025-4035.

Wang, X. and Seed, B. (2003). A PCR primer bank for quantitative gene expression
analysis. Nucleic Acids Res. 31, e154.

Xu, Y., Yuan, L., Mak, J., Pardanaud, L., Caunt, M., Kasman, ., Larrivee, B., del
Toro, R., Suchting, S., Medvinsky, A. et al. (2010). Neuropilin-2 mediates
VEGF-C-induced lymphatic sprouting together with VEGFR3. J. Cell Biol. 188,
115-130.

Yoshida, Y., Han, B., Mendelsohn, M. and Jessell, T. M. (2006). PlexinA1
signaling directs the segregation of proprioceptive sensory axons in the
developing spinal cord. Neuron 52, 775-788.

Yu, H.-H. and Moens, C. B. (2005). Semaphorin signaling guides cranial neural
crest cell migration in zebrafish. Dev. Biol. 280, 373-385.

Yuan, L., Moyon, D., Pardanaud, L., Breant, C., Karkkainen, M. J., Alitalo, K. and
Eichmann, A. (2002). Abnormal lymphatic vessel development in neuropilin 2
mutant mice. Development 129, 4797-4806.

1205

c
@
o

(@)
>
)

i

§e

@



http://dx.doi.org/10.1016/S0092-8674(02)00757-2
http://dx.doi.org/10.1016/S0092-8674(02)00757-2
http://dx.doi.org/10.1016/S0092-8674(02)00757-2
http://dx.doi.org/10.1242/dev.01675
http://dx.doi.org/10.1242/dev.01675
http://dx.doi.org/10.1242/dev.01675
http://dx.doi.org/10.1158/0008-5472.CAN-14-2464
http://dx.doi.org/10.1158/0008-5472.CAN-14-2464
http://dx.doi.org/10.1158/0008-5472.CAN-14-2464
http://dx.doi.org/10.1016/j.neuron.2013.09.005
http://dx.doi.org/10.1016/j.neuron.2013.09.005
http://dx.doi.org/10.1016/j.neuron.2013.09.005
http://dx.doi.org/10.1016/j.canlet.2014.12.046
http://dx.doi.org/10.1016/j.canlet.2014.12.046
http://dx.doi.org/10.1016/j.canlet.2014.12.046
http://dx.doi.org/10.1016/S0959-4388(03)00003-5
http://dx.doi.org/10.1016/S0959-4388(03)00003-5
http://dx.doi.org/10.1186/1471-2164-9-633
http://dx.doi.org/10.1186/1471-2164-9-633
http://dx.doi.org/10.1186/1471-2164-9-633
http://dx.doi.org/10.1186/1471-2164-9-633
http://dx.doi.org/10.1093/nar/gkp1005
http://dx.doi.org/10.1093/nar/gkp1005
http://dx.doi.org/10.1093/nar/gkp1005
http://dx.doi.org/10.1182/blood-2007-04-084269
http://dx.doi.org/10.1182/blood-2007-04-084269
http://dx.doi.org/10.1182/blood-2007-04-084269
http://dx.doi.org/10.1016/j.neuron.2007.01.028
http://dx.doi.org/10.1016/j.neuron.2007.01.028
http://dx.doi.org/10.1016/j.neuron.2007.01.028
http://dx.doi.org/10.1016/j.neuron.2007.01.028
http://dx.doi.org/10.1038/2203
http://dx.doi.org/10.1038/2203
http://dx.doi.org/10.1038/2203
http://dx.doi.org/10.1111/j.1365-2443.2005.00877.x
http://dx.doi.org/10.1111/j.1365-2443.2005.00877.x
http://dx.doi.org/10.1111/j.1365-2443.2005.00877.x
http://dx.doi.org/10.1093/nar/gng154
http://dx.doi.org/10.1093/nar/gng154
http://dx.doi.org/10.1083/jcb.200903137
http://dx.doi.org/10.1083/jcb.200903137
http://dx.doi.org/10.1083/jcb.200903137
http://dx.doi.org/10.1083/jcb.200903137
http://dx.doi.org/10.1016/j.neuron.2006.10.032
http://dx.doi.org/10.1016/j.neuron.2006.10.032
http://dx.doi.org/10.1016/j.neuron.2006.10.032
http://dx.doi.org/10.1016/j.ydbio.2005.01.029
http://dx.doi.org/10.1016/j.ydbio.2005.01.029


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.32000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.32000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    34.69606
    34.27087
    34.69606
    34.27087
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    8.50394
    8.50394
    8.50394
    8.50394
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


