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Hyaluronic acid (HA) has been shown to promote angio-
genesis. However, the mechanism behind this effect re-
mains largely unknown. Therefore, in this study, the me-
chanism of HA-induced angiogenesis was examined. 
CD44 and PKCδ were shown to be necessary for induction 
of the receptor for HA-mediated cell motility (RHAMM), a 
HA-binding protein. RHAMM was necessary for HA-pro-
moted cellular invasion and endothelial cell tube formation. 
Cytokine arrays showed that HA induced the expression of 
plasminogen activator-inhibitor-1 (PAI), a downstream 
target of TGFβ receptor signaling. The induction of PAI-1 
was dependent on CD44 and PKCδ. HA also induced an 
interaction between RHAMM and TGFβ receptor I, and 
induction of PAI-1 was dependent on RHAMM and TGFβ 
receptor I. Histone deacetylase 3 (HDAC3), which is de-
creased by HA via rac1, reduced induction of plasminogen 
activator inhibitor-1 (PAI-1) by HA. ERK, which interacts 
with RHAMM, was necessary for induction of PAI-1 by HA. 
Snail, a downstream target of TGFβ signaling, was also 
necessary for induction of PAI-1. The down regulation of 
PAI-1 prevented HA from enhancing endothelial cell tube 
formation and from inducing expression of angiogenic 
factors, such as ICAM-1, VCAM-1 and MMP-2. HDAC3 also 
exerted reduced expression of MMP-2. In this study, we 
provide a novel mechanism of HA-promoted angiogenesis, 
which involved RHAMM-TGFβRI signaling necessary for 
induction of PAI-1. 
 
 
INTRODUCTION 
 
Hyaluronic acid (HA) is involved in various cellular processes, 
such as cellular invasion (Bourguignon et al., 2007; Golshani et 
al., 2008; Kim et al., 2008), tissue regeneration (Contreras et al., 
2009) and angiogenesis (Savani et al., 2001). HA suppresses 
NGF-induced cell differentiation through RHAMM (Washio et al., 
2009). The CD44-EGFR interaction is necessary for HA-pro-

moted cancer cell motility (Kim et al., 2008). Additionally, the 
HA interaction with CD44 activates Rac1 signaling and in-
creases the production of reactive oxygen species (Bourguig-
non et al., 2007; Kim et al., 2008). HA also promotes angio-
genesis through recruitment of stromal cells (Koyama et al., 
2007). HA employs CD44 and RHAMM to induce angiogenesis 
(Golshani et al., 2008). RHAMM compensates for the loss of 
CD44 in inflamed CD44 knock out mice (Nedvetzki et al., 2004) 
and is necessary for basic FGF-induced neovascularization in 
mice (Savani et al., 2001).  

RHAMM, which is a HA-binding protein, regulates ras signal-
ing and is responsible for breast cancer progression (Wang et 
al., 1998). RHAMM also interacts with ERK1/2 to sustain basal 
motility (Hamilton et al., 2007) and RHAMM is necessary for CD44- 
mediated skin wound healing (Tolg et al., 2006). RHAMM is 
also a tumor antigen that shows expression in a cycle-specific 
manner and is suppressed by p53 (Sohr and Engeland, 2008). 
There have not been extensive studies aimed at understanding 
the role of RHAMM in HA-promoted angiogenesis in relation 
with CD44.  

Histone deacetylase 3 (HDAC3) plays an important role in 
transcriptional repression of various genes (Evert et al., 2006; 
Jayne et al., 2006; Villagra et al., 2007). P300, in cooperation 
with HDAC3, represses c-myc expression (Sankar et al., 2007). 
HDAC3 also acts as a corepressor of NF-κB and negatively 
regulates HIF-1-alpha in breast carcinoma cells (Bendinelli et 
al., 2009). Down regulation of HDAC3 has been shown to lead 
to activation of STAT3 (Togi et al., 2009). However, the role of 
HDAC3 in angiogenesis has not been studied. Given the fact 
that HDAC3 acts as a negative regulator of HIF-1-alpha, it is 
reasonable that HDAC3 may act as a negative regulator of 
angiogenesis.  
  In this study, we hypothesized that multiple signaling path-
ways were involved in HA-promoted angiogenesis. We de-
scribe the role for RHAMM in HA-promoted angiogenesis and 
the mechanism of induction of RHAMM by HA. We also provide 
evidence of the involvement of TGFβ receptor in HA-promoted 
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angiogenesis. Here, we identified a novel role of PAI-1, a 
downstream target of TGFβ receptor, in HA-promoted angio 
genesis and the mechanism of PAI-1 induction in relation with 
epigenetic factors, such as HDAC3. The mechanism of down 
regulation of HDAC3 by HA is provided. The combined results 
of this study show that multiple signaling pathways converge to 
mediate HA-promoted angiogenesis. We also identified novel 
targets of HA-prompted angiogenesis.  

 
MATERIALS AND METHODS 

 
Cell lines and culture  
HUVECs were isolated from human umbilical cord veins by 
collagenase treatment and used in passages 3-6. The cells 
were grown in M199 medium supplemented with 20% fetal 
bovine serum, 100 U/ml penicillin G, 100 µg/ml streptomycin, 3 
ng/ml bFGF (Upstate, USA), and 5 U/ml heparin at 37°C under 
5% CO2/95% air.  

To ensure that the hyaluronic acid used in this study was free 
of contaminants, cells were treated with hyaluronic acid in the 
presence or absence of hyaluronidase (30 U/ml, Sigma). Hya-
luronidase was activated by preincubation at 37°C for 30 min 
and was inactivated by preincubation at 65°C for 30 min. 
 
Hyaluronic acid  
Each size of hyaluronic acid (HA) was purchased from CHABio 
& Diostech (Korea). In this study, we used HA of 6 kDa (Lot 
No.HSB-ULHA-10-001), 100 kDa (Lot No. HSB-LHA-09-001) 
and 1 mDa (Lot No. HSB-HHA-09-003). We also purchased 
HA of 1 mDa from Sigma Chemical Company.  
 
Intravial microscope angiogenesis assays  
Male BALB/c mice (6-8 week old) were obtained from Daehan 
Biolink (Korea). The mice were maintained at the specific 
pathogen-free housing facility at the School of Medicine, Kang-
won National University. In vivo angiogenesis was assessed as 
follows. The mice were anesthetized with 2.5% avertin (v/v) via 
intraperitoneal injection (Surgivet, USA), and abdominal wall 
windows were implanted. Next, a titanium circular mount with 
eight holes on the edge was inserted between the skin and the 
abdominal wall. Growth factor-reduced Matrigel containing VEGF 
(100 ng/ml) or HA (1 mg/ml) was applied to the space between 
the windows, and a circular glass cover slip was placed on top 
and fixed with a snap ring. After four days, the animals were 
anesthetized and injected intravenously with 50 µl of 25 ng/ml 
fluorescein isothiocyanate-labeled dextran (molecular weight, 
Mr ~2,000,000) via the tail vein. The mice were then placed on 
a Zeiss Axiovert 200 M microscope. The epi-illumination mi-
croscopy setup included a 100-W mercury lamp and filter set 
for blue light. Fluorescence images were recorded at random 
locations of each window using an electron-multiplying charge-
coupled device camera (Photo Max 512, Princeton Instruments, 
USA) and digitalized for subsequent analysis using the Meta-
morph program (Universal Imaging, USA). The assay was 
scored from 0 (negative) to 5 (most positive) in a double-
blinded manner.  

 
Histological analyses  
Eight-week-old Male BALB/c mice were anesthetized, and PBS, 
VEGF (100 ng/ml) or HA (200 µg/ml) was injected into their 
ears. After 3-5 days, ear samples were fixed in 10% (v/v) buff-
ered formalin, embedded in paraffin, sectioned at 4 µm, and 
then stained with hematoxylin and eosin. 
 
