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Summary
Prox1 is a master regulator for the development of lymphatic
vasculature and the induction of lymphangiogenesis. In this
study, we identified Prox1 as a new target for small ubiquitinlike modifier 1 (SUMO-1). Lysine 556 (K556) was found to be
the major sumoylation site for Prox1 in vitro and in vivo.
Mutation of this site (from lysine to arginine K556R) reduced
DNA binding and the transcriptional activity of Prox1.
Overexpression of Prox1 in EA.hy926 endothelial cells induced
expression of lymphatic endothelial cell-specific genes including
vascular endothelial growth factor receptor 3 (VEGFR3),
fibroblast growth factor receptor 3 (FGFR3) and p57 while
expression of K556R mutant Prox1 had little effect. The
induction of VEGFR3 by Prox1 in EA.hy926 endothelial cells
was an indication of their response to VEGF-C-induced

Introduction
Prox1 is a homeodomain transcription factor that controls the
development of lymphatic vasculature (Wigle and Oliver, 1999).
This gene was originally identified in mice due to its homology to
the Drosophila homeobox protein prospero (Oliver et al., 1993).
Prox1-expressing endothelial cells were first detected at embryonic
day 10 in the jugular vein in mice. Subsequently, these cells migrated
to form the lymphatic sac (Wigle et al., 2002). Biochemical and
genetic analyses indicate that Prox1 is required for induction of the
lymphatic endothelial cell fate and is involved in the budding of
endothelial cells from the embryonic cardinal veins. Homozygous
Prox1-null mice die at mid-gestation from multiple developmental
defects (Wigle et al., 1999). To verify the importance of Prox1 in
the control of the lymphatic vasculature phenotype, Petrova et al.
overexpressed Prox1 in the blood vascular endothelial cells and
found that overexpression of this gene was capable of inducing
lymphatic endothelial cell-specific gene transcription (Petrova et
al., 2002). In addition, the blood vascular-associated genes were
simultaneously downregulated. These results suggest that Prox1
functions as a fate determination factor for the lymphatic endothelial
cells.
The main function of the lymphatic vasculature is to drain the
interstitial fluid from tissues and return it to the blood. Recently,
the lymphatic system has been shown to be involved in the

lymphangiogenic signals, including the enhancement of
proliferation, sprouting and tube formation and the inhibition
of apoptosis. This effect is SUMO-dependent because ectopic
expression of SUMO-specific protease 2 (SENP2) effectively
reduced Prox1 sumoylation and Prox1-induced VEGFR3
expression. In addition, K556R mutant Prox1 could not induce
lymphatic phenotypes. Taken together, our results indicate that
Prox1 is a target for SUMO-1 and suggest that sumoylation of
Prox1 controls its ability to induce VEGFR3 expression and
lymphatic phenotypes in endothelial cells.
Key words: Prox1, Small ubiquitin-like modifier 1, Vascular
endothelial growth factor C, Vascular endothelial growth factor
receptor 3, Lymphatic endothelial cells

pathogenesis of several diseases, including cancer, lymphoedema
and inflammation (Alitalo et al., 2005; Stacker et al., 2002). For
example, lymphangiogenesis, the growth and formation of new
lymphatic vessels, is crucial for the spread of malignant tumor cells
to regional lymph nodes and is a prognostic indicator of the
metastatic risk for human cancers (Tobler and Detmar, 2006).
Although Prox1 is a master regulator of the lymphatic vasculature
phenotype and lymphangiogenesis, the biological signals that
control the expression of Prox1 have not yet been identified. In
addition, it is also unclear whether post-translational modifications
affect the transcriptional activity of Prox1.
In this study, we address whether Prox1 is a target for sumoylation
in vitro and in vivo and investigate the effect of sumoylation on
the biological activity of Prox1.
Results
Prox1 is a target for SUMO-1 in vitro and in vivo

