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Chronic venous disease and venous hypertension are common consequences of valve insufficiency, yet the 
molecular mechanisms regulating the formation and maintenance of venous valves have not been studied. 
Here, we provide what we believe to be the first description of venous valve morphogenesis and identify sig-
naling pathways required for the process. The initial stages of valve development were found to involve induc-
tion of ephrin-B2, a key marker of arterial identity, by venous endothelial cells. Intriguingly, developing and 
mature venous valves also expressed a repertoire of proteins, including prospero-related homeobox 1 (Prox1), 
Vegfr3, and integrin-α9, previously characterized as specific and critical regulators of lymphangiogenesis. 
Using global and venous valve–selective knockout mice, we further demonstrate the requirement of ephrin-B2 
and integrin-α9 signaling for the development and maintenance of venous valves. Our findings therefore iden-
tified molecular regulators of venous valve development and maintenance and highlighted the involvement of 
common morphogenetic processes and signaling pathways in controlling valve formation in veins and lym-
phatic vessels. Unexpectedly, we found that venous valve endothelial cells closely resemble lymphatic (valve) 
endothelia at the molecular level, suggesting plasticity in the ability of a terminally differentiated endothelial 
cell to take on a different phenotypic identity.

Introduction
Luminal valves are required in the heart, veins, and lymphatic ves-
sels to ensure unidirectional flow of blood and lymph. In addition, 
specialized intraluminal valves at the connections of the subclavian 
veins and the thoracic and right lymphatic ducts facilitate 1-way 
transport of lymph into the venous circulation and thus ensure 
the functionality of the entire lymphatic system (1). Valves oper-
ate under different pressures and flow rates depending on their 
location along the vascular tree. These differences are mirrored in 
their distinct morphological features. For example, both heart and 
lymphatic valves are composed of endothelial-lined leaflets with a 
connective tissue core, but only the former also contain a muscular 
component and valvular interstitial cells that are responsible for 
the synthesis, remodeling, and repair of the valve matrix (2).

The molecular mechanisms regulating the morphogenesis of 
heart valves have been extensively studied, as dysfunction of these 
valves has obvious clinical implications (2). In addition, regulators 
of lymphatic valve development, including the forkhead transcrip-
tion factor Foxc2, the transmembrane ephrin-B2 ligand, and the 
cell matrix adhesion receptor integrin-α9, have recently been identi-
fied (3–5). Analysis of respective knockout mouse models has fur-
ther provided insight into the morphogenesis and physiological 
importance of lymphatic valves (3, 4, 6). Compared with cardiac 
and lymphatic valves, the mechanisms regulating venous valves are 

poorly understood, yet dysfunction of venous valves also leads to 
clinical disease. Congenital or acquired failure of the venous calf 
pump, for example, results in venous hypertension, leading to skin 
damage and chronic ulceration that may be treatment resistant. 
Valve incompetence (reflux) is a also major feature of varicose veins 
(7). Better understanding of the factors regulating venous valve 
development should allow the identification of those at risk for 
venous hypertension and enable preventive and novel therapies.

In humans, mutations in FOXC2 have been identified as the 
cause of lymphoedema distichiasis (LD) (8). Studies in LD patients 
and Foxc2-deficient mouse mutants indicate that the underlying 
cause for lymphatic failure in LD is abnormal valve morphogenesis 
(5, 6). Patients with LD, and all their relatives who carry FOXC2 
mutations but do not have clinical LD, have long saphenous vein 
reflux, supporting a role for FOXC2 in venous valve development 
(9). In lymphatic valves, Foxc2 acts together with NFATc1 (6), a 
regulator of cardiac valve development (10), and cooperates with 
VEGFR3 signaling (5, 6). Mutations in VEGFR3 cause lymphatic 
dysfunction in Milroy disease, the most common form of congeni-
tal lymphoedema, and the majority of Milroy patients also have 
reflux in the great saphenous vein (11). These findings suggest 
that Foxc2-NFATc1-VEGFR3 signaling may regulate the develop-
ment of valves in different vessel types; however, this has not been 
directly investigated because of the lack of methods and genetic 
models to study venous valves.

Here, we have developed methods to visualize and genetically 
target venous valves in mice. We showed that the morphogenetic 
process of valve development occurred similarly in veins and lym-
phatic vessels and was regulated via common molecular mecha-
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nisms involving integrin-α9 and ephrin-B2 signaling. Collectively, 
our results suggest that valve endothelial cells possess a unique 
identity independent of the type of vessel in which it develops, but 
likely attributed to the function of the luminal valve.