 

Endothelial cell tube formation assay  
Growth factor-reduced Matrigel was pipetted into prechilled 24-
well plates (200 µl matrigel per well) and polymerized for 30 
min at 37°C. HUVECs were first incubated in M199 containing 
1% FBS for 6 h and then treated with various concentrations of 
inhibitor for 60 min before seeding. The HUVECs were col-
lected and placed onto the layer of Matrigel in 1 ml of M199 
containing 1% FBS followed by the addition of 200 µg/ml of HA. 
After 6 to 8 h of incubation at 37°C in a 95%:5% (v/v) mixture of 
air and CO2, the endothelial cells were photographed using an 
inverted microscope (magnification, X100; Olympus). All ex-
periments were conducted in triplicate. To determine the effect 
of RHAMM or MMP-2 on endothelial cell tube formation, HU-
VECs were transfected with control SiRNA (10 nM), RHAMM 
SiRNA (10 nM) or MMP-2 SiRNA (10 nM). At 48 h after trans-
fection, cells were treated with or without HA (200 µg/ml). 
Endothelial cell tube formation assays were then performed. To 
determine the effect of CD44 on endothelial cell tube formation, 
HUVECs were pre-incubated with IgG (5 µg/ml) or human 
CD44-blocking antibody (A3D8, 5 µg/ml) for 3 h, prior to HA 
treatment.   

Tube formation was observed using an inverted phase con-
trast microscope. Images were captured with a video graphic 
system. The degree of tube formation was quantified by meas-
uring the length of tubes in five randomly chosen low-power 
fields (×100) from each well using the Image-Pro plus v4.5 
(Media Cybernetics, USA).  
 
Transwell migration assay  
The chemotactic motility of HUVECs was determined using a 
Transwell migration assay (BD Biosciences) with 6.5-mm-
diameter polycarbonate filters (8-µm pore size). Briefly, the filter 
of the Transwell plate was coated with 0.1% gelatin, after which, 
the bottom chambers were filled with 500 µl of M199 containing 
1% FBS supplemented with 20 ng/ml VEGF. HUVECs (4 × 104) 
suspended in 100 µl of M199 containing 0.5% FBS plus HA 
(200 µg/ml) were seeded in the upper chambers. The cells 
were allowed to migrate for 20 to 24 h, after which, non-mi-
grated cells were removed with cotton swabs, and the migrated 
cells were fixed with cold 4% paraformaldehyde and stained 
with 1% crystal violet. Images were taken using an inverted 
microscope (Olympus), and migrated cells were quantified by 
manual counting.  

 
Flow cytometry  
To detect RHAMM on cell surface, the trypsinized HUVECs (1 
× 106) were harvested, washed with PBS containing 5% BSA 
and then fixed in PBS containing 3% formaldehyde. After re-
moval of fixing solution, cells were incubated with anti-RHAMM 
antibody (1:100, Santa Cruz) for 1 h. The cells were washed 
with PBS and incubated with Alexa Fluor 488-conjugated 
secondary antibody (1:1000, Santa Cruz) for 30 min. After 
incubation, cells were washed and resuspended in PBS, and 
then analyzed by flow cytometry (FACS Scan, BD Biosciences).  

 
Immunofluorescence staining  
HUVECs were seeded on 10-mm cover slips at a density of 2 × 
105 cells/35-mm plate. After treatment with or without HA for 1 h, 
cells were treated as indicated and then fixed as described 
previously (Urbich et al., 2009). Cover slips were incubated with 
a primary antibody to pERK (Santa Cruz: 1/500 dilution) or 
RHAMM (Santa Cruz: 1/500 dilution) at 4°C for 24 h. After 
washing with PBS, slides were incubated with Alexa Fluor 488 
(for RHAMM) or Alexa Fluor 568 (for pERK)-conjugated secon-
dary antibody for 1 h. After washing and mounting, fluorescence 
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staining was visualized using confocal microscopy.  
 

Whole mount staining  
Mouse ears were fixed in 4% (vol/vol) paraformaldehyde and 
blocked with TNB buffer (NEN Life Science Products) con-
taining 0.3% Triton X-100. Primary antibodies, rat anti-Receptor 
for Hyaluronan-Mediated Motility ([RHAMM]; Santa Cruz bio-
technology), rabbit anti-CD31 or anti-mouse smooth muscle 
actin (Sigma) were diluted in TNB buffer, and ear samples were 
incubated with primary antibodies overnight at 4°C. The sam-
ples were then washed three times and subsequently incu-
bated with the secondary antibodies anti-rat IgG Alex 546, anti-
rabbit IgG Alex 488, or anti-mouse IgG Alex 488 (Molecular 
Probes). To determine effect of HDAC3 on angiogenesis, ears 
of BALB/c mice were given injection of control siRNA (100 nM) 
or HDAC3 siRNA (100 nM) twice in a total of eight days. Mouse 
ears were fixed in 4% (v/v) paraformaldehyde and blocked with 
TNB buffer. Ear samples were incubated with rabbit anti-CD31 
(PECAM-1) overnight at 4°C. The samples were then washed 
three times and subsequently incubated with the secondary 
antibody, anti-rabbit IgG Alex 488 (Molecular probes).  

 
Western blot analysis  
For PAGE and Western blot, cell lysates were prepared using 
lysis buffer [62.5 mM Tris-HCl, pH 6.8, 2% (w/v) SDS, 10% 
(v/v) glycerol, 50 mM dithiothreitol, 0.01% (w/v) bromphenol 
blue, 10 mM NaF, 1% (v/v) protease inhibitor mixture, 1 mM 
sodium orthovanadate]. The samples were then boiled for 5 
min, after which equal amounts of protein (20 µg/well) were 
analyzed by 10% SDS-PAGE. Following electrophoresis, pro-
teins were transferred onto a nitrocellulose membrane and 
subjected to immunoblotting. The antibodies and dilutions in-
cluded anti-RHAMM (1:1,000) and anti-GAPDH (1:2,000). After 
extensive washing, the blots were further incubated with an 
anti-mouse or anti-rabbit IgG-horseradish peroxidase-conju-
gated antibody at a 1:3,000 dilution for 1 h and then developed 
using an enhanced chemiluminescence kit (Amersham Biosci-
ences).  

 
Rac1 activity assay  
Cells were grown in 100-mm dishes and treated with HA (200 
ng/ml) for the indicated times. The cells were then quickly 
rinsed in phosphate-buffered saline and lysed using 500 µl of 
lysis buffer (50 mM Tris-HCl, pH 7.4, 1% Triton X-100, 0.5% 
sodium deoxycholate, 0.1% SDS, 500 mM NaCl, 10 mM 
MgCl2) plus protease inhibitors. Next, the cells were scraped 
and the cell lysates were centrifuged for 5 min at 14,000 rpm. 
To determine the levels of Rac1-GTP, 400 µl of each cell lysate 
was incubated with PAK (CRIB)-GST beads for 1 h with rocking 
at 4°C. The samples were then centrifuged for 2 min at 2000 
rpm, after which the supernatant was discarded. The beads 
were then washed three times with wash buffer (50 mM Tris-
HCl, pH 7.4, 1% Triton X-100, 150 mM NaCl, 10 mM MgCl2). 
Finally, 50 µl of 2× Laemmli buffer was added to the beads, and 
the mixture was boiled for 10 min. The levels of active Rac1, 
Rac1-GTP, were detected by Western blotting using specific 
monoclonal anti-Rac1 antibody (BD Transduction Laboratories). 
Approximately 10 µg of total lysate were analyzed to examine 
the levels of total Rac1 or GAPDH (Sigma). 

 
Reactive oxygen species (ROS) measurement  
Serum-starved HUVECs on cover slips were treated with or 
without various concentrations of HA (200 µg/ml) for 20 min. 
DCFH-DA (5 µM) was then added for 10 min to measure the 
production of hydrogen peroxide. Cells were then immediately 

observed by the use of laser scanning instead of DCFH-DA. 
ROS measurements were performed as described.  