We used an expression-modification system to produce SUMOconjugated proteins in Escherichia coli to test whether Prox1 is a
target for SUMOs. As shown in Fig. 1A, immunoblotting detected
a shift band of GST-tagged Prox1 (with a molecular mass of around
130 kDa) in E. coli co-transformed with SUMO-1. This band was
also detected by probing the blot with anti-Prox1 and anti-SUMO1 antibody (Fig. 1A). Co-transfection of SUMO-2 did not yield shift
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cell types, we used HepG2 human hepatoma cells and primary
cultured human lymphatic endothelial cells, which have been
shown to express high levels of Prox1 (Wigle et al., 2002;
Rodriguez-Niedenfuhr et al., 2001), to address the endogenous
sumoylation of Prox1. The Prox1 protein immunoprecipitated from
lymphatic endothelial cells showed a major band at 95 kDa and a
minor band at about 110 kDa (Fig. 1C). These two bands were also
detected in HepG2 cells. However, the abundance of 95 and 110
kDa bands was similar in these cells.
Western blotting confirmed that the higher molecular weight band
is the SUMO-1-conjugated Prox1 (Fig. 1C). The Prox1 antibody
used for immunoprecipitation exhibited high specificity because no
signal was detected when a poorly differentiated human hepatoma
cell line SK-HEP-1, which does not express Prox1, was used for
the immunoprecipitation assay (Fig. 1C). In addition, non-immune
immunoglobulin could not pull down Prox1 (data not shown). To
further confirm that the band around 110 kDa is the SUMO-1conjugated Prox1, we ectopically expressed SUMO-specific
protease 2 (SENP2) in HepG2 cells and found that the shift band
disappeared (Fig. 1D). Similarly, expression of SENP2 also caused
abolishment of the 110 kDa band in 293T cells in which HA-tagged
Prox1 was ectopically expressed (Fig. 1E). Collectively, these results
indicate that Prox1 is a target for SUMO-1.
Lys556 (K556) is the major sumoylation site of Prox1

Fig. 1. Sumoylation of Prox1 in vitro and in vivo. (A) GST (G) or GST-tagged
Prox1 (P) vectors were co-transformed with pE1E2-SUMO1 (S1) vector into
E. coli. Glutathione beads were used to purify GST-tagged Prox1. The
conjugation of SUMO-1 to Prox1 was detected by anti-Prox1 or anti-SUMO-1
antibody. Anti-GST antibody was used to confirm the expression of GSTtagged Prox1. The arrows indicated the positions of target proteins. (B) 293T
cells were co-transfected with control (C) or HA-Prox1 (P) vector with FLAGtagged SUMO-1 (S1) expression vector. The expression of Prox1 and FLAGtagged SUMO-1 in cell lysates was investigated by immunoblotting (IB).
Equal amounts of cellular proteins were used for immunoprecipitation (IP) by
anti-HA antibody. The immunocomplex was collected and subjected to SDSPAGE. Western blotting was performed to detect the expression and the
sumoylation status of Prox1. In addition, blots were probed with anti-FLAG to
detect SUMO-1-conjugated protein. NS, non-specific band. (C) Prox1 protein
was immunoprecipiated from human HepG2 hepatoma cells (G2), lymphatic
endothelial cells (LEC) or SK-HEP-1 (SK) cells. Western blotting was
performed by using anti-SUMO-1 antibody to examine the endogenous
sumoylation of Prox1. (D) HepG2 cells were transfected with control (C) or
SENP2 vector. After 24 hours, the expression of SENP2 was studied by RTPCR and the sumoylation of endogenous Prox1 was investigated. (E) SKHEP-1 cells were co-transfected with HA-tagged Prox1 and control (C) or
SENP2 vector. After 24 hours, the sumoylation of HA-tagged Prox1 was
studied by immunoprecipitation and western blotting.

bands (data not shown). We next studied whether Prox1 could be
sumoylated in vivo. HA-tagged Prox1 was co-transfected with
FLAG-tagged SUMO-1 into 293T cells, which do not express
endogenous Prox1. Western blotting showed the expression of HAtagged Prox1 (with a molecular mass of around 95 kDa) in these
cells after vector transfection (Fig. 1B). Immunoprecipitation and
western blotting demonstrated that SUMO-1 indeed conjugated with
Prox1 in vivo (Fig. 1B). It should be noted that only one band at
95 kDa was seen when total cell lysates were used for western
blotting analysis. These results suggested that only a minor portion
of exogenous Prox1 was sumoylated in vivo and that the sumoylated
Prox1 could only be detected after enrichment by
immunoprecipitation. Because Prox1 expression is very low in most