Results
Mouse and human venous valves share common morphological features. We 
first established methodology for venous valve visualization in the 
mouse. Stereomicroscopic examination of the region of the femoral 
and external iliac vein revealed the presence of a valve distal to the 
origin of the common iliac vein (Figure 1A). Characterization of the 
vessels and valves using mice expressing β-gal under the control of 
the Tie2 gene promoter (12) together with whole-mount X-gal stain-
ing revealed prominent β-gal expression in the arterial endothelia, 
with weaker and patchy staining in the veins (Figure 1B). In contrast, 
venous valves stained strongly for β-gal activity (Figure 1, B and C). 
Murine valves were found to be bicuspid and frequently occurred 
near a tributary (Figure 1A and data not shown). Endothelial cell 
shapes and arrangement within the valve were imaged using scan-
ning electron microscopy (SEM) after a longitudinal incision was 
made along the length of the vessel (Figure 1D). A similar analy-

sis was carried out on human venous valves (Figure 1E). The free 
edges of the valve leaflets fused shortly before insertion into the 
vessel wall at the commissure (Figure 1, F and G). SEM analysis also 
showed that the edges of valve leaflets were lined by transversely 
aligned fusiform cells, while the cells on the leaflet and downstream 
on the outflow side of the valve had a rounded morphology (Fig-
ure 1, F, H, and I). In contrast, endothelial cells located upstream 
on the inflow side of the valve aligned in the direction of blood 
flow (Figure 1J). Similar cell arrangement was observed around 
lymphatic valves (Supplemental Figure 1, A–C; supplemental mate-
rial available online with this article; doi:10.1172/JCI58050DS1), 
whereas endothelial cells of lymphatic capillaries that were exposed 
to low fluid shear forces were not aligned (Supplemental Figure 1,  
D and E). The shared morphological features between mice and 
humans demonstrated the suitability of the mouse as a model for 
studying human venous valve pathology.

Characterization of venous valve development. Venous valve develop-
ment in Tie2lacZ mice of different developmental stages was assessed 
by staining for β-gal reporter activity and by SEM imaging (Figure 
2A). Formation of valves in external iliac veins was initiated at E18, 
when a distinct region of cells rounded up and altered their align-
ment at the site of the developing valve (stage 0). The endothelial 
cells subsequently acquired transverse polarity and were aligned, in 
a ring, perpendicular to the longitudinal axis of the vein (stage 1).  
Formation of the leaflets occurred postnatally (Figure 2, A–C). 
The initial stages of valve development correlated with the forma-
tion of a boundary in β-gal stain, with increased staining observed 
upstream of the developing valve (Figure 2A). Development pro-
ceeded in clear stages, beginning with ingrowth of a circumfer-
ential shelf, which produced marked luminal constriction (stage 
2). The subsequent formation of one commissure (stage 3) was 
later followed by the second commissure (stage 4). This morpho-
logical progression was confirmed by quantifying the valve stages 
in animals of different ages (Figure 2, B and C). There was varia-
tion in the progression of valve formation, and valves were often 
observed at different stages of development on either side of the 
same animal. A small proportion of valves appeared to remain at 
a single commissure stage (i.e., stage 3) in adult mice (Figure 2C). 
This morphology was also identified in an adult mouse by SEM 
analysis of a resin cast, but most adult valves had 2 commissures 
(Figure 2, D and E, and data not shown).

Venous valves express markers of arterial and lymphatic endothelia. 
Recent studies have revealed several molecules that are required 
for lymphatic valve development, including ephrin-B2, integrin-
α9, and its ligand, fibronectin, containing an alternatively spliced 
EIIIA domain (Fn-EIIIA) (3, 4). Expression of these molecules was 

Figure 1
Characterization of venous valves in mice and humans. (A–C) Stereo-
microscopic visualization of murine valves in the iliac veins. The boxed 
region in A was photographed after X-gal staining in a Tie2lacZ reporter 
mouse (B) to visualize the valve leaflets (C). Arrow, vein; arrowhead, 
artery. (D–J) SEM images of the lumen of mouse (D, F, H, and J;  
n = 24) and human (E, G, and I; n = 4) veins, showing the overall valve 
structure (D and E), commissure (F and G), valve leaflet (H and I), and 
vessel wall upstream of the valve (J). (H, I, and F) Arrowheads denote 
a round endothelial cell on the leaflet (H and I) or downstream of the 
valve (F); arrows denote fusiform cells forming the free edge of the 
leaflet. The arrow in J shows the direction of flow. Scale bars: 1 mm (A, 
B, and E); 250 μm (C); 125 μm (D); 10 μm (F and H–J); 250 μm (G).
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therefore examined in the valves of the external iliac veins using 
immunofluorescence. Integrin-α9 and Fn-EIIIA were specifically 
expressed in the developing venous valves in early postnatal mice 
(Figure 3, A, B, D, E, G, and H). Integrin-α9 was also expressed 
in adult valves (data not shown). Expression of ephrin-B2 was 
assessed using a GFP reporter mouse (13). Strong Efnb2 promot-
er–driven nuclear GFP expression was found in the endothelial 
cells of the venous valve both during valvulogenesis and in adult-
hood, with weaker expression on the venous wall downstream of 
the developing valve (Figure 3, A, C, J, and K).