 
Cellular fractionation  
Nuclear and cytosolic extracts were prepared with a nuclear/ 
cytosol fractionation kit (Biovision, USA). Cells were collected 
by centrifugation at 600 × g for 5 min at 4°C. Cell pellets were 
washed twice with ice-cold PBS, followed by the addition of 0.2 
ml of Cytosol Extraction Buffer A and vigorous mixing for 5 s. 
Ice-cold Cytosol Extraction Buffer B (11 µl) was then added to 
the solution. After mixing, the nuclear and cytosolic fractions 
were separated by centrifugation at 16,000 × g for 5 min (super- 
natants were the cytosolic fraction). Nuclear extraction buffer 
was then added to the nuclei. After vortexing for a total of 40 
min, the nuclei were centrifuged at 16,000 × g for 10 min. The 
supernatants obtained were the nuclear fraction. The protein 
concentration of each fraction was determined using a DC Pro-
tein Assay Kit (Bio-Rad). Equal amounts of nuclear/cytosolic 
extracts were loaded for SDS-PAGE, after which Western blot 
analysis was performed. The purity of the cytosolic and nuclear 
fraction was confirmed by GAPDH and histone H1, respectively. 
For fractionation of the cytosol and membrane, cells were re-
suspended in a buffer containing 10 mM Tris-HCl, pH 7.5, 1 
mM EDTA, 1 mM phenylmethylsulfonyl fluoride, and 10 µg/ml 

leupeptin and then lysed by sonication. The lysates were then 

centrifuged at 100,000 × g for 1 h at 4°C. The supernatants 

constitute the cytosolic fraction. The pellet was resuspended in 
the above buffer, which also contained 0.1% Triton X-100, and 
the mixture was lysed by sonication and centrifuged again at 
100,000 × g for 1 h at 4°C to obtain the membrane fraction 

(supernatant). The purity of the cytosol and membrane fraction 
was confirmed by GAPDH and EGFR, respectively.   

 
ChIP assays  
Assays were performed according to the manufacturer’s in-
struction (Upstate). Briefly, 25% of the chromatin solution was 
reserved for to Total input. The remaining solution was pre-
cleared with protein A-agarose, subsequently incubated with 
respective antibody (2 µg/ml each) for 12 h at 4°C with shaking, 
and then further incubated with protein A-sepharose for 2 h. 
The immunoprecipitates were reverse cross-linked. PCR was 
performed on the phenol-chloroform-extracted DNA. For detec-
tion of c-fos binding to RHAMM promoter sequences, specific 
primers of RHAMM promoter [5′-TGCGCAAATGCTAGGT 
TACA-3′ (sense) and 5′-ATTAGCTGGCCTGCGAGTTT-3′ 
(antisense)] were used. For detection of Snail binding to PAI-1 
promoter sequences, specific primers of PAI-1 promoter [5′-
CCTTCACCAGCCCTCTTTCCATTGC-3′ (sense) and 5′-ACC 
GAGGCCACCCCATAGGGT-3′ (antisense)] were used. For 
detection of HDAC3 binding to PAI-1 promoter sequences, 
specific primers of PAI-1 promoter [5′-CGGGCTTAAGGCAG 
AGAACT-3′ (sense) and 5′-TTTTTGGGAGAGCAGGGTTT -3′ 
(antisense)] were used.  

For detection of HDAC3, c-jun, histone H3-AcK9/14 or H4-
AcK16 binding to MMP-2 promoter sequences, specific primers 
of MMPI-2 promoter [5′-TGTGACAACCGTCTCTGA-3′ (sense) 
and 5′-ATCTCTGGGCCATTGTCA-3′ (antisense)] were used.  
 
Preparation of SiRNA duplexes and transfection  
The SiRNA duplexes were constructed with the following target 
sequences HDAC3, sense (5′-AAGGCTTCACCAAGAGTCT 
TACCTGTCTC-3′); antisense (5′-AATAAGACTCTTGGTGAA 
GCCCCTGTCTC-3′); RHAMM, sense (5′-AATGACCCTTCT 
GGTTGTGCACCTGTCTC-3′); antisense (5′-AATGCACAAC 
CAGAAGGGTCACCTGTCTC-3′); c-fos, sense (5′-AAC AGA
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representative example of three independent experiments. (D) H&E staining of ear tissue of BALB/c mouse that received HA (200 µg/ml) or 

VEGF (100 ng/ml) was performed (left panel). Arrows denote blood vessels. Whole mount staining of ear tissue of BALB/c mouse that received 

HA (200 µg/ml) or VEGF (100 g/ml) was performed by using anti-CD31 antibody (middle panel) or anti-RHAMM antibody (right panel). Each 

figure shows a representative example of three independent experiments. (E) HUVECs were treated with or without HA (1 MDa, 200 µg/ml) for 

1 h. Flow cytometry analysis using anti-RHAMM antibody was performed as described. 
 
 
 
CTT CTC ATC TTC TAG CCT GTC TC -3′); antisense (5′- 
AAC TAG AAG ATG AGA AGT CTG CCT GTC TC-3′); DNMT1, 
sense (5′-AATTTTCCCTTGCCCTTCCCTCCTGTCTC-3′); anti- 
sense (5′-AAAGGGAAGGGCAAGGGAAAACCTGTCTC-3′); 
PAI-1, sense (5′-CCTTCACCAGCCCTCTTTCCATTGC-3′); anti- 
sense (5′-ACCGAGGCCACCCCATAGGGT-3′); MMP-2, sense 
(AAATAGTCCTGAATGCCCCCTGTCTC); antisense (AAGG 
GCATTC AGGAGCTCTATCCTGTCTC); control, sense (5′-
AATTCTCCGAACGTGTCACGTCCTGTCTC-3′); antisense (5′- 
AAACGTGACACGTTCGGAGAACCTGTCTC-3′). The con-
struction of SiRNAs was performed according to the instruction 
manual provided by the manufacturer (Ambion, USA). The 
transfection of the SiRNA construct was performed by using 
lipofectamine 2000 (Invitrogen). Transfection of the plasmids 
was conducted using Lipofectamine Plus reagent and Lipofec-
tamine reagent (Invitrogen).  
 
Immunoprecipitation 
Cells (1 × 107) were lysed in immunoprecipitation buffer [50 
mmol/ml HEPES (pH 7.6), 150 mmol/ml NaCl, 5 mmol/ml 

EDTA, 0.1% NP40]. After centrifugation (10 min at 15,000 × g) 

to remove the particulate material, the supernatant was incu-
bated with each antibody (2 µg/ml) with constant agitation at 
4°C. The immunocomplexes were then precipitated with protein 
A/G Sepharose (Sigma) and analyzed by Western blot analysis. 

 
Gelatin zymography  
Gelatin zymogrpahy was performed according to the standard 
procedures (2). 

 
Human angiogenesis antibody array  
Expression levels of angiogenic factors were determined by 
using a Proteom Profiler Human Angiogenesis Antibody Array 
Kit (R&D Systems, USA) according to the manufacturer's in-
structions. Briefly, HUVECs were treated with or without HA 
(200 µg/ml) for 1 h, after which the cells were then solubilized (1 
× 107 cells/ml) in lysis buffer. Each membrane was incubated 

with blocking buffer, followed by treatment with cell lysates (50 
µg/ml) and antibody cocktail for 12-14 h at 4°C on a rocking 
platform. The membrane was then washed and incubated with 
horseradish peroxidase-conjugated streptavidin, and the protein 
spots were detected using the ECL Western blotting detection 
reagents.  
 
In vivo matrigel plug assay 
Matrigel plug assay was performed as previously described 
(Min et al., 2007). Briefly, 7-week-old BALB/C mice (DBL Co., 
Ltd, Korea) were injected subcutaneously with 0.5ml of Matrigel 
containing PBS, HA (200 µg), VEGF (50 ng), TSA (50 nM, 250 
nM) or SB (2 mM, 10 mM) and 10 units of heparin (Sigma). The 
injected Matrigel rapidly formed a single, solid gel plug. After 8 
days, the skin of the mouse was easily pulled back to expose 
the Matrigel plug, which remained intact.  
 