We next investigated the sumoylation sites on Prox1 protein.
SUMOplot (http://www.abgent.com/tools/sumoplot_login) analysis
predicted two potential sumoylation sites at Lys353 (K353) and
Lys556 (K556) with SUMOplot scores of 0.91 and 0.94, respectively.
More importantly, these two potential sites are highly conserved in
different species (from zebrafish to human) indicating a crucial role
in the control of Prox1 function (Fig. 2A). We mutated these two
Lys residues to Arg and tested the sumoylation of Prox1 in vitro and
in vivo. As demonstrated in Fig. 2B, transfection of K556R mutant
(M2), but not K353R mutant (M1), completely abolished the
sumoylation of Prox1 in the E. coli expression-modification system.
Our data also showed that sumoylation of Prox1 in vivo was
abolished after mutation of K556 (Fig. 2C). Collectively, these results
suggest that K556 is the major sumoylation site of Prox1.
Next, we used EA.hy926 endothelial cells to study the effect of
sumoylation on Prox1 function. This cell line was originally
established by hybridization of A549 human lung cancer cells and
human umbilical vein endothelial cells and retained some
characteristics of vein endothelial cells (Rieber et al., 1993).
Because lymphatic vessels originated from veins during embryonic
development, we thought this cell line might be suitable for the
investigation of the biological activity of Prox1. We established
stable clones expressing wild-type or K556R mutant Prox1 and
investigated the expression of target genes in these clones.
Compared to parental cells, three lymphatic endothelial cell makers
VEGFR3, FGFR3 and p57 were significantly upregulated in cells
overexpressing wild-type Prox1 (WP-EA.hy926 cells) (Fig. 2D).
These results were in consistent with the data of previous studies
(Petrova et al., 2002; Hong et al., 2002) showing that ectopic
expression of Prox1 induced these lymphatic specific genes in
endothelial cells. Conversely, a blood endothelial cell marker
STAT6 was downregulated.
The same experiments were repeated in cells overexpressing
K556R mutant Prox1 (MP-EA.hy926 cells) and we found that
modulation of the expression of these target genes was significantly
attenuated in MP-EA.hy926 cells (Fig. 2D). To verify that the
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upregulation of Prox1 target genes is due to sumoylation of this
transcription factor, we ectopically expressed SENP2 in WPEA.hy926 cells and found that Prox1-induced VEGFR3
transcription was significantly attenuated (Fig. 2E). By contrast,
the expression of VEGFR3 was very low in MP-EA.hy926 cells
and was not changed by SENP2 expression. These data suggest
that sumoylation controls the transcriptional activity of Prox1.
Sumoylation modulates Prox1 DNA binding and transcriptional
activity

Journal of Cell Science

Because Prox1 is a transcription factor, we tested whether
sumoylation affected Prox1 transcriptional activity. As shown in

Fig. 3A, quantitative RT-PCR demonstrated that overexpression of
wild-type Prox1 alone induced 2.2-fold and 1.8-fold increases of
mRNA levels of VEGFR3 and FGFR3, respectively. Co-transfection
with SUMO-1 synergistically activated the transcription of these
two target genes to 3.7-fold and 2.9-fold. However, no significant
increase of VEGFR3 and FGFR3 was observed in cells transfected
with K556R mutant Prox1. In addition, expression of SUMO-1 did
not enhance the transcriptional activity of K556R mutant Prox1.
We also tested whether sumoylation regulated the protein stability
of Prox1. Cells were treated with cycloheximide, and the level of
Prox1 protein was studied at different times after treatment. Our
data indicated that wild-type and K556R mutant Prox1 protein had
a similar half-life in cells (Fig. 3B). We next addressed whether
sumoylation affected the DNA binding activity of Prox1. Two
previously
reported
perspero
consensus
sequences,
C[A/T][C/T]NNC[T/C] and CGTCT[T/A] (Hassan et al., 1997;
Cook et al., 2003) were used to blast the human VEGFR3 promoter
region. Our results showed that a perfect matched sequence was
identified at the –490 to –484 region and another putative binding
sequence was found at the –475 to –469 region (Fig. 4A). A biotinlabeled oligonucleotide corresponding to the –507 to –460 region
of human VEGFR promoter was used for DNA affinity precipitation

Fig. 2. Lys556 (K556) is the major sumoylation site of Prox1. (A) Two
potential sumoylation sites (shown in bold) were predicted in human Prox1
protein and were highly conserved in different species. (B) Expression vectors
for GST (G), GST-tagged Prox1 (P), K353R (M1) or K556R (M2) mutants
were co-transformed with pE1E2-SUMO1 (S1) into E. coli and glutathione
beads used to purify GST-tagged Prox1. The conjugation of SUMO-1 to Prox1
was detected by anti-Prox1 or anti-SUMO-1 antibody. (C) 293T cells were cotransfected with HA-Prox1 (P), K353R (M1) or K556R (M2) mutants with
FLAG-tagged SUMO-1 (S1) expression vector. The expression of Prox1 and
FLAG-tagged SUMO-1 in cell lysates was investigated by immunoblotting
(IB). Equal amounts of cellular proteins were used for immunoprecipitation
(IP) by anti-HA antibody. Western blotting was performed by using anti-FLAG
antibody to detect the sumoylation status of Prox1. NS, non-specific band. The
blots were also probed with anti-Prox1 antibody to detect the band shift of
Prox1. (D) EA.hy926 cells were transfected with control (C), wild-type Prox1
(WP-EA) or K556R mutant Prox1 (MP-EA) expression vectors to generate
stable clones. Expression of Prox1-induced target genes was investigated by
RT-PCR (upper panel) and western blotting (lower panel). (E) WP-EA and
MP-EA cells were transfected with control (C) or SENP2 vector. After 24
hours, the expression of VEGFR3 was studied by western blotting.