The molecular identity of venous valve endothelial cells was 
further characterized by examining the expression of prospero-
related homeobox 1 (Prox1) and Vegfr3, 2 major regulators of lym-
phangiogenesis that are highly expressed in lymphatic valves (6). 
Immunofluorescence staining revealed strong and specific expres-
sion of Prox1 in the endothelial cells of developing and mature 
murine venous valves (Figure 3, D, F, J, and K). PROX1 was also 
expressed in human venous valves (Figure 3, M and N). Whereas most 

valve endothelial cells expressed ephrin-B2, as assessed by Efnb2GFP  
fluorescence, the cells on the free edges of the leaflets expressing the 
highest levels of Prox1 were Efnb2GFP-negative (Figure 3, J and K). 
VEGFR3 expression, visualized using a lacZ reporter, was observed 
in developing, but not adult, venous valves (Figure 3, I and L). These 
expression data suggest a unique identity of valve endothelial cells: 
unlike other venous endothelial cells, the valve endothelial cells 
express several well-characterized markers of lymphatic (Prox1, 
Vegfr3, and integrin-α9) or arterial and lymphatic (ephrin-B2) 
endothelia, which are also strongly expressed in lymphatic valves.

Prox1 expression in developing and mature venous valves allows genetic 
targeting of valve endothelial cells in Prox1-CreERT2 mice. In order to 
investigate the function of candidate genes specifically in venous 
valves, we generated a transgenic mouse line expressing tamoxi-
fen-inducible Cre recombinase (CreERT2) under the control of the 
Prox1 gene promoter. The efficiency and specificity of the Prox1-
CreERT2 line was examined by crossing this line with the R26-
mTmG reporter (14), followed by administration of 4-hydroxy-

Figure 2
Development of venous valves. 
(A) Visualization of valve develop-
ment by X-gal staining in Tie2lacZ 
reporter mice and SEM imag-
ing of veins that were opened 
with a longitudinal incision. 5 
developmental stages were dis-
cerned: stage 0, rounding up of 
endothelial cells at the sites of 
developing valves; stage 1, valve 
endothelial cell alignment perpen-
dicular to the longitudinal axis of 
the vessel; stage 2, formation of 
a circular shelf; stage 3, forma-
tion of the first commissure; stage 
4, formation of the second com-
missure. Venous valve formation 
through these stages are shown 
in schematic form below, with 
the developing leaflets shown in 
blue. For stage 4 valve, only 1 of 
the leaflets is clearly visible. (B) 
Distribution of stage 0–stage 4 
valves in mice of different ages 
(E18 to P42, n = 89, 143 valves; 
>P42, n = 12). Boxes denote 
interquartile range; lines within 
boxes denote median; whiskers 
denote range. Extreme outliers 
were excluded. (C) Percent stage 
0–stage 4 valves at the indicated 
ages. (D) SEM images of resin 
cast of a stage 3 valve. Shown 
are 2 images from opposite sides 
of the same valve to demonstrate 
the single commissure stage in an 
adult mouse. Asterisks mark the 
entrance of a tributary. (E) SEM 
image of resin cast of a stage 4 
valve (representative of 10 valves 
at various anatomical positions). 
Scale bars: 250 μm (A, photo-
graphs); 50 μm (A, SEM images); 
200 μm (D and E).
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tamoxifen (4-OHT) and analysis of reporter gene expression. 
Intraperitoneal injection of 4-OHT resulted in efficient Cre-medi-
ated GFP expression in the lymphatic vasculature and in other 
Prox1-expressing tissues, such as heart and liver (Figure 4, A and 
B, and data not shown). No GFP fluorescence was observed in the 
dermal blood vessels, but, consistent with the expression of Prox1 
in venous valve endothelial cells (Figure 3, D and J), GFP+ valves 
were found in the iliac veins (Figure 4, A–C).

A time course analysis in which 4-OHT was administered at 
different postnatal stages was carried out in order to assess the 
earliest stage at which Prox1 promoter was active during venous 
valve development. 4-OHT injection of R26-mTmG;Prox1-CreERT2 

mice at P0 led to Cre-mediated recombination in a 
subset of venous endothelial cells (data not shown). 
The targeted cells were not found in specific loca-
tions along the vein; instead, there was widespread 
GFP labeling of the valve and the adjacent vessel wall 
when the tissue was analyzed at P7 (Figure 4D). In 
contrast to Prox1 promoter–driven reporter gene 
activity, Prox1 protein expression was undetectable 
in the veins at P0, although the sites of developing 
valves were visualized at P0 by GFP expression driv-
en by the Efnb2 promoter (Figure 4, E and F), which 
suggests that the earliest stages of valve develop-
ment involve induction of Efnb2 expression. 4-OHT 
treatment of R26-mTmG;Prox1-CreERT2 mice at P2 
resulted in efficient and more selective labeling of 
venous valve endothelial cells at P7, which correlated 
with strong expression of Prox1 protein in develop-
ing venous valves at P2 (Figure 4, G–I). Administra-
tion of tamoxifen to adult R26-mTmG;Prox1-CreERT2 
mice similarly led to efficient Cre-mediated recom-
bination and activation of GFP expression in venous 
valves and lymphatic vessels after 1 week of treat-
ment (Figure 4, J and K).