RESULTS 

 
Hyaluronic acid induces angiogenic response independent  
of VEGF  
We wanted to investigate effect of HA on angiogenesis and the 
mechanisms behind this effect. Intravital microscopy showed 
that HA induced angiogenesis (Fig. 1A). The 1 mDa HA, but not 
6 kDa or 100 kDa HA, induced angiogenesis (Fig. 1A). Each 
HA at equimolar concentration was used. HA (1 mDa) induced 
angiogenesis in a dose-dependent manner, based on intravtital 
microscopy (data not shown). Hyaluronidase prevented HA (1 
mDa) from inducing endothelial cell tube formation in HUVECs 
(Fig. 1B, left panel). The 6 kDa HA and 100 kDa HA, when 
used at higher concentrations, also enhanced endothelial cell 
tube formation (data not shown). In this study, we found that HA 
(1 mDa) purchased from Sigma Chemical Company also en-
hanced endothelial cell tube formation, which was comparable 
to the effects by our 1 mDa HA (data not shown). This further 
confirmed that high molecular weight form of HA was as good 
as low molecular weight form of HA in terms of inducing angio- 

Fig. 1. HA promotes angiogenesis independent of

VEGF. (A) Intravital microscopy analysis was con-

ducted as described. An equimolar concentration of

each size of HA was mixed with matrigel. Four days

later, FITC-dextran was injected via tail vein to visual-

ize blood vessel formation. Each figure shows a

representative example of three independent ex-

periments. (B) Hyaluronidase (30 U/ml) exerts a

negative effect on endothelial cell tube formation

induced by HA (1 mDa). Hyaluronidase (30 U/ml)

was activated by preincubation at 37°C for 30 min

and was inactivated by pre-incubation at 65°C for 30

min. **P < 0.005; ***P < 0.0005. Each value repre-

sents the average of three independent experiments.

NS denotes not significant. Endothelial cell tube

formation assays were performed 12 h after addition.

(C) Intravital microscopy shows that HA promotes

angiogenesis independent of VEGF. AVASTIN (4

µg/ml), a VEGF neutralizing antibody, was added

with or without HA (1 mg/ml). Each figure shows a
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Fig. 2. HA induces expression of RHAMM, a HA-binding protein, by 

PKCδ. (A) HUVECs were treated with or without HA (1 mDa, 200 

µg/ml) for various time intervals. Cell lysates were immunoprecipi-

tated with anti-CD44 antibody (2 µg/ml), followed by Western blot 

analysis. (B) HUVECs were transiently transfected with control 

vector (1 µg) or dominant negative PKCδ (1 µg). At 48 h after trans-

fection, cell lysates were prepared and subjected to Western blot 

analysis. (C) HUVECs were transfected with control SiRNA (10 nM) 

or RHAMM SiRNA (10 nM). At 48 h after transfection, cell lysates 

were prepared and subjected to Western blot analysis. (D) HU-

VECs were treated with or without various sizes of HA at an equi-

molar concentration for various time intervals (upper panel). HU-

VECs were treated with or without each size of HA for 1 h at various 

concentrations (lower panel). Cell lysates were then subjected to 

Western blot analysis. 
 
 
genesis. Quantitation of the tube length showed the specific 
effect of HA on endothelial cell tube formation (Fig. 1B, right 

panel). We examined whether HA-induced angiogenesis re-
quired VEGF. To accomplish this, AVASTIN, a VEGF-neu-
tralizing antibody, was added along with HA to matrigel bloc 
and blood vessel formation was evaluated by intravital micros-
copy. HA promoted angiogenesis regardless of AVASTIN (Fig. 
1C), suggesting that HA promotes angiogenesis in a different 
manner than VEGF. Injection of HA into the ears of BALB/c 
mouse induced blood vessel formation based on H&E staining 
(Fig. 1D, left panel). Whole mount staining of ear tissue of 
BALB/c mouse injected with HA showed increased expression 
of RHAMM (Fig. 1D, right panel). However, VEGF did not in-
duce expression of RHAMM, a HA-binding protein (Fig. 1D, 
right panel). Both HA and VEGF induced expression of CD31, 
an angiogenic marker protein (Fig. 1D, middle panel). Flow 
cytometry analysis showed increased cell surface expression of 
RHAMM by HA in HUVECs (Fig. 1E). These results showed 
the VEGF-independent angiogenic potential of HA and the 
possible involvement of RHAMM in HA-promoted angiogenesis.           
 
CD44-PPC PPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPδ P
HA promotes tumor cell motility by PKC signaling (Washio et al., 
2009). Therefore we examined the role of PKC signaling in HA-
promoted angiogenesis. HA increased phosphorylation of 
PKCδ, but not PKCα (Fig. 2A). HA also induced an interaction 
between CD44 and PKCδ (Fig. 2A). Inactivation of PKCδ by the 
dominant negative construct prevented HA from increasing 
expression of RHAMM, a HA-binding protein (Fig. 2B). PKCδ 
was necessary for activation of rac1 and the increased expres-
sion of c-fos (Fig. 2B). This suggests that AP-1 may be involved 
n the induction of RHAMM by HA. This also suggests that rac1 
is involved in HA-promoted angiogenesis. The down regulation 
of RHAMM did not prevent HA from increasing phosphorylation 
of PKCδ (Fig. 2C), which suggests that PKCδ acts upstream of 
RHAMM to promote angiogenesis. 

We examined whether 6 kDa or 100 kDa HA would induce 
expression of RHAMM. When used at equimolar concentration, 
1 mDa HA, but not 6 kDa or 100 kDa induced expression of 
RHAMM (Fig. 2D, upper panel). However, 6 kDa and 100 kDa  

 
 
A             D                  E 
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were subjected to transwell migration assays as described. Means ± SEM of three independent experiments are depicted. ***p < 0.0005. (F) 

HUVECs were pre-incubated with IgG antibody (5 µg/ml) or CD44-blocking antibody (A3D8, 5 µg/ml) for 3 h, followed by treatment with or 

without HA (200 µg/ml).  Endothelial cell tube formation assays were performed 12 h after addition of HA (left panel). Effect of blocking of 

CD44 on the invasion potential of HUVECs was also determined as described (right panel). Means ± SEM of three independent experiments 

are depicted. **p < 0.005. 

Fig. 3. RHAMM, induced by HA via AP-1, and CD44

mediate HA-promoted angiogenesis. (A) HUVECs

were treated with or without HA (1 mDa, 200 µg/ml)

for various time intervals. Western blot analysis was

performed. (B) HUVECs were treated with or without

HA (1 mDa, 200 µg/ml) for 1 h and ChIP assays

using anti-IgG (2 µg/ml), anti-c-jun (2 µg/ml) or anti-c-

fos antibody (2 µg/ml) was performed. (C) HUVECs

were transfected with control SiRNA (10 nM) or c-fos

SiRNA (10 nM). At 48 h after transfection, cell lysates

were prepared and subjected to Western blot analy-

sis. (D) HUVECs were transfected with control

SiRNA (10 nM) or RHAMM SiRNA (10 nM). At 48 h

after transfection, HUVECs were then treated with or

without HA (1 mDa, 200 µg/ml). Endothelial cell tube

formation assays were performed as described.

Means ± SEM of three independent experiments are

depicted. ***p < 0.0005. (E) is the same as (D) ex-

cept that cellular invasion assays were performed as

described. The trypsinized HUVECs (2 × 10
4

cells)
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cell lysates were prepared and subjected to Western blot analysis. (E) HUVECs were transfected with control vector (1 µg) or HDAC3-Flag (1 

µg). At 48 h after transfection, cells were treated with or without HA (1 mDa, 200 µg/ml) for 1 h, followed by Western blot analysis. (F) HUVECs 

were treated with or without HA (1 mDa, 200 µg/ml) for 1 h. ChIP assays were performed as described. (G) HUVECs were transfected with 

control SiRNA (10 nM) or PAI-1 SiRNA (10 nM). At 48 h after transfection, cells were treated with or without HA (1 mDa, 200 µg/ml). Endothe-

lial cell tube formation assays were performed as described. (H) HUVECs were transfected with control SiRNA (10 nM) or various concentra-

tions of PAI-1 SiRNA. The 48 h after transfection, cells were treated with or without HA (1 mDa, 200 µg/ml) for 1 h. Cell lysates were prepared 

and subjected to Western blot analysis. Numbers in parentheses represent concentrations of SiRNAs. 
 
