
Abstract. We used short-interfering RNA (siRNA) to knock-
down the hyaluronan (HA) receptors CD44 and the receptor
for hyaluronan-mediated motility (RHAMM) in vascular
endothelial cells to investigate their role in angiogenesis. We
showed that CD44 and RHAMM single knock-down inhibited
low molecular weight hyaluronan (o-HA)-induced endothelial
cell tube formation in Matrigel, but no change in the control,
epidermal growth factor-induced tube formation was observed.
Using a Kinexus phosphoprotein array and confirmational
Western blotting we were able to show a differential effect
on HA-induced protein expression after CD44 and RHAMM
knockdown. CD44 knock-down abolished o-HA-induced
membrane phospho-protein kinase C-· (PKC-·) and down-
stream phospho-Á-adducin expression. Using the PKC
inhibitor Go6976, we demonstrated the involvement of
PKC-· and Á-adducin in o-HA-induced tube formation, whilst
o-HA-induced enzymatic activity of MMP9 was also reduced.
This suggests that endothelial tube formation involves
activation of MMP9 via PKC-·. Furthermore, the involve-
ment of Á-adducin in o-HA-induced F-actin cytoskeleton
rearrangement was CD44-dependent and the reduction of
CD44 expression lead to a change in endothelial cell
morphology. Both RHAMM and CD44 knockdown
completely inhibited o-HA-induced Cdc2 (Cdk1) phosphory-
lation suggesting a possible involvement in cell cycle
control. Although CD44 and RHAMM are both involved in

o-HA-induced endothelial tube formation in Matrigel, they
mediate distinct angiogenic signalling pathway and for the first
time we demonstrated the specific involvement of Á-adducin in
CD44/o-HA-induced endothelial tube formation. The data
presented here extend our understanding of key stages of the
processes of o-HA-induced angiogenesis which may have
relevance to tumour progression.

Introduction

Angiogenesis, the formation of new blood vessels from the
pre-existing vascular networks, is associated with both
physiological (wound healing) and pathological processes
(tumour progression). It is generally accepted that solid
tumours are restricted in size by access to the vasculature and
tumour expansion is accompanied by increased vascular
proliferation (1). Hyaluronan (HA), a major component of
connective tissue ECM, is a non-sulphated, negatively charged
linear polymer of repeated disaccharide units of ß(1,4)-D
glucuronic acid-ß(1,3) N-acetyl-D-glucosamine. HA has a
mean relative molecular mass of 103 kDa and has antibacterial,
anti-inflammatory and lubricant properties. HA has a
differential effect on angiogenesis according to its size
(2,3). Native high molecular weight HA (n-HA) inhibits
angiogenesis in vitro whereas oligosaccharides of HA (o-HA;
3-10 disaccharide units) stimulate angiogenesis both in vitro
and in vivo in the chick chorioallantoic membrane assay and
after myocardial infarction (4). In endothelial cells (EC), o-HA
induces proteolytic activity (5), cell proliferation (6-9) and
migration (9). It induces tube formation in collagen gels (10)
and production and deposition of collagen in the formation of
endothelial cords (11).

HA mediates its effects via the cell surface receptors CD44
and RHAMM (12). CD44 is a ubiquitous cell-surface glyco-
protein involved in cell activation and in cell-cell and cell-
substrate interactions and cooperates with MMPs during cell
migration (13,14). It contains extracellular, transmembrane
and short intracellular domains. The extracellular domain of
CD44 is heterogeneous and subject to both N- and O-glyco-
sylation, and contains an amino-terminal HA-binding motif
(15). In response to hyaluronan binding the cytoplasmic tail
of CD44 interacts with cytoskeletal proteins such as actin and
regulatory and adaptator molecules such as ankyrin (16).
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CD44/o-HA interaction can stimulate EC proliferation by
activation of signalling pathways which may involve tyrosine
phosphorylation of the CD44 cytoplasmic tail followed by
activation of protein kinase C, and mitogen-activated protein
kinase (extracellular signal-regulated kinase 1 and 2, ERK1/2)
(8,9) followed by early response gene activation (7).