These findings demonstrated the suitability of the 
Prox1-CreERT2 line for targeting venous valves dur-
ing development and in adults. The data on protein 
expression and promoter activity also suggest that 

Prox1 is expressed widely, but at low levels, in the iliac veins dur-
ing early postnatal development and is strongly upregulated upon 
initiation of valve formation.

Valve-selective deletion of integrin-α9 and ephrin-B2 disrupt venous valve 
morphogenesis. Lack of ephrin-B2 or integrin-α9 signaling leads to 
failure of lymphatic valve morphogenesis, characterized by valve 
leaflet formation that is, respectively, absent or rudimentary (3, 4). 
The functional importance of these genes in venous valve develop-
ment was examined using global knockout mice for integrin-α9 
and its ligand, Fn-EIIIA, and by generating valve-selective deletions 
of integrin-α9 and ephrin-B2 by crossing mice carrying floxed 
alleles with the Prox1-CreERT2 animals.

Figure 3
Unique molecular identity of venous valve endothelial cells. 
(A–L) Immunofluorescence staining of murine venous 
valves using antibodies against integrin-α9 (A, B, D, E, 
and G), Prox1 (D, F, J, and K), and Fn-EIIIA (G and H) at 
the indicated stages. Visualization of ephrin-B2 and Vegfr3 
expression was achieved using reporter mice expressing 
nuclear GFP (Efnb2GFP; A, C, J, and K) or β-gal (Vegfr3lacZ; 
I and L), respectively. (K) Higher-magnification view of the 
boxed region in J. Note high expression of Prox1 in eph-
rin-B2–negative cells on the free edges of valve leaflets 
(asterisk). (I and L) Vegfr3lacZ reporter activity was pres-
ent in developing (I) but not in adult (L; asterisk) valves. 
Arrows denote an adjacent lymphatic vessel; dotted lines 
outline the iliac vein. (M and N) Immunostaining of adult 
human venous valve using antibodies against PROX1. (N) 
Higher-magnification view of the boxed region in M. Arrow 
denotes a Prox1-positive (dark blue) endothelial cell on 
the free edge of the valve leaflet; arrowhead denotes a 
cell on the wall of the vein. Scale bars: 50 μm (A–J and L);  
20 μm (K and N); 100 μm (M).
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Itga9 deficiency causes early postnatal lethality (15). Valve develop-
ment in these mice was therefore examined at P6. At this stage, most 
littermate controls had developed venous valves with elongated leaf-
lets and at least 1 commissure (Figure 5A; 7 of 10 valves analyzed; see 
also Figure 2C). In contrast, SEM analysis of Itga9–/– valves showed 
hypoplastic leaflets (Figure 5B; 4 of 5 valves analyzed), similar to the 
defect previously reported in lymphatic valves (3). Even the most 
severely affected valves contained cells that were oriented perpendic-
ular to the direction of flow (Figure 5B and data not shown), which 
suggests that the initial stages of valve development occurred normal-
ly. Conditional deletion of integrin-α9 postnatally using Prox1-Cre-
ERT2 mice circumvented lethality and allowed us to analyze valves in 
older mice at P11, when all control mice showed well-developed valve 
leaflets (Figure 5C; 10 valves analyzed). Administration of 4-OHT to 
Itga9lx/lx;Prox1-CreERT2 mice at P2 resulted in hypoplastic venous valve 
leaflets at P11 (Figure 5D; 6 of 7 valves analyzed; P < 0.01, Fisher exact 
test) in the absence of lymphatic vascular defects (Supplemental Fig-
ure 2, A and B). This recapitulated the knockout phenotype and dem-

onstrated tissue-autonomous requirement for integrin-α9 
in valve-forming cells. A similar phenotype was observed in 
Fn-EIIIA–/– mice, although with lower penetrance (Figure 5E; 
4 of 8 valves analyzed; P < 0.05, Fisher exact test), which sug-
gests the involvement of additional integrin-α9 ligands.

Similar to integrin-α9 signaling, valve-selective deletion 
of ephrin-B2 in veins recapitulated the phenotype previ-
ously reported in lymphatic valves. Efnb2lx/lx;Prox1-CreERT2 
mice administered 4-OHT at P2 showed defective venous 
valves, characterized by absent or short leaflets at P11 (Fig-
ure 5F; 10 of 10 valves analyzed; P < 0.01, Fisher exact test). 
Whereas Prox1-positive valve leaflets were visualized in the 
veins of control and Itga9-deficient mice, no Prox1-positive 
cells were detected in Efnb2-deficient veins (Figure 5, G–L).