 
 
HA induced expression of RHAMM and activation of PKCδ, 
when used at higher concentrations (Fig. 2D, lower panel). 
These results suggest that CD44-PKCδ interaction by HA in-
duces expression of RHAMM to promote angiogenesis. 
 
RHAMM, induced by AP-1, mediates HA-promoted  
angiogenesis  
Because HA induced the expression of RHAMM (Fig. 2B), we 
examined the mechanism of induction of RHAMM. HA induced 
the expression of c-fos and c-jun, but not SP-1, and increased 
phosphorylation of JNK (Fig. 3A). A ChIP assay showed the 
binding of c-fos and c-jun to RHAMM promoter sequences (Fig. 
3B), suggesting that AP-1 acts as a regulator of RHAMM ex-
pression. SP-1 did not show binding to RHAMM promoter se-
quences, as expected (data not shown). The down regulation of 
c-fos prevented HA from inducing the expression of RHAMM 
(Fig. 3C). The down regulation of RHAMM exerted negative 
effects on HA-promoted endothelial cell tube formation (Fig. 
3D) and invasion potential of HUVEC (Fig. 3E). The blocking of 
CD44 prevented HA from inducing endothelial cell tube forma-
tion (Fig. 3F, upper panel) and prevented HA from enhancing 
the invasion potential of HUVECs (Fig. 3F, lower panel). Our 
results indicate that both CD44 and RHAMM are required for 
HA to enhance invasion potential and endothelial cell tube for-
mation.  

 
HA induces expression of plasminogen activator inhibitor-
1 (PAI-1) to promote angiogenesis  
In an effort to understand the mechanism of HA-promoted an-
giogenesis, we attempted to identify angiogenic factor(s) regu-
lated by HA. Cytokine array analysis showed that HA increased 
expression of plasminogen activator inhibitor-1 (PAI-1), a 
TGFβ-responsive gene, among various angiogenic factors (Fig. 
4A). However, HA did not induce expression of TGFβ (Fig. 4A). 

This suggests that induction of PAI-1 may occur via transactiva-
tion of TGFβ receptor. HA did not affect the expression of VEGF 
or MMP-9 (Fig. 4A), which confirmed that HA did not require 
VEGF to promote angiogenesis. PAI-1 protects endothelial 
cells from Fas-mediated apoptosis (Bajou et al., 2008), and 
facilitates retinal angiogenesis (Basu et al., 2009). These re-
ports indicate the potential role of PAI-1 in angiogenesis. Block-
ing of CD44 using a blocking antibody (A3D8) prevented HA 
from increasing expression of PAI-1 and RHAMM (Fig. 4B, left 
panel). A3D8 prevented the interaction between CD44 and 
PKCδ, and prevented HA from increasing phosphorylation of 
PKCδ (Fig. 4B, right panel). These results indicate that the in-
duction of PAI-1 by HA occurs via the CD44/PKCδ interaction. 
Western blot analysis showed that PAI-1 was induced by HA 
(Fig. 4C). The decreased expression of HDAC3 and induction 
of Snail and HDAC2 occurred earlier than the induction of PAI-1 
by HA (Fig. 4C). This suggests that expression of PAI-1 may be 
under the control of HDAC2, HDAC3 and Snail. Snail is re-
quired for TGFβ-induced epithelial-mesenchymal transition 
(Kokudo et al., 2008), and functional blockade of Snail de-
creases the expression of PAI-1 in breast cancer cells and 
exerts a negative effect on cancer cell migration (Fabre-
Guillevin et al., 2008). PAI-1 is induced by TGFβ (Liu et al., 
2010) and TGF-β1 utilizes RHAMM to promote cell motility 
(Samuel et al., 1993). Histone deacetylase (HDAC), such as 
HDAC5, acts as a negative regulator of angiogenesis (Urbich et 
al., 2009). Phopshorylation of HDAC5 mediates VEGF-promo-
ted angiogenesis (Ha et al., 2008). In our study, HA did not 
increase or induce phosphorylation of HDAC5 (data not shown). 
HDAC3 is known to interact with HDAC5 (Fischle et al., 2002). 
HDAC3 has been shonw to mediate TGF-β-induced expression 
in C3H10T1/2 fibroblasts (Barter et al., 2010). Because de-
creased expression of HDAC3 occurred earlier than induction 
of PAI-1, we hypothesized that HDAC3 might exert a negative 

Fig. 4. Induction of PAI-1, an angiogenic factor, by

HA results from down regulation of HDAC3. (A)

HUVECs were treated with or without HA (1 mDa,

200 µg/ml) for 1 h, after which the cell lysates

were subjected to cytokine array analysis as de-

scribed. (B) HUVECs were pre-incubated with IgG

antibody (5 µg/ml) or CD44-blocking antibody

(A3D8, 5 µg/ml) for 3 h, followed by treatment with

or without HA (1 mDa, 200 µg/ml) for 1 h. Cell

lysates were prepared and subjected to Western

blot analysis (left panel). Cell lysates were also

immunoprecipitated with anti-actin antibody (2

µg/ml) or anti-CD44 antibody (2 µg/ml), followed

by Western blot analysis and cell lysates were

also subjected to Western blot analysis (right

panel). (C) HUVECs were treated with or without

HA (1 mDa, 200 µg/ml) for various time intervals.

Cell lysates prepared at each time point were

subjected to Western blot analysis. (D) HUVECs

were transfected with control SiRNA (10 nM) or

HDAC3 SiRNA (10 nM). At 48 h after transfection,
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recombinant TGFβ and sTGFβRII denotes the soluble form of TGFβRII. (B) HUVECs were pretreated with or without various concentrations of 

SB431542, an inhibitor of TGFβRI, for 30 min, followed by treatment with or without HA (1 mDa, 200 µg/ml) for 1 h. Cell lysates were then 

subjected to Western blot analysis (upper panel). HUVECs were transfected with control SiRNA (10 nM) or RHAMM SiRNA (10 nM). At 48 h 

after transfection, cells were pretreated with or without SB431542 (1 µM) for 30 min, followed by treatment with or without HA (1 mDa, 200 

µg/ml) for 1 h. Cell lysates were prepared and immunoprecipitated with anti-TGFβRI antibody, followed by Western blot analysis (lower panel). 

C denotes control SiRNA and R denotes RHAMM SiRNA. (C) HUVECs were transiently transfecetd with control vector (1 µg) or dominant 

negative PKCδ (1 µg). At 48 h after transfection, cell lysates were immunoprecipitated with anti-actin antibody (2 µg/ml) or anti-TGFβRI anti-

body (2 µg/ml), followed by Western blot analysis using the indicated antibodies (upper panel). Cell lysates were also subjected to Western 

blot analysis (lower panel). 
 
 
 
regulation on PAI-1 expression. The down regulation of HDAC3 
induced expression of PAI-1 (Fig. 4D), suggesting that HDAC3 
may act as a negative regulator of PAI-1. Over expression of 
HDAC3 prevented HA from inducing expression of PAI-1 (Fig. 
4E), indicating that HDAC3 plays a negative regulatory role in 
the induction of PAI-1 by HA. Over expression of HDAC3 did 
not prevent HA from increasing the phosphorylation of PKCδ 
(Fig. 4E), confirming that PKCδ acts upstream of HDAC3. The 
ChIP assay showed the binding of Snail and HDAC3 to PAI-1 
promoter sequences (Fig. 4F), suggesting that HDAC3 and 
Snail regulate the expression of PAI-1. This also indicates that 
HA relieves transcriptional repression of PAI-1 exerted by 
HDAC3. The down regulation of PAI-1 prevented HA from en-
hancing endothelial cell tube formation (Fig. 4G). The down 
regulation of PAI-1 also prevented HA from inducing expression 
of angiogenic factors, such as ICAM-1, VCAM-1and MMP-2 
(Fig. 4H). We examined whether HDAC3 could act as a ne-
gative regulator of angiogenesis. The down regulation HDAC3 
enhanced endothelial cell tube formation (Supplementary Fig. 
1A). The down regulation HDAC3 also enhanced expression of 
PAI-1 (Supplementary Fig. 1A). Over expression of HDAC3 
prevented HA from enhancing expression of PAI-1 and exerted 
a negative effect on HA-promoted endothelial cell tube forma-
tion (Supplementary Fig. 1B). Over expression of HDAC3 did 
not affect expression of RHAMM (Supplementary Fig. 1B), 
suggesting that HDAC3 acts downstream of RHAMM. The 
down regulation of HDAC3 enhanced blood vessel formation 
based on whole mount staining (Supplementary Fig. 2A). VEGF 
enhanced blood vessel formation (Supplementary Fig. 2A). 
HDAC inhibitors, such as trichostatin A (TSA) and sodium bu-
tyrate (SB), did not enhance blood vessel formation (Supple-
mentary Fig. 2A). Western blot of BALB/c mouse ear tissue 
lysates showed that TSA or SB did not affect expression of PAI-
1 (Supplementary Fig. 2B). The down regulation of HDAC3 

enhanced expression of PAI-1 (Supplementary Fig. 2B). The 
matrigel plug assay showed that HA and VEF displayed angio-
genic potential while TSA or SB did not display angiogenic 
potential (Supplementary Fig. 2C). Taken together, these re-
sults suggest that HDAC3, which was decreased by HA, may 
act as a negative regulator of angiogenesis by regulating ex-
pression of PAI-1.   