Fig. 3. Enhancement of Prox1 transcriptional activity by SUMO-1. (A) 293T
cells were co-transfected with control (–), wild-type Prox1 (W), K556R
mutant Prox1 (M) expression vectors and SUMO-1. After transfection, cells
were incubated in medium containing 10% FCS for 48 hours. Quantitative RTPCR was performed to investigate mRNA levels of VEGFR3 and FGFR3 in
cells. *P<0.05 when the experimental group was compared with the control
group. (B) Cells cultured in 10% FCS medium were treated with 10 μg/ml of
cycloheximide for various times. The expression of Prox1 was determined by
western blotting and the Prox1 protein level of cells collected at time zero was
defined as 100%. Actin was used as an internal control.
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specific because we could not detect any signal when an unrelated
CDK2 antibody was used for immunoprecipitation (Fig. 4C). Taken
together, our results indicate that inhibition of sumoylation of Prox1
reduces its DNA binding activity and significantly attenuates Pox1mediated gene transcription.
VEGF-C-transduced lymphangiogenic signals are diminished in
MP-EA.hy926 cells that are expressing K556R mutant Prox1

Recent studies have demonstrated that VEGF-C is crucial for the
growth, survival, sprouting and tube formation of lymphatic
endothelial cells (Makinen et al., 2001; Olsson et al., 2006; Cross
et al., 2003). Because Prox-1 triggers transcription of VEGFR3
(the main receptor for VEGF-C) and other lymphatic cell-specific
genes in EA.hy926 cells, we investigated whether WP-EA.hy926
and MP-EA.hy926 cells are sensitive to VEGF-C-transduced
biological signals. As shown in Fig. 5A, VEGF-C caused a minor
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assay (DAPA). We found that wild-type Prox1 protein bound to the
oligonucleotide probe strongly in WP-EA.hy926 cells (Fig. 4B).
By contrast, the DNA binding affinity of K556R mutant Prox1 was
very weak.
Binding of Prox1 to the probe is sequence-specific because wildtype unlabeled oligonucleotide completely abolished this binding
whereas mutant oligonucleotide (in which the potential Prox1 binding
sites were mutated to unrelated sequence TTAAGGT) had no effect
(Fig. 4B). In addition, chromatin immunoprecipitation (ChIP) clearly
demonstrated that wild-type Prox1 bound to the –568 to –288 bp
region of the human VEGFR3 promoter in vivo (Fig. 4C). By contrast,
K556R mutant Prox1 could not efficiently bind to the VEGFR3
promoter. Binding of Prox1 to the VEGFR3 promoter in vivo is
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Fig. 4. Reduction of DNA binding activity of K556R mutant Prox1.
(A) Sequence analysis of human VEGFR3 promoter region revealed two
potential Prox1 binding sites. Prospero consensus sequences are shown above
and the –507 to –460 region of human VEGFR3 promoter containing two
matched Prox1 binding sites (bold) is indicated. (B) Nuclear proteins were
extracted from parental EA.hy926 (EA) cells or stable clones expressing either
wild-type Prox1 (WP-EA) or K556R mutant Prox1 (MP-EA) and were used
for the interaction of biotin-labeled DNA probe corresponding to the –507 to
–460 region of human VEGFR3 promoter. DAPA assay was carried out to pull
down the DNA probe. The amount of Prox1 protein bound to the probe was
detected by western blotting. In addition, excessive amounts of unlabeled
wild-type DNA probe or mutant probe, in which the potential Prox1 binding
sites were mutated to unrelated sequence TTAAGGT, were also added into the
reaction buffer to compete with the binding and to verify the specificity of the
interaction between Prox1 protein and the DNA probe. Sp1 and CDK2 were
used as internal controls for verification of correct extraction of nuclear
proteins. (C) EA.hy926, WP-EA.hy926 and MP-EA.hy926 cells were fixed
with 1% formaldehyde. Genomic DNA was extracted and sheared by
sonification. ChIP assay was performed by pulling down the DNA-protein
complex by Prox1 or CDK2 antibodies. DNA was subjected to PCR
amplification by using the primers specific for the detection of the –568 to
–288 region of human VEGFR3 promoter, which contained the two potential
Prox1 binding sites.