Collectively, these data suggest that both integrin-α9 
and ephrin-B2 are important regulators of venous valve 
development. Given their previously demonstrated roles 

in lymphatic valve morphogenesis, these findings further suggest 
that common molecular mechanisms regulate the development of 
valves in the 2 vessel types.

Differential requirement of integrin-α9 and ephrin-B2 in the mainte-
nance of venous and lymphatic valves. To examine the effect of integrin-
α9 and ephrin-B2 signaling on valve maintenance, we deleted these 
genes at later postnatal stages, when the development of venous 
valves has been completed. Feeding 3-week-old Itga9lx/lx;Prox1-Cre-
ERT2 and Efnb2lx/lx;Prox1-CreERT2 mice tamoxifen-containing diet 
for 2 weeks led to efficient Cre-mediated deletion in venous valve 
endothelial cells (Figure 4J and data not shown). Compared with 
control valves, Itga9 and Efnb2 mutants showed regression of the 
valve leaflet, such that only a remnant remained at the junction of 
the leaflet and vessel wall (Figure 6, A–F).

To address whether the 2 genes are similarly required for main-
tenance of mature lymphatic valves, we analyzed the dermal lym-
phatic vessels in the ears of adult mice using immunofluorescence. 
Compared with controls, Itga9lx/lx;Prox1-CreERT2 mice showed 

Figure 4
Prox1 expression in developing and mature venous valves 
allows genetic targeting of valve endothelial cells in Prox1-
CreERT2 mice. (A and B) Immunofluorescence of ear skin 
from 3-week-old R26-mTmG;Prox1-CreERT2 (Prox1::GFP) 
mouse administered 4-OHT at P1. Arrow, lymphatic ves-
sel (GFP+PECAM-1+); arrowhead, blood vessel (GFP–

PECAM-1+). (C) Expression of GFP in venous valve of P7 
R26-mTmG;Prox1-CreERT2 mouse administered 4-OHT 
at P1. (D–I) Immunofluorescence staining of iliac veins of 
R26-mTmG;Prox1-CreERT2 (D and G) and Efnb2GFP (E, F, 
H, and I) mice at the indicated times using Prox1 antibodies 
(red). Note GFP expression in the developing valve (arrow) 
and in vessel wall (asterisk) in R26-mTmG;Prox1-CreERT2 
mice after 4-OHT treatment at P0 (D), but more restricted 
expression in the valve after treatment at P2 (G, arrow). (E, 
F, H, and I) Arrows, developing venous valves; arrowheads, 
adjacent lymphatic vessels. (J and K) Immunofluorescence 
of iliac vein (J) and ear skin (K) from a 4-week-old R26-
mTmG;Prox1-CreERT2 mouse fed tamoxifen-containing 
diet for 2 weeks. (J) Arrows, GFP+ cells on the free edges 
of valve leaflets; asterisk, recombination in some individual 
endothelial cells on the vein wall. (K) Arrow, lymphatic vessel 
(GFP+PECAM-1+); arrowhead, blood vessel (GFP–PECAM-
1+). Scale bars: 50 μm (A–I and K); 300 μm (J).
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apparently normal lymphatic vasculature after 2 weeks of tamoxi-
fen treatment, in spite of depletion of integrin-α9 protein (Figure 
6, G–J, M, and N). However, there was a small reduction in the num-
ber of valves (Figure 6O). In contrast, deletion of Efnb2 in mature 
lymphatic valves led to a significant reduction in their number, 
and the remaining valves showed an abnormal morphology (Fig-
ure 6, K, L, and O). Similar observations were made from analyses 
of mesenteric lymphatic vessels at P7 after 4-OHT treatment at 
P2, when fully developed valves were already present in these ves-

sels (Supplemental Figure 2, A–C). These data 
demonstrated a continuous requirement of 
integrin-α9 and ephrin-B2 signaling for the 
maintenance of venous valves. Ephrin-B2, but 
not integrin-α9, was additionally required for 
the maintenance of lymphatic valves.

Discussion
The clinical problems that arise from venous 
valve incompetence highlight the importance 
of valves in ensuring unidirectional flow and 
efficient return of blood, especially from the 
lower extremities. However, the mechanisms 
that regulate venous valve development have 
not been described. In the present study, we 
used genetic reporter strains, SEM, and whole-
mount immunofluorescence to characterize 
the morphology and development of murine 
venous valves. Valve development was initi-
ated by endothelial cell reorientation followed 
by ingrowth to form a circumferential shelf, 
then development of first one and then a sec-
ond commissure. Notably, the first anatomi-
cal description of venous valve development 

by Kampmeier in the early 20th century accurately captured the 
basic morphogenic events (16). The process of valve development 
described in the present study is also comparable to our previous 
description of lymphatic valve formation (3), with the exception 
that we did not previously describe the single commissure stage.