 

Rac1 is necessary for decreased expression of HDAC3 by  
HA 
HA has been shown to promote cancer cell motility, which is 
accompanied by activation of PKC signaling involving rac1 (2). 
HA was shown to increase rac1 activity by PKCδ (Fig. 2B). 
Therefore, we examined whether rac1 is involved in HA-pro-
moted angiogenesis. HA increased reactive oxygen species 
levels (Supplementary Fig. 3A). Cellular fractionation showed 
translocation of cytosolic rac1 into the membrane by HA (Sup-
plementary Fig. 1B, upper panel). HA induced an interaction 
between RHAMM and rac1 in the membrane (Supplementary 
Fig. 3B, lower panel). Inactivation of rac1 by the dominant 
negative construct prevented HA from increasing reactive oxy-
gen species levels (Supplementary Fig. 3C). We also investi-
gated the mechanism behind the decreased expression of 
HDAC3 by HA. We examined whether the decreased expres-
sion of HDAC3 was related with posttranslational modification 
of HDAC3. HA decreased expression of HDAC3, and this de-
creased expression of HDAC3 was related with increased tyro-
sine nitration of HDAC3 (Supplementary Fig. 3D). Inactivation 
of rac1 by the dominant negative construct prevented HA from 
decreasing expression of HDAC3 and also prevented HA from 
increasing tyrosine nitration of HDAC3 (Supplementary Fig. 3E).  

This result suggests that tyrosine nitration of HDAC3 may 
signal for degradation of HDAC3 by HA.  

Inactivation of rac1 restored the interaction between HDAC3 

Fig. 5. PKCδ mediates the effect of HA on activation

of TGFβ receptor signaling, and the induction of PAI-

1 by HA occurs independently of Smad2. (A) HU-

VECs were treated with or without HA (1 mDa, 200

µg/ml) for various time intervals. Cell lysates were

immunoprecipitated with anti-TGFβRI antibody (2

µg/ml), followed by Western blot analysis (upper

panel). HUVECs were treated with HA (1 mDa, 200

µg/ml) or human recombinant TGFβ1 (Sigma, 50

ng/ml) for 1 h. To determine effect of TGFβRII on

activation of TGFβRI, HUVECs were pre-incubated

with soluble form of TGFβRII (TGFβRII-Fc chimera,

50 ng/ml) for 3 h, prior to incubation with HA (1 mDa,

200 µg/ml) or TGFβ1 (50 ng/ml). Cell lysates were

prepared and immunoprecipitated with anti-actin

antibody (2 µg/ml) or anti-TGFβRI antibody (2 µg/ml),

followed by Western blot analysis (lower panel). Cell

lysates prepared were also subjected to western blot

analysis (lower panel). The rTGFβ denotes human
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Fig. 6. RHAMM-ERK interaction, induced by HA, is necessary for 

activation of TGFβRI and the induction of PAI-1. (A) HUVECs were 

treated with or without HA (1 mDa, 200 µg/ml) for 1 h. Immunofluo-

rescence staining using anti-RHAMM (2 µg/ml) or anti-phospho 

ERK antibody (2 µg/ml) was performed (upper panel). HUVECs 

were treated with HA (1 mDa, 200 µg/ml) for various time intervals. 

Cell lysates prepared at each time point were subjected to Western 

blot analysis (lower left panel). HUVECs were treated with or with-

out HA (1 mDa, 200 µg/ml) for 1 h. Cell lysates were immunopre-

cipitated with anti-RHAMM antibody (2 µg/ml), followed by Western 

blot analysis (lower right panel). (B) HUVECs were transiently trans-

fected with control vector (1 µg) or dominant negative ERK con-

struct (1 µg). At 48 h after transfection, cell lysates were immuno-

precipitated with anti-actin antibody (2 µg/ml) or anti-TGFβRI anti-

body (2 µg/ml), followed by Western blot analysis using the indi-

cated antibody (upper panel). Cell lysates were also subjected to 

Western blot analysis (lower panel). 
 
 
and its co-repressor N-CoR (Supplementary Fig. 3E). Taken 
together, these results indicate that rac1 mediates HA-promoted 
angiogenesis by decreasing expression of HDAC3, which in turn 
increases expression of PAI-1 and promote angiogenesis.    

    

MMP-2, induced by HA, mediates HA-promoted  
angiogenesis  
CD44-EGFR interaction induced by HA increases expression of 
MMP-2 and was shown to promote cancer cell motility (Kim et 
al., 2008). The down regulation of PAI-1 prevents HA from in-
creasing expression of MMP-2 (Fig. 4G). Therefore, we exam-
ined whether MMP-2 could mediate HA-promoted angiogene-
sis. PKCδ was found to be responsible for the induction of 
MMP-2 by HA (Supplementary Fig. 4A). Because HDAC3 acts 
as a transcriptional repressor of various genes, we hypothe-
sized that HDAC3 could repress expression of MMP-2. The 
down regulation of HDAC3 induced the expression of MMP-2, 
as well as histone H3-AcK9/14 and histone H4-AcK16 (Supple-
mentary Fig. 4B, upper panel). The down regulation of HDAC3 
also increased secretion of MMP-2 (Supplementary Fig. 4B, 
lower panel). We examined the mechanism of induction of 
MMP-2 by HA. As expected, the ChIP assays revealed the 
binding of c-jun to MMP-2 promoter sequences (Supplementary 
Fig. 4C). The ChIP assays also showed the binding of histone 
H3-AcK9/14 and histone H4-AcK16 to MMP-2 promoter sequences 
(Supplementary Fig. 4C). Furthermore, MMP2 was necessary 
for HA-promoted endothelial cell tube formation (Supplemen-
tary Fig. 4D) and enhanced invasion potential of HUVECs 
(Supplementary Fig. 4E). The down regulation of MMP-2 de-
creased expression of PAI-1 (Supplementary Fig. 4F), suggest- 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Proposed model of HA-promoted angiogenesis. HA induces 

an interaction between CD44 and PKCδ. Activation of PKCδ leads 

to the induction of RHAMM via AP-1. PKCδ is also necessary for 

the activation of ERK. HA induces an interaction between RHAMM 

and ERK. HA transactivates TGFβRI via PKCδ and ERK. The acti-

vation of TGFβRI by HA is closely associated with degradation of 

HDAC3, which results from tyrosine nitration induced by rac1. The 

decreased expression of HDAC3 is responsible for the induction of 

PAI-1 and MMP-2. 
 
 
ing that PAI-1 and MMP-2 are interdependent. The down regu-
lation of MMP-2 did not influence phosphorylation of PKCδ 
(Supplementary Fig. 4F), confirming that PKCδ functions up-
stream of MMP-2.   