Fig. 5. Proliferative and anti-apoptotic activity of VEGF-C on Prox1expressing EA.hy926 endothelial cells. (A) EA.hy926, WP-EA.hy926 or MPEA.hy926 cells were stimulated with VEGF-C (100 ng/ml) for various times.
Cells were harvested and the phosphorylation status of ERK and AKT kinase
was studied. (B) Cells were treated with bovine serum albumin (B, 100 ng/ml),
VEGF-C (C, 100 ng/ml) or VEGF-C (Cys156Ser) (CS, 500 ng/ml) in serumfree medium for 24 hours. MTT assay was performed to investigate the
proliferation of cells. (C) Cells were incubated with bovine serum albumin
(B, 100 ng/ml), VEGF-C (C, 100 ng/ml) or VEGF-C (Cys156Ser) (CS, 500
ng/ml) in serum-free medium for 72 hours. Floating cells were collected by
centrifugation and adhesive cells were harvested by trypsinization. Cells were
pooled and stained with propidium iodide. Apoptotic cells with condensed
chromatin were counted using fluorescence microscopy. Results from three
independent assays were expressed as mean ± s.e.m. *P<0.05, when the
VEGF-C- or VEGF-C (Cys156Ser)-treated group was compared with the
control group.
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increase in extracellular signal-regulated kinase (ERK)
phosphorylation, an indicator for its kinase activation, in EA.hy926
cells at 5 minutes after growth factor addition. No significant
increase of AKT phosphorylation was found. By contrast, VEGFC effectively stimulated the phosphorylation of ERK and AKT
kinase in WP-EA.hy926 cells. However, this stimulation was
obviously attenuated in MP-EA.hy926 cells. VEGF-C had little
mitogenic effect on parental EA.hy926 and MP-EA.hy926 cells
because they expressed very low levels of VEGFR3 (Fig. 5B) but
VEGF-C significantly stimulated proliferation of WP-EA.hy926
cells.
To verify that the proliferative action was mediated via VEGFR3,
we also treated cells with VEGF-C (Cys156Ser), a selective agonist
for VEGFR3. Our data demonstrated that VEGF-C (Cys156Ser)stimulated growth of WP-EA.hy926 cells was comparable to the
growth stimulated by VEGF-C, indicating that the mitogenic effect
was mainly mediated by VEGFR3. Culture of EA.hy926, WPEA.hy926 and MP-EA.hy926 cells under serum-free conditions for
3 days induced about 65-70% of apoptosis in these cell lines (Fig.
5C). Addition of VEGF-C attenuated the percentage of apoptotic cells
to 30% in WP-EA.hy926 cells. However, VEGF-C had little
protective effect on EA.hy926 and MP-EA.hy926 cells. Moreover,
our results suggested that VEGFR3 was essential for the anti-apoptotic
effect because VEGF-C (Cys156Ser) also effectively rescued WPEA.hy926 cells from the apoptosis induced by serum deprivation.
We next tested the effect of VEGF-C on cell sprouting, a crucial
step for the induction of migration and lymphangiogenesis. An
averaged sevenfold and fourfold of increase of sprouting was found
after VEGF-C and VEGF-C (Cys156Ser) stimulation in WP-

EA.hy926 cells (Fig. 6A). However, the number of sproutings of
MP-EA.hy926 was very low and was not increased by VEGF-C
and VEGF-C (Cys156Ser). In addition, VEGF-C and VEGF-C
(Cys156Ser) increased the tube length of WP-EA.hy926 cells by
fourfold and 2.5-fold, respectively (Fig. 6B). By contrast, tube
formation ability was attenuated in MP-EA.hy926 cells and was
not stimulated by VEGF-C and VEGF-C (Cys156Ser). Similar
conclusions were obtained when the number of vessel joint was
counted (Fig. 6C). These results suggest that the VEGF-Ctransduced lymphangiogenic signals are significantly diminished
in MP-EA.hy926 cells that are expressing K556R mutant Prox1.
Discussion
In this study, we provide evidence that Prox1, the master regulator
of lymphatic development and lymphangiogenesis, is a target for
SUMO-1. In addition, we have identified the sumoylation site on
this homeodomain transcription factor and suggest that sumoylation
increases the transcriptional activity of Prox1. While preparing the
results of our study for submission, we found that Shan et al. had
also reported that sumoylation at K556 of Prox1 reduced its
interaction with histone deacetylase 3 and attenuated its
transcriptional corepressor activity (Shan et al., 2008). However,
the biological function of mutant Prox1 was not addressed in their
study. We demonstrated that mutant Prox1 could not increase
VEGFR3 expression and that VEGFR3-mediated lymphangiogenic
signals were significantly impaired in cells expressing K556R
mutant Prox1. These data indicate that sumoylation of Prox1 is
important for its role in the induction of gene transcription and
lymphatic phenotypes in endothelial cells.