SEM analyses of mouse and human venous valves revealed 
morphological differences between the endothelial cells in differ-
ent parts of the vessel. We found that the cells located upstream 
of the valve were elongated and aligned in the direction of flow, 

Figure 5
Integrin-α9 and ephrin-B2 are required for the 
development of venous valves. (A and B) SEM 
images of venous valves (arrows) in P6 WT (A) 
and Itga9–/– (B; 5 valves) mice. (C–F) SEM imag-
es of venous valves in control (C; 10 valves), 
Itga9lx/lx;Prox1-CreERT2 (D; 7 valves), Fn-EIIIA–/– 
(E; 8 valves), and Efnb2lx/lx;Prox1-CreERT2 (F; 10 
valves) mice at P11. Arrows, valves in external 
iliac veins; arrowheads, valves in internal iliac 
veins. Note the rudimentary valves in the exter-
nal iliac vein and absent valves (asterisks) in 
the internal iliac vein in the mutant mice. (G–L) 
Immunofluorescence staining of iliac veins of 
R26-mTmG;Prox1-CreERT2 (G and H), Itga9lx/lx; 
Prox1-CreERT2 (I and J; n = 2), and Efnb2lx/lx; 
R26-mTmG;Prox1-CreERT2 (K and L; n = 3) 
mice at P7, after administration of 4-OHT at P2, 
using an antibody against Prox1 (red). PECAM-1  
antibodies were used to visualize endothelial 
cells in I. Note the endothelial cells on the free 
ends of the valve leaflets (arrows) showed colo-
calization of GFP and strong Prox1 immunola-
beling (G and H), reduced number of Prox1-pos-
itive cells in Itga9 mutants (I and J), and loss of 
Prox1-positive cells in Efnb2 mutants (K and L).  
Asterisks in K and L denote a lymphatic vessel. 
Scale bars: 100 μm.
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whereas the cells on the leaflet and downstream of the valve had 
a rounded morphology, as previously described in venules (17). A 
similar arrangement of cells was observed in lymphatic valves. Such 
differences likely arise from differential exposure to fluid shear 
stress, which suggests that flow patterns are involved in modulat-
ing endothelial cell phenotypes within the valve. In agreement with 
this suggestion, endothelial cells of lymphatic capillaries exposed 
to low shear stress levels showed no alignment, whereas cells of the 
thoracic duct, the largest lymphatic vessel, were aligned in the direc-
tion of flow. Previous studies have shown the involvement of shear 
stress generated by flowing blood in patterning the developing vas-
culature by, for example, regulating branching morphogenesis and 
asymmetric remodeling of the aortic arches (18–20). At the cellular 
level, flow-induced endothelial responses include instantaneous 
ion fluxes as well as signaling cascades that lead to changes in gene 

expression and actin cytoskeleton (21). Interestingly, 
we observed a boundary in β-gal staining in the Tie2lacZ 
mice and induction of Efnb2GFP reporter activity con-
comitant with the early stages of valve formation. This 
could be related to the flow patterns around the devel-
oping valve that may be involved in establishing its gene 
expression profile and structure. Exposure of cultured 
cells to shear stress in vitro leads to upregulation and 
phosphorylation of Tie2 (22, 23). In addition, expres-
sion of angiopoietin-2, an antagonistic Tie2 ligand, is 
downregulated under shear stress (23), which suggests 
that Tie2-mediated signaling may be involved in regu-
lating endothelial cell responses to flow.

Gene expression analyses revealed that several genes 
that are highly expressed in lymphatic valves were 
also present in venous valves; these included Itga9, 
Prox1, and Vegfr3. Notably, these 3 genes have previ-
ously been characterized as lymphatic-specific mark-
ers and critical regulators of lymphangiogenesis (3, 
24, 25), with the exception of Vegfr3, which is also 

expressed in fenestrated and newly formed blood vessels and reg-
ulates angiogenesis (25–27). In particular, expression of Prox1 
in venous valves is surprising, given its well-established role as 
the master regulator of lymphatic endothelial cell fate (24, 28). 
Unexpectedly, specific expression of ephrin-B2, a key arterial and 
lymphatic marker (4, 29), was also found in the venous valves. In 
fact, induction of Efnb2 expression by venous endothelial cells 
represented one of the earliest stages in valve development. These 
expression data suggest that valve endothelial cells have a unique 
identity that is likely attributed to the function of the valve rather 
than to the type of vessel in which it develops. Furthermore, our 
findings suggest that venous endothelial cells exhibit plasticity 
in their ability to take on a different phenotypic identity, thus 
challenging the common view that endothelial cells in different 
types of vessels represent distinct terminally differentiated cell 