Although it is widely accepted that CD44 is the principal
plasma membrane receptor for HA, the role of RHAMM is
still undefined. RHAMM is alternatively spliced and different
isoforms of the protein are found both on the cell surface and
intracellularly (cytoplasm, cytoskeleton, mitochondria,
nucleus and nucleolus) (17). Although RHAMM mRNA does
not contain a recognizable leader sequence, the protein is
transported to the cell surface, where it binds HA and trans-
duces signals that influence growth and motility. Intracellular
RHAMM interacts with several signalling and cytoskeletal
proteins, including Src (18), actin and with microtubules (19)
and regulates ERK activity (20). Interaction of HA with
CD44 and RHAMM leads to numerous cellular responses,
including activation of components of signalling pathways
and cytoskeletal proteins (17). Although there is some
evidence that CD44 and RHAMM can participate indepen-
dently in proliferatiion and migration, their relative contri-
butions to endothelial tube formation (i.e. cell differentiation)
in response to o-HA have not been fully resolved.

Here we report the use of short-interfering RNA (siRNA)
to down-regulate CD44 and RHAMM protein expression and
the effect on o-HA-induced angiogenesis and associated
signal transduction in vascular EC. As a control, we employed
epidermal growth factor (EGF) which elicits an angiogenic
response independent of hyaluronan receptors in bovine
aortic EC (BAEC). We showed that both CD44 and RHAMM
are involved in o-HA-induced endothelial tube formation in
Matrigel. We also found that o-HA binding to CD44 resulted
in PKC-· phosphorylation of Á-adducin a membrane cyto-
skeletal and actin-binding protein and a change of cell shape.

Materials and methods

Reagents. Dulbecco's modified Eagle's medium (DMEM)
and foetal bovine serum (FBS) were obtained from
BioWhittaker (Cambrex Bioscience, Verviers, Belgium). The
following reagents were used: Brij 35, protein kinase C
inhibitor (Go6976) and phalloidin-TRITC from Sigma-Aldrich
(St Louis, MO), growth factor-reduced Matrigel (Becton-
Dickinson Biosciences, San Jose, CA, USA), recombinant
human epidermal growth factor (EGF, R&D systems,
Minneapolis, MN). Oligosaccharides of hyaluronan were
prepared as previously described (9). The following
antibodies were used: anti-CD44 monoclonal antibody (rat
IgG2b, κ, clone IM7, anti-mouse/human ) purified or conjugated
to phycoerythrin (BioLegend, San Diego, CA); anti-RHAMM
(goat polyclonal IgG, clone E-19), anti-ERK1/2 (rabbit
polyclonal); anti-phospho-ERK1/2 (Tyr 204, mouse
monoclonal), anti-Á-adducin (goat polyclonal) were all from
Santa Cruz Biotechnology (Heidelberg, Germany), anti-
phospho-PKC· (Ser 657, rabbit polyclonal) from Upstate
Biotechnology (Lake Placid, NY), anti-phospho-Á-adducin
(Ser 662, rabbit polyclonal) from Abcam (Cambridge, UK)
and anti-·-actin (rabbit polyclonal) from Sigma-Aldrich, UK.

Endothelial cell culture. EC were isolated from bovine aorta
and characterised as endothelial as described previously (21).
BAEC were grown in complete medium of DMEM supple-
mented with 15% FBS, 2 mM glutamine, 100 U/ml penicillin
and 100 μg/ml streptomycin. Cells were seeded into T75 flasks
(Nunc) pre-coated with 0.1% gelatine and incubated in
humidified 5% CO2-air at 37˚C. Every three days, BAEC were
passaged at a split ratio of 1:2 or 1:3 by treatment with Ca2+

and Mg2+ free PBS and cells detached by enzymatic digestion
with 0.05% trypsin/0.02% EDTA. BAEC were used between
passages 4 and 10.