 
HA employs TGFβRI-RHAMM interaction to induce PAI-1  
Because HA induced both RHAMM (Fig. 4B) and PAI-1 (Fig. 
4C), we examined the relationship between RHAMM and 
TGFβRI/II. HA increased phosohorylation of TGFβRI (Fig. 5A, 
upper panel) and also induced an interaction between RHAMM 
and TGFβRI (Fig. 5A, upper panel). This suggests that the 
RHAMM-TGFβRI interaction is necessary for induction of PAI-1 
by HA. The soluble form of TGFβRII (TGFβRII-Fc chimera) 
prevented TGFβI from increasing phosphorylation of TGFβRI 
and Smad2 (Fig. 5A, lower panel). TGFβRII was also neces-
sary for activation of TGFβRI by HA (Fig. 5A, lower panel). 
Activation of TGFβRI by TGFβ1 involved the interaction be-
tween TGFβRI and Smad2 (Fig. 5A, lower panel). However, 
activation of TGFβRI by HA did not involve the interaction be-
tween TGFβRI and Smad2 or induction of phospho-Smad2 (Fig. 
5A, lower panel). HA did not affect expression of phospho-
Smad 2 (Fig. 5A, lower panel), suggesting that activation of 
TGFβRI and thereby induction of PAI-1 by HA may occur in a 
Smad-independent manner.  

The chemical inhibition of TGFβ receptor by SB431542 pre-
vented HA from inducing expression of RHAMM and PAI-1 (Fig. 
5B, upper panel), indicating that HA activates the TGFβ recep-
tor and induces PAI-1. SB431542 prevented HA from activating 
TGFβRI (Fig. 5B, upper panel). The down regulation of RHAMM 
by SiRNA prevented HA from increasing phosphorylation of 
TGFβRI (Fig. 5B, lower panel). Inactivation of PKCδ by the 
dominant negative construct prevented HA from increasing 
phosphorylation of TGFβ receptor (Fig. 5C, upper panel). Inac-
tivation of PKCδ also prevented HA from inducing the interac-
tion between TGFβRI and RHAMM as well as the interactions 
between TGFβRI and rac1 and between TGFβRI and ERK (Fig. 
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5C, upper panel). Inactivation of PKCδ also prevented HA from 
inducing expression of PAI-1, as expected (Fig. 5C, lower 
panel). These results suggest that PKCδ and ERK transactivate 
TGFβRI, which in turn leads to the interaction between TGFβRI 
and RHAMM and induction of PAI-1.  
 
RHAMM-ERK interaction induced by HA is necessary for  
activation of TGFβRI and induction of PAI-1  
The interaction between TGFβRI and ERK (Fig. 5C) suggests 
that RHAMM and ERK may interact. ERK is known to mediate 
the angiogenic effect of neuromedin B (Park et al., 2009). We 
hypothesized that ERK might be necessary for activation of 
TGFβRI by HA. 

Immunofluorescence staining showed co-localization of 
RHAMM and ERK (Fig. 6A, upper panel). Induction of RHAMM 
by HA was correlated with the activation of ERK and Elk-1, a 
substrate of ERK (Fig. 6A, lower left panel). Immunoprecipita-
tion showed an interaction between RHAMM and ERK (Fig. 6A, 
lower right panel). Because HA was shown to promote cancer 
cell motility through the activation of FAK (Kim et al., 2008), we 
examined the possible interaction between RHAMM and FAK. 
However, HA did not induce an interaction between RHAMM 
and FAK (Fig. 6A, lower right panel). Inactivation of ERK by the 
dominant negative construct exerted a negative effect on acti-
vation of TGFβRI by HA (Fig. 6B, upper panel). ERK acted 
downstream of PKCδ and inactivation of ERK prevented HA 
from inducing expression of PAI-1 (Fig. 6B, lower panel). Taken 
together, these results suggest that HA employs RHAMM-
TGFβ receptor-ERK signaling to induce expression of PAI-1 
and promote angiogenesis.   
 
DISCUSSION 

 
Hyaluronic acid synthase-1 (HAS-1) promotes angiogenesis 
through CD44 (Golshani et al., 2008). There are three HAS 
isoforms, HAS1, HAS2, and HAS3, which synthesize HA at 
different catalytic rates, resulting in different size polymers 
(Itano et al., 1999). For example, HAS3 is catalytically more 
active and synthesizes smaller HA polymers (1 × 105 to 1 × 106 
Da) than HAS1 and HAS2 (2 × 105 to 2 × 106 Da). HA can be 
cleaved by hyaluronidases into small oligosaccharides which 
have been shown to exert distinct biological activity relative to 
their high-molecular-weight counterparts (West and Kumar, 
1989; West et al., 1985). High molecular weight (HMW) HA 
(900-1200 kDa), but not low molecular weight form of HA, in-
duces the Snail2 protein via NF-κB to enhance the invasion 
potential of mouse embryo fibroblasts (Craig et al., 2009). 

This functional difference between HAs of varying sizes is a 
matter of controversy since many studies have reported 
opposing results in regard to which type of HA can bring about 
cellular changes (McKee et al., 1997). These discrepancies may 
be due to differences in experimental settings, purity of HA 
(McDonald and Camenisch, 2003), and the possibility of di-
verse responses to HA depending on the cell type. In this study, 
6 kDa HA and 100 kDa HA, when used at equimolar concen-
tration, did not induce angiogenesis based on intravital micros-
copy (Fig. 1A). However, these HAs, when used at higher 
concentration, en-hanced endothelial cell tube formation 
(personal observation). Therefore, there was no difference 
among HA of different sizes in terms of inducing angiogenesis.  

Both CD44 and RHAMM bind to HA. Blocking of CD44, but 
not RHAMM, using blocking antibody prevents adhesion of 
endothelial cells to HA (Savani et al., 2001). However, blocking 
of RHAMM does not affect adhesion (Savani et al., 2001). 
RHAMM, but not CD44, is necessary for endothelial cell migra-

tion through matrigel (Savani et al., 2001). These results sug-
gest that there are differential requirements for CD44 and 
RHAMM in HA-promoted angiogenesis. Down regulation of 
RHAMM exerts a negative effect on HA-induced endothelial cell 
tube formation (Matou-Nasri et al., 2009). RHAMM mediates 
the effect of HA on endothelial cell tube formation (Fig. 3D) and 
is also necessary for the enhanced invasion potential of endo-
thelial cells by HA (Fig. 3E). Our results in this study indicate 
that both RHAMM and CD44 contribute to endothelial cell tube 
formation and invasion of HUVEC (Figs. 3D-3F). Rac1 is re-
quired for activation of hypoxia inducible factor 1 (Hirota et al., 
2001). Rac1 is also necessary for the induction of VEGFR-2 in 
vascular endothelial cells (Meissner et al., 2009) and is neces-
sary for endothelial cell migration (Lee et al., 2007). VEGF acti-
vates Rac1 via vav-2 (Garrett et al., 2007) and activation of 
Rac1 is involved in the hypoxia-induced production of angio-
genesis-promoting factors (Xue et al., 2006). Thrombin-induced 
angiogenesis requires Rac1 and NADPH oxidase 2 (Diebold et 
al., 2009). Inhibition of Rac1 reduces VEGF-induced tyrosine 
phosphorylation of VEGFR-2 (Ushio-Fukai et al., 2002). Im-
munoprecipitation shows an interaction between RHAMM and 
Rac1 by HA (Supplementary Fig. 1B). HA also induces activa-
tion of rac1 (supplemental Fig. 1B).  

Epigenetic factor(s) has been known to be involved in angio-
genesis. Overexpression of HDAC1 promotes angiogenesis by 
down regulation of tumor suppressor genes, such as p53 and 
VHL genes (Dai et al., 2009). HDAC inhibitors target HIF1 al-
pha to exert anti-angiogenic effect (Dai et al., 2009). These 
reports suggest that HDAC(s) play a role in angiogenesis.  

Cigarette smoke-induced reduction of HDAC2 is related with 
phosphorylation and ubiquitination in macrophage and epithelial 
cells (Adenuga et al., 2009). Reduction of HDAC2 expression is 
closely related to the nitration of distinct tyrosine residues 
(Osoata et al., 2009). Because inactivation of Rac1 by the 
dominant negative construct prevents HA from decreasing the 
expression of HDAC3 (Supplementary Fig. 3E) and inducing 
tyrosine nitration (supplemental Fig. 3E), it is reasonable that 
HA induces modification, such as tyrosine nitration on HDAC3 
via rac1, which may lead to proteasomal degradation of HDAC3. 
Cigarette smoke increases reactive oxygen species production, 
resulting in posttranslational modifications of HDAC3 (Yang et al., 
2006).  