Figure 6
Differential requirement of integrin-α9 and ephrin-B2 for 
the maintenance of venous and lymphatic valves. (A–F) 
SEM images of venous valves of adult control and Itga9 
and Efnb2 mutant mice (3 valves per genotype) after oral 
administration of tamoxifen for 2 weeks. (B, D, and F) 
Higher-magnification views of the boxed regions in A, C, 
and E, respectively. Arrows denote valve leaflets. (G–L) 
Immunofluorescence of ears of control Prox1-CreERT2 (G 
and H), Itga9lx/lx;Prox1-CreERT2 (I and J) and Efnb2lx/lx; 
Prox1-CreERT2 (K and L) adult mice (n = 3 per genotype) 
using antibodies against PECAM-1 (green) and podo-
planin (red). Arrows denote valves. (H, J, and L) High-
er-magnification views of boxed regions in G, I, and K, 
respectively. (M and N) Immunofluorescence of ears of 
control Prox1-CreERT2 (M) and Itga9lx/lx;Prox1-CreERT2 
(N) adult mice after oral administration of tamoxifen for 
2 weeks, using antibodies against PECAM-1 (red) and 
integrin-α9 (green). Note the reduced expression of inte-
grin-α9 in the Itga9 mutants. (O) Number of lymphatic 
valves in the ear skin of adult control and Itga9 and 
Efnb2 mutant mice. Data represent mean ± SD valves in  
0.5-mm2 dermal area (n = 3 per genotype, 2 random 
areas per mouse). **P = 0.005, ***P < 0.001, t test. Scale 
bars: 500 μm (A, C, and E); 50 μm (B, D, F, G, I, and K); 
20 μm (H, J, L, M, and N).
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lineages whose identity is strictly genetically determined. The 
importance of environmental cues in regulating endothelial cell 
identities was previously highlighted by the observation that 
arterial and venous identities could be altered by changing the 
flow conditions in the vessels (19).

Generation of a mouse line expressing tamoxifen-inducible Cre 
recombinase under the control of the Prox1 promoter allowed 
us to target endothelial cells of both developing and mature 
venous valves. Integrin-α9 and ephrin-B2, the previously iden-
tified regulators of lymphatic valve development, were required 
for venous valve morphogenesis. We believe our study establish-
es these 2 genes as the first-described regulators of this process. 
Integrin-α9 and one of its ligands, Fn-EIIIA, are required for the 
assembly of fibronectin and organization of the extracellular 
matrix core of the lymphatic valve leaflets (3), but the cellular 
function of ephrin-B2 in valve formation remains unknown. As 
observed in lymphatic valves, Itga9- as well as Fn-EIIIA–deficient 
venous valves had short leaflets, suggestive of similar function. 
Continuous integrin-α9 and ephrin-B2 signaling was also found 
to be required for the maintenance of valves, but whereas integ-
rin-α9 depletion in mature venous valves led to their regression, 
the morphology of lymphatic valves was not affected during the 
same time period. This could be because there is a higher require-
ment for repair of venous valves, which are exposed to harsher 
hemodynamic conditions compared with valves in lymphatic ves-
sels. These results suggest that valve maintenance requires con-
tinuous synthesis and assembly of the extracellular matrix core 
of the leaflet and that any defects in these processes can lead to 
degeneration of venous and lymphatic valves.

In summary, our data identified what we believe to be the first 
molecular regulators of venous valves and highlighted involvement 
of common morphogenetic processes and signaling pathways in 
controlling valve formation in veins and lymphatic vessels.

Methods
Antibodies. Antibodies used for immunostaining were rabbit anti-human 
Prox1 (gift from T. Petrova, CePO, CHUV, and University of Lausanne, 
Lausanne, Switzerland), biotinylated goat anti-human Prox1 (R&D Sys-
tems), rat anti-mouse PECAM-1 (BD Biosciences — Pharmingen), ham-
ster anti-mouse podoplanin (Developmental Studies Hybridoma Bank), 
goat anti-mouse integrin-α9 (R&D Systems), and mouse anti-human 
fibronectin (FN-3E2; Sigma-Aldrich). Secondary antibodies conjugat-
ed to Cy2, Cy3, or Cy5 were obtained from Jackson ImmunoResearch. 
Antibodies conjugated to biotin and streptavidin-alkaline phosphatase 
were obtained from Sigma-Aldrich.

Mice. Itga9–/– (15) and Itga9lx (30) mice (both provided by D. Shep-
pard, UCSF, San Francisco, California, USA), Fn-EIIIA–/– mice (ref. 31; 
provided by A. Muro, International Centre for Genetic Engineering 
and Biotechnology, Trieste, Italy), Efnb2lx mice (ref. 32; provided by R. 
Klein, Max-Planck-Institute of Neurobiology, Martinsried, Germany), 
Efnb2GFP mice (ref. 13; provided by P. Soriano, Mount Sinai School of 
Medicine, New York, New York, USA), Vegfr3lacZ mice (ref. 25, provid-
ed by K. Alitalo, University of Helsinki, Helsinki, Finland), and Tie2lacZ 
mice (12) were described previously. R26-mTmG (14) mice were obtained 
from Jackson Laboratory. Prox1-CreERT2 mice were generated using BAC 
transgenesis. A cDNA encoding tamoxifen-inducible Cre recombinase 
(CreERT2, gift from P. Chambon, Institute of Genetics and Molecular 
and Cellular Biology, Illkirch CEDEX, Illkirch, France) followed by SV40 
polyadenylation signal was introduced into the start codon of Prox1 in 
BAC clone RP23-190F21 using homologous recombination in bacteria. 