Fig. 6. VEGF-C stimulates sprouting and tube formation of Prox1-expressing EA.hy926 endothelial cells. (A) Stable clones expressing either wild-type Prox1
(WP-EA) or K556R mutant Prox1 (MP-EA) were harvested and resuspended in medium containing VEGF-C (C) or VEGF-C (Cys156Ser) (CS). Medium (100 μl)
containing 10,000 cells was mixed with 200 μl Matrigel and the mixture was added into 24-well plates. The final concentrations for VEGF-C and VEGF-C
(Cys156 Ser) were 100 ng/ml and 500 ng/ml, respectively. Cell sprouting (indicated by arrows) in the three-dimensional culture of Matrigel was observed at 24
hours. The percentage of cells with sprouting in each group was counted and results from three independent assays were expressed as mean ± s.e.m. *P<0.05, when
the VEGF-C- or VEGF-C (Cys156Ser)-treated group was compared with the control group. (B) Cells were added into 24-well plates pre-coated with Matrigel and
cultured in serum-free medium containing VEGF-C (C, 100 ng/ml) or VEGF-C (Cys156Ser) (CS, 500 ng/ml). Lengths of the tubes obtained from five fields were
assayed using AngiogenesisImage Analyzer V.2.0.0 software. Results from three independent assays were expressed as mean ± s.e.m. *P<0.05, when the VEGF-Cor VEGF-C (Cys156Ser)-treated group was compared with the control group. (C) The number of vessel joints was counted and expressed as mean ± s.e.m.
*P<0.05, when the VEGF-C- or VEGF-C (Cys156Ser)-treated group was compared with the control group.
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The mechanism by which sumoylation regulates Prox1 activity
has also been addressed in this study. Sumoylation might modulate
the biological functions of target proteins by altering protein
stability, subcellular localization, protein-protein interaction, DNA
binding and transcriptional activity (Hay, 2005). Some proteins can
be ubiquitylated and sumoylated at the same Lys residue, and
sumoylation prevents their degradation via the ubiquitin-dependent
pathway. For example, the inhibitor of κB (IκB) undergoes
polyubiquitylation at Lys21 and Lys22, which targets the protein
for proteasome-mediated degradation (Desterro et al., 1998).
Sumoylation on Lys21 blocks IκB ubiquitylation and stabilizes the
protein. However, we find that sumoylation does not affect the halflife of Prox1 protein. Our results suggest that sumoylation modulates
the DNA binding and transcriptional activity of Prox1.
Lys556 is localized near the DNA binding domain (residues 573634) of Prox1, so it is possible that sumoylation at this site might
induce conformational change and alter the DNA binding and
transcriptional activity of Prox1. Indeed, mutation of the Lys556
of Prox1 significantly reduces its DNA binding activity in vitro and
in vivo (Fig. 4). Sumoylation has been demonstrated to modulate
the activity of various transcription factors positively or negatively.
Two pioneer works clearly show that SUMO-1 conjugation activates
p53 transcriptional activity (Rodriguez et al., 1999; Gostissa et al.,
1999). We provide evidence that SUMO-1 modification can increase
Prox1 activity. Taken together, our results suggest that sumoylation
enhances Prox1-induced gene expression by increasing DNA
binding and transcriptional activity.
Recent studies indicate that lymphangiogenesis plays an
important role in the induction of tumor metastasis. However, the
study of lymphangiogenesis is obscured by the fact that isolation
of lymphatic endothelial cells is difficult. This is due to two
reasons. The first reason is lack of specific markers for the
identification of lymphatic endothelial cells. This difficulty has
been recently resolved by the identification of several lymphatic
markers, including Prox1, podoplanin and LYVE-1. Secondly, the
amount of lymphatic endothelial cells isolated from primary
cultures is small and these cells are not easy to use for gene
transfection.
In this study, we have established a stable clone by overexpressing
Prox1 in EA.hy926 endothelial cells. Characterization of the gene
expression profile in the stable clone demonstrates that lymphatic
endothelial cell markers including VEGFR3, FGFR3 and p57 are
significantly upregulated, whereas the blood endothelial cell marker
STAT6 is downregulated. These data suggest that our established
clone exhibits the characteristics of lymphatic endothelial cells and
that this cell line could serve as a research model for the study of
lymphangiogenesis.
Materials and Methods
Cell lines and plasmids
EA.hy926 cells were kindly provided Ming-Hong Tai (National Sun Yat-Sen
University, Kaohsiung, Taiwan). This cell line was derived by fusing human umbilical
vein endothelial cells with A549 human lung cancer cells (Edgell et al., 1983). HepG2
human hepatoma cells were obtained from the cell bank of the National Health
Research Institute (Maoli, Taiwan). Cells were cultured in DMEM medium
supplemented with 10% fetal calf serum (FCS; Hyclone) and antibiotics. Normal
human lymphatic endothelial cells (No. C-12218) were purchased from PromoCell
(Heidelberg, Germany) and cultured in endothelial cell growth medium MV2.
pcDNA3-FLAG-Prox1 was a kind gift of You Hua Xie (Shanghai Institute for
Biological Sciences, Shanghai, China). pcDNA-HA-Prox1 was generously provided
by Terje Johansen (University of Tromso, Tromso, Norway). pcDNA-HA-SUMO-1
was kindly provided by Angela Chen (National Sun Yat-Sen University, Kaohsiung,
Taiwan). SUMO-specific protease 2 (SENP2) expression vector was a generous gift
of Hsiu-Ming Shih (Academia Sinica, Taipei, Taiwan). Mutations of Lys353 and
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Lys556 to arginine were introduced to pcDNA-HA-Prox1 by using the QuikChange
site-directed mutagenesis kit according to the procedures of the manufacturer
(Stratagene, La Jolla, CA). The FGFR3 promoter-luciferase construct was kindly
provided by David M. Ornitz (Department of Developmental Biology, Washington
University School of Medicine, St Louis, MO).