Short-interfering RNA targeting CD44 and RHAMM. Short-
interfering RNA (siRNA) targeting bovine CD44 (CD44
siRNA) or RHAMM (RHAMM siRNA) were selected online
from MWG biotech (MWG-biotech.com) from Bos taurus
gene sequences encoding CD44 (GenBank access number:
X62881) and RHAMM (GenBank access number: XM_
590028). SiRNA sequences (Table I) were designed
according to the methods of Elbashir et al (22) and synthesised
by GenePharma (Shanghai, China). Negative control (NC)
siRNA duplexes were included in all experiments with the
sequences: 5'-UUCUCCGAACGUGUCACGUdTdT-3'
(sense) and 5'-ACGUGACACGUUCGGAGAAdTdT-3'
(antisense). Selected specific sequences were subjected to a
BLAST search to ensure there was no significant homology
with other genes. To examine the transfection efficiency,
NC-FAM (negative control-fluorescein amino-modified
oligonucleotides) siRNA was transfected into BAEC and the
following day cells were washed with PBS, fixed with 4%
PFA and visualised with a Zeiss fluorescent microscope. For
mRNA ‘knock-down’, the reverse transfection method was
applied as described by Elbashir et al (22). Briefly, siRNA
duplexes at a final concentration of 50 nM were transfected
into BAEC (70-80% confluent) cultured in 24- or 6-well
plates. Cells were incubated at 37˚C for 2 h before the addition
of 10% FBS with 100 U/ml penicillin and 100 μg/ml strepto-
mycin then cells cultured for a further 48-72 h.

RNA extraction and RT-PCR. Total RNA was extracted using
a modified protocol combining the cell lysis solution from
SuperScript III Cellsdirect cDNA Synthesis System -
Invitrogen kit (Invitrogen, Carlsbad, CA) with DNase I from
Cells-to-cDNA II-Ambion kit (Ambion, Cambridgeshire, UK).
The amount of RNA was normalised to the number of cells.
Briefly, the cell suspension in PBS (2 μl, 8,000 cells/μl) was
lysed with 1 μl of lysis enhancer and 10 μl of lysis buffer
(Invitrogen kit) for 10 min at 75˚C. Cell lysates were kept on
ice for 5 min then briefly vortexed. DNase I (Ambion) was
added for 15 min at 37˚C, followed by 5 min at 75˚C then
RNA was collected. RT-PCR was used to monitor bovine
CD44 and RHAMM mRNA and S14 housekeeping gene. All
RT-PCR reagents were from Promega (Southampton, UK).
Complementary DNA (cDNA) was produced from total RNA
extracts as follows. First, total RNA samples were mixed
with oligo(dT)15 primers and 10 mM dNTP mix for 5 min at
70˚C. After 3 min on ice, reverse transcriptase, ribonuclease
inhibitor, 5X reaction buffer, MgCl2 and nuclease-free water
were added to the RNA samples. cDNA was polymerised at
50˚C for 50 min followed by inactivation at 85˚C for 5 min.
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All gene-specific primer pairs were optimized for cycle
number (CD44 and S14 = 35 cycles, RHAMM = 40 cycles)
and tm (60˚C). Primer pairs (Invitrogen) were selected by
software Primer3 and the sequences are shown in Table II.
Briefly, for each PCR reaction, 1 μl of cDNA from reverse
transcriptase reactions was mixed with 1 μl of gene specific
primers (forward and reverse each at 1 μM), 5 μl of 2 X
Master Mix and 3 μl of nuclease-free water. Amplification
conditions were 10 min at 94˚C and 35 (for CD44 or S14)
or 40 (for RHAMM) cycles of 1 min at 94˚C/ 1 min at 60˚C/
1 min 30 at 72˚C then 10 min at 72˚C. PCR products were
separated by 1.5% agarose gel electrophoresis. Bovine ribo-
somal protein S14 expression was used as an internal standard.

Immunofluorescent staining. Cells (1.2x105 cells/500 μl)
transfected with 50 nM of CD44, RHAMM or NC siRNA or
untransfected cells were seeded in Lab-Tek chamber slides
(Nunc-Scientific Laboratory Supplies, Nottingham, UK). After
72 h, cells were washed (2X with PBS), fixed with 4% PFA
for 10 min and in the case of RHAMM, permeabilised with
0.1% Triton X-100 in PBS for 10 min. The cells were then
washed (2X in PBS for 5 min). After blocking (PBS-1%
BSA for 30 min) cells were incubated with phycoerythrin
(PE) anti-CD44 antibody (1:25) or with anti-RHAMM
antibody (1:50) diluted in PBS-1% BSA for 1 h at RT. In the
case of RHAMM, cells were washed with PBS (3X) and
incubated for a further 1 h with rabbit anti-goat antibody (1:50)
conjugated to Alexa Fluor 488 (Molecular Probes-Invitrogen,
Paisley, UK) at RT. After washing with PBS, the chamber
slides were mounted with Vectashield aqueous mounting
medium and the proteins localised using a fluorescent
microscope.