2 founder lines were generated by pronuclear injection and tested in 
combination with Cre reporter strains, followed by 4-OHT administra-
tion, for specificity and efficiency of Cre-mediated recombination. One 
of the founder lines gave complete recombination in all Prox1-express-
ing tissues and was used for this study. Cre-mediated recombination 
was induced by intraperitoneal injection of 4-OHT (2 μl of 25 mg/ml 
dissolved in ethanol) at P0–P2, or tamoxifen was administered orally 
using Harlan Teklad CRD TAM400 diet (>3-week-old mice). All mouse 
experiments were approved by the United Kingdom Home Office.

Immunostaining. Skin and overlying fascia were removed from the iliac 
region of mice to reveal the common, external, and internal iliac veins. 
Blood was flushed out of the veins using a syringe filled with PBS, and the 
vessels were opened longitudinally along the anterior surface using either a 
tungsten needle and a scalpel or fine scissors. The samples were fixed in 4% 
PFA for 2 hours at room temperature. Whole-mount staining of the tissue 
was done as previously described (3). In brief, the samples were incubated 
for 30 minutes in blocking solution (0.3% Triton-X 100 in PBS containing 
5% bovine serum albumin), followed by incubation with the primary (over-
night at 4°C) and secondary antibodies (2 hours at room temperature). 
After washing, the samples were mounted in Mowiol and analyzed using 
Zeiss LSM 710 laser scanning confocal microscope. All confocal images 
represent 2D projections of z stacks.

Human venous valves were obtained from the long saphenous vein 
isolated during coronary artery bypass surgery at St. Thomas’ Hospital 
(ethics no. 10/H0701/68, approved by East London REC 3 Research Eth-
ics Proportionate Review Sub-Committee, London, United Kingdom). All 
patients provided written informed consent. Veins were dissected longi-
tudinally under a dissecting microscope to locate valves and snap-frozen 
in OCT (TissueTek). Cryostat sections (7 μm) were fixed in acetone and 
immunostained using biotinylated Prox1 antibodies and located with 
streptavidin-alkaline phosphatase complex, followed by visualization 
using BCIP/NBT substrate (Vector Laboratories). Sections were pho-
tographed using a Micropublisher 3.3RTV camera mounted on a Leitz 
DMRB microscope with PL Fluotar ×10, ×20, and ×40 lenses (Leica).

SEM. Veins from P6 and P11 mice were fixed in 4% PFA and 2.5% glutar-
aldehyde in 0.1 M sodium cacodylate buffer (pH 7.4) for 2 hours at room 
temperature, followed by postfixation in 1% reduced osmium tetroxide 
and 1.5% potassium ferricyanide for 24 hours. Samples were dehydrated 
through an ethanol series, washed in acetone, underwent critical point 
drying at 1,200 psi and 32°C, and then underwent platinum coating 
(Polaron SC7640 Sputter Coater) for up to 6 minutes. Images in Figure 
2A (stages 0 and 1) and Figures 5 and 6 were taken using a field emission 
scanning electron microscope (JEOL/JSM-6700F). Human veins from 
coronary artery bypass grafting were opened longitudinally using a dis-
secting microscope prior to fixation in 2.5% glutaraldehyde. Samples in 
for Figure 1, E, G, and I, were dried to critical point, sputter coated, and 
viewed in a Hitachi S-3500N scanning electron microscope.

Combined localization of β-galactosidase activity and SEM was carried 
out by fixing the iliac region of Tie2lacZ mice in 5% formaldehyde and 0.8% 
glutaraldehyde for 30–90 minutes at 4°C, then staining using the β-gal 
substrate X-gal. Valves were photographed in PBS using a Nikon Coolpix 
995 camera mounted on a Leica M3C dissecting microscope. Subsequent 
SEM analysis was carried out after longitudinal cutting open of the vein 
using a curved scalpel blade over an intraluminal tungsten wire, followed 
by further fixation of the vein in 2% glutaraldehyde and 1% formaldehyde 
in sodium cacodylate buffer. The vein was then dissected into blocks, 
osmified (1% osmium) for 24 hours on a rotator, dehydrated through 
alcohol, critical point dried, and sputter coated. Samples in Figure 1, D, 
F, H, and J and Figure 2, A (stages 2–4), D, and E were viewed in a Cam-
bridge Stereoscan 360.
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Statistics. P values were calculated using χ2 test or 2-tailed Student’s t test 
(for Figure 6O). A P value less than 0.05 was considered significant.
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