Down regulation of HDAC3 enhances the endothelial cell 
tube formation, increases reactive oxygen species levels and 
Rac1 activity (personal observations). Over expression of HDAC3 
prevents HA-promoted endothelial cell tube formation (personal 
observation). These results indicate that HDAC3 may act as a 
negative regulator of angiogenesis. Liver specific knockout of 
HDAC3 results in an enlarged organ, hepatocyte hypertrophy 
and disturbed fat metabolism (Knutson et al., 2008). HDAC2-/- 
mice die within 24 h after birth and show severe cardiac defects 
(Montgomery et al., 2007). HDAC3 is critical in endothelial cell 
survival and atherosclerosis development in response to dis-
turbed flow (Zampetaki et al., 2007). There have been no re-
ports concerning role of HDAC2 or HDAC3 in angiogenesis. 

Placenta growth factor (PIGF) induces expression of PAI-1 in 
Sickle cell disease (Patel et al., 2010). In this process, PIGF 
induces binding of AP-1 to PAI-1 promoter sequences. PIGF 
also induces expression of PAI-1 through JNK, NADPH oxi-
dase and HIF-1  (Lin et al., 208). Based on these reports, we α

hypothesized that HA might induce expression of PAI-1 to pro-
mote angiogenesis. In fact, HA did induce expression of PAI-1 
based on cytokine array analysis (Fig. 4A). Thus, it is probable 
that AP-1, induced by HA (Fig. 3A), may mediate the effect of 
HA on induction of PAI-1. Recently, it was reported that expres-
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sion of PAI-1 is at least partially related to the methylation 
status of promoter sequences (Gao et al., 2010). We found 
down regulation of DNA methyltransferase I (DNMT1) by HA 
(personal observation). This suggests that DNMT1 may act as 
a negative regulator of PAI-1. However, the methylation status 
of PAI-1 still needs to be investigated.  

HDAC2 interacts with Snail to regulate expression of various 
genes (Peinado et al., 2004; von Burstin et al., 2009). We found 
that HDAC2 and snail were induced by HA (Fig. 4C). Therefore 
HDAC2-Snail complex may bind to promoter sequences of PAI-
1 to induce expression of PAI-1. Snail binds to PAI-1 promoter 
sequences (Fig. 4F). The ChIP assay showed that HDAC3 
complex binds to the promoter sequences of PAI-1 in the ab-
sence of HA (Fig. 4F), suggesting that HA leads to the dis-
placement of HDAC3 from the promoter sequences of PAI-1. 
The down regulation of PAI-1 prevents HA from inducing ex-
pression of MMP-2, ICAM-1 and VCAM-1 (Fig. 4H). ICAM-
1/CD18 and VCAM-1/integrin α4 are necessary for recruitment 
of endothelial precursor cells (EPC) to the ischemic myocar-
dium and also are necessary for angiogenesis (Wu et al., 2006). 
MMP-2 alters VEGF expression via PI3kianse signaling in lung 
cancer cells (Chetty et al., 2010). This suggests that MMP2 is 
involved in angiogenesis. TGFβ receptor signaling is necessary 
for up regulation of MMP-2 (Marquez-Aguirre et al., 2009). 
Chemical inhibition of MMP-2 suppresses TGFβ1-induced PAI-
1 expression in rat kidney fibroblast cells (Cho et al., 2012). 
Because induction of PAI-1 expression is dependent on TGF  β
receptor signaling (Fig. 5B), it is reasonable that PAI-1 and 
MMP-2 are interdependent. There have been no reports con-
cerning the effect of PAI-1 on expression of MMP-2 or vice 
versa. It would be necessary to identify transcription factors that 
are affected by down regulation of PAI-1 or MMP-2. 

The CD44-EGFR interaction by HA activates PKC signaling, 
which involves MMP-2, in mouse melanoma cells (Kim et al., 
2008). HDAC3 exerts a negative effect on MMP-2 expression 
(Liu et al., 2003). MMP-2 is necessary for bFGF-induced an-
giogenesis (Boosani et al., 2010). In vivo tube formation is as-
sociated with increased MMP-2 activity in caveolae fraction in 
endothelial cells (Cavallo-Medved et al., 2009). Therefore, we 
examined the role of MMP-2 in HA-promoted angiogenesis in 
relation with HDAC3. The deletion of HDAC3 was shown to 
lead to increased acetylation of histone H3 at Lys9/14 and his-
tone H4 at Lys5/12(Bhaskara et al., 2010). In this study, the 
down regulation of HDAC3 increased acetylation of histone H3 
at Lys9/14 and histone H4 at Lys16 (Supplementary Fig. 2B). AP-
1 is necessary for the induction of MMP-2 (Hasegawa et al., 
2009). Because HA induces expression of MMP-2 (Fig. 4H), it 
is reasonable that the down regulation of HDAC3 may induce 
AP-1 and increase expression of MMP-2. In fact, the down 
regulation of HDAC3 induces binding of c-jun to MMP-2 pro-
moter sequences (Supplementary Fig. 4C).  

Ski co-repressor complex exerts a negative regulation on 
TGFβ-target gene, SMAD7, via HDAC3 and protein arginine 
methyl transferase 5 (PRMT5) (Tabata et al., 2009), suggesting 
that PAI-1 expression maybe under epigenetic regulation in-
volving histone acetylation/deacetylation and methylation.  

EGF, just like HA, induces expression of PAI-1 by PKC delta 
in glioblastoma cells (Paugh et al., 2008). TNF-α regulates 
TGFβ-promoted epithelial mesenchymal transition (EMT) by 
inducing HA-CD44-moesin interaction (Takahashi et al., 2010), 
suggesting transactivation of TGFβRI by TNF-α. We hypothe-
sized that HA would activate TGFβ receptor signaling to induce 
expression of PAI-1. HA was shown to activate TGFβRI without 
inducing phosphorylation of Smad2 (Fig. 5A) and induced the 
interaction between RHAMM and TGFβRI via PKCδ (Fig. 5C). 

This suggests that CD44-PKCδ transactivates TGFβRI. RHAMM 
regulates ERK kinase activity (Ha et al., 2008; Zhang et al., 
1998). In this study, we examined whether different sizes of 
HAs have an effect on TGFβRI.  

The 1 mDa HA, but not 6 kDa or 100 kDa HA, induced acti-
vation of TGFβRI and expression of PAI-1 (Supplementary Fig. 
5). This suggests that HAs of different sizes may promote an-
giogenesis in a different way. The role of ERK1/2 in osteopo-
ntin-induced angiogenesis in endothelial cells has been repor-
ted (Kim et al., 2001). The role of ERK, in relation with RHAMM, 
on HA-promoted angiogenesis has not been studied. HA in-
duces co-localization of RHAMM with ERK (Fig. 6A, upper 
panel). This indicates that HA induces TGFβRI-RHAMM-ERK 
complex via PKCδ to promote angiogenesis. Because HA in-
duces activation of TGFβRI without inducing phosphorylation of 
Smad2 (Fig. 5A, lower panel), we hypothesized that ERK would 
be also necessary for transactivation of TGFβR1. In fact, ERK 
was necessary for activation of TGFβRI, induction of RHAMM 
and PAI-1 (Fig.6B).   

In conclusion, HA-promoted angiogenesis is mediated by in-
terplay between CD44/PKCδ, acting upstream, and RHAMM-
ERK-TGFβRI, and involves induction of PAI-1 which results 
from the down regulation of HDAC3 by rac1 (Fig. 7). The down 
regulation of HDAC3 induces expression of MMP-2, which 
mediates HA-promoted angiogenesis (Fig. 7). Our study pro-
vides a novel mechanism of HA-promoted angiogenesis and 
potential targets for the development of therapeutics for angio-
genesis-related diseases.  

 
Note: Supplementary information is available on the Molecules 
and Cells Website (www.molcells.org). 
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