Tube formation assay. Cells (40 μl, 2x106 cells/ml) transfected
with CD44, RHAMM or NC siRNA or untransfected cells
were mixed with an equal volume of growth factor-reduced
Matrigel (40 μl, 10 mg/ml) with or without o-HA (0.5 μg/ml)
or with EGF (10 ng/ml). To investigate the role of PKC,
untransfected cells were treated with the PKC inhibitor
Go6976 (10-20 nM) for 24 h before addition of Matrigel ±
o-HA. After polymerization (48 h in a 48-well plate) complete
medium (500 μl) was added and the plate incubated for 24 h.
Cells were then fixed with 4% (w/v) PFA for 10 min. Tube
formation was quantified by counting the number of closed
areas in each well in a blind fashion (23,24). All experiments
were carried out in duplicate and repeated at least three
times.

Gelatine zymography. Matrix metalloproteinase activities
were evaluated in the medium of cells 72 h after transfection
with siRNA (in 24-well plates) or after a further 24 h in
Matrigel (in 48-well plates). The medium was collected and
centrifuged (1,600 rpm for 15 min at 4˚C). Protein concen-
tration was determined using the Bradford protein assay
(Bio-Rad, Munchen, Germany), and the samples (50 μg of
protein) were mixed with an equal volume of non-reducing
sample buffer. The samples were incubated (10 min, RT)
and subject to electrophoresis on 7.5% SDS-PAGE gels
containing 1 mg/ml gelatine as a substrate. The gels were
rinsed in renaturation buffer (2.5% Triton X-100) for 30 min
at RT followed by activation buffer (50 mM Tris-HCl, 0.2 M
NaCl, 5 mM CaCl2 and 0.02% Brij 35) for 30 min. Gels were
incubated overnight at 37˚C with fresh activation buffer then
stained with 0.5% Coomassie blue R-250 for 2 h. After
destaining, MMP gelatinase activity was detected as a white
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Table I. SiRNA sequences used for bovine CD44 and RHAMM knock-down gene expression.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Target gene GenBank accession siRNA sequences Distance from % GC

number start
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
CD44 X62881 5'-GGACCAAUUACCAUAACUAdTdT-3' (sense) 418 36.8

5'-UAGUUAUGGUAAUUGGUCCdTdT-3' (antisense)

RHAMM XM_590028
5'-AUACCAGGUGCUUGAAGAAdTdT-3' (sense) 909 42.1
5'-UUCUUCAAGCACCUGGUAUdTdT-3' (antisense)

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Table II. Bovine specific primer sequences and expected size of amplified products.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Primers Sequences Size (bp)
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
CD44f 5'-CGGAAACCTCAAATTCCAGA-3' 218
CD44r 5'-TTGTTCACCAAATGCACCAT-3'
RHAMMf 5'-CAGCAAAAGGAGGAACAAGC-3' 154
RHSAMMr 5'-GCAGGGTGGCCTGAGTATAA-3'
S14f 5'-GACATTTGCGGTCAACAAGA-3' 180
S14r 5'-ATCCGTAGCCTCTCATCTGC-3'
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
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band on a dark blue background and quantified by densito-
metry using Image J software.

Western immunoblot analysis. Cells were seeded in 6-well
(3x105 cells/1.8 ml) or 24-well plates (2.5x105 cells/450 μl)
and transfected with CD44, RHAMM (200 μl or 50 μl,
respectively) or NC siRNA (50 nM). After 48 h incubation,
serum-free medium was added and cells incubated for 48 h.
o-HA (1 μg/ml) or EGF (10 ng/ml) was added (7 min at 37˚C).
After washing in cold PBS, cells were agitated (4˚C, 1 min) in
ice-cold RIPA buffer. Total cell lysates were collected and
stored at -20˚C. Cell fractionation was performed as described
previously (9) and equal quantities of proteins from total cell
lysates (30 μg) and each cellular fraction (10-15 μg) were
mixed with 2X Laemmli sample buffer, vortex mixed and
boiled in a water bath for 15 min. Samples were separated
along with pre-stained molecular weight markers (27-180 kDa,
Sigma, UK) by 12% SDS-