Reagents and antibodies
VEGF-C and VEGF-C (Cys156Ser) were purchased from R&D Systems
(Minneapolis, MN). Matrigel was obtained from BD (Franklin Lakes, NJ).
QuikChange site-directed mutagenesis kit was obtained from Stratagene. TransFast
reagent was purchased from Promega (Madison, WI). Antibodies against GST (SC138), HA (SC-7392), VEGFR3 (SC-28297) and p57 (SC-1040) were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). Anti-ERK (9102), anti-phospho-ERK
(9101), anti-AKT (9272) and anti-phospho-AKT (9271) antibodies were obtained
from New England Biolabs (Ipswich, MA). Anti-SUMO-1 antibody (33-2400) used
for immunoblotting was obtained from Zymed (South San Francisco, CA). AntiSUMO-1 antibody (ab11672) used for immunoprecipitation was purchased from
Abcam (Cambridge, MA). Anti-Prox1 antibody (07-537) was purchased from
UpState (Charlottesville, VI) and anti-actin antibody (MAB1501) was obtained from
Millipore (Billerica, MA). Antibody against human fibroblast growth factor receptor
3 (FGFR3) (MAB7661) was purchased from R&D Systems.

In vitro sumoylation assay
The expression-modification system used to produce SUMO-conjugated proteins in
E. coli was established as described previously (Uchimura et al., 2004a; Uchimura
et al., 2004b) and was kindly provided by Yasuhiro Uchimura and Hisato Saitoh
(Kumamoto University, Kumamoto, Japan). GST-tagged Prox1 expression vector was
co-transfected with pE1E2-SUMO-1 or pE1E2-SUMO-2 expression vector into E.
coli, and glutathione beads were used to purify GST-tagged Prox1. The conjugation
of SUMO to Prox1 was investigated by western blotting with anti-Prox1 or antiSUMO antibody.

RNA isolation, reverse transcription-polymerase chain reaction
(RT-PCR) and real time RT-PCR
Total RNA was isolated from cells and Prox1 expression was examined by using the
OneStep RT-PCR kit as described previously (Pan et al., 2008). The primers used
were: p57-forward: 5⬘-GAGCAGCTGCCTAGTGTCC-3⬘; p57-reverse: 5⬘GCGAAGAAATCGGAGATCAG-3⬘; STAT6-forward, 5⬘-GCATCTTCTGGGTGACTGG-3⬘; STAT6-reverse, 5⬘-AGCTGTGCAGAGACACTTGG-3⬘; Prox1-forward:
5⬘-TGGCCTATCCATTTCAGAGC-3⬘; Prox-1-reverse: 5⬘-ATCCTTCCTGCATTGCACTT-3⬘; VEGFR3-forward: 5⬘-GGAGAAGTCTCCCGAGCAG-3⬘; VEGFR3reverse: 5⬘-CTTGTCGAAGATGCTGGCAGG-3⬘; FGFR3-forward: 5⬘-GACGGCACACCCTACGTTAC-3⬘; FGFR3-reverse: 5⬘-GGATGCCTGCATACACACTG-3⬘;
GAPDH-forward: 5⬘-GAGTCAACGGATTTGGTCGT-3⬘; and GAPDH-reverse: 5⬘TGTGGTCATGAGTCCTTCCA-3⬘. In real-time RT-PCR analysis, cDNA samples
(2 μg) were used as template for amplification reactions by using the iQ SYBR Green
Supermix kit (Bio-Rad) following the manufacturer’s procedures. The conditions for
PCR amplification were 95°C (15 seconds), 64°C (12 seconds) and 72°C (12 seconds)
for 40 cycles, and the reaction was carried out using the MJ Mini real-time PCR
detection system (Bio-Rad). The results were normalized to GAPDH and the relative
levels of VEGFR3 and FGFR3 from three independent experiments were expressed
as mean ± s.e.m.

Preparation of nuclear fractions and DNA affinity precipitation
assay
Preparation of nuclear extracts from WP-EA and MP-EA cells was carried out as
described previously (Andrew and Faller, 1991). Biotin-labeled DNA probe
5⬘-CTGGGATTACAGGCGCGCACAACCAAGCTCGGCGTATTATTTTATTTA-3⬘
(sense strand) corresponding to the –507 to –460 region from the transcriptional start
site of human VEGFR3 promoter containing two potential Prox1 binding sites
(underlined) was used to interact with nuclear proteins. DAPA assays were performed
as described previously (Wang et al., 2006).

Chromatin immunoprecipitation assay
The ChIP assay was performed as described previously (Chang et al., 2006). The
sequences for the primers are: sense 5⬘-GTCCACTGCAACCTCCTTCT-3⬘ and antisense 5⬘-GGCAAAGGGGAGCAAAAT-3⬘. The predicted size for PCR product is
281 bp containing the –568 to –288 bp region of the human VEGFR3 promoter.

Generation of Prox1-expressing stable clones
EA.hy926 cells were transfected with the expression vectors of pcDNA-HA-Prox1
or its K556R mutant. After 48 hours, cells were incubated with 200 μg/ml G418 for
3 weeks. Stable clones expressing a high level of wild-type (WP-EA.hy926) or mutant
(MP-EA.hy926) Prox1 were selected and used for the study of VEGF-C-induced
lymphangiogeic signals.
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Immunoprecipitation and western blotting
Cells were lysed directly in a modified radioimmunoprecipitation assay (RIPA) buffer
containing 50 mM Tris (pH 7.8), 0.15 M NaCl, 5 mM EDTA, 0.5% Triton X-100,
0.5% Nonidet P-40, 0.1% sodium deoxycholate, protease inhibitor mixture and 10
mM N-ethylmaleimide (to preserve the SUMO-conjugated proteins). Lysates were
further subjected to immunoprecipitation and western blotting as described previously
(Pan et al., 2008).

Phosphorylation of ERK and AKT kinases
EA.hy926, WP-EA.hy926 and MP-EA.hy926 cells were stimulated with 100 ng/ml
of VEGF-C for different time (0-30 minutes). Cells were harvested and subjected to
western blotting. The phosphorylation status of ERK and AKT kinases were studied
using anti-phospho-ERK and anti-phospho-AKT antibodies.

Analysis of protein stability
WP-EA.hy926 and MP-EA.hy926 cells cultured in 10% FCS medium were treated
with 10 μg/ml of cycloheximide to block protein synthesis. Cellular proteins were
harvested at various times and Prox1 protein level was determined by western blotting.
Prox1 protein level in cells collected at time zero was defined as 100%.
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Cell proliferation and apoptosis assays
For cell proliferation assays, EA.hy926, WP-EA.hy926 and MP-EA.hy926 cells were
seeded at a density of 8000 cells/well in 96-well plates and incubated with 100 ng/ml
of VEGF-C or 500 ng/ml of VEGF-C (Cys156Ser) in serum-free medium for 24
hours. MTT assay was carried out as previously described to investigate the growth
of cells (Hung et al., 1999). For apoptosis assay, cells were cultured in serum-free
medium containing 100 ng/ml of VEGF-C or 500 ng/ml of VEGF-C (Cys156Ser)
for 3 days. Floating cells were collected by centrifugation, and adhesive cells harvested
by trypsinization. Cells were pooled and stained with propidium iodide. Apoptotic
cells with condensed chromatin were counted using fluorescence microscopy.

Cell sprouting and tube formation
For investigation of sprouting, cells were harvested by trypsinization and resuspended
in medium containing VEGF-C or VEGF-C (Cys156Ser). Medium (100 μl) containing
10,000 cells was mixed with 200 μl Matrigel and the mixture added into 24-well
plates. The final concentrations of VEGF-C and VEGF-C (Cys156Ser) were 100
ng/ml and 500 ng/ml, respectively. Cell sprouting in a three dimensional culture of
Matrigel was observed at 24 hours after incubation. Cells (n=100) were counted and
the percentage of cells with sprouting was expressed as mean ± s.e.m. For tube
formation assay, cells (40,000/well) suspended in serum-free medium containing
VEGF-C (100 ng/ml) or VEGF-C (Cys156Ser) (500 ng/ml) were added into 24-well
plates pre-coated with Matrigel. The formation of tube-like structure was observed
at 4 hours after cell addition. As a quantitative estimation for angiogenesis of the
tubes, the vessel length and the number of vessel joints obtained from five fields
were assayed using the AngiogenesisImage Analyzer V.2.0.0 software (Kurabo
Industries, Osaka, Japan). Results from three independent experiments were expressed
as mean ± s.e.m.

Statistical analysis
Student’s t-test was used to evaluate the difference between various experimental
groups. Differences were considered to be significant at P<0.05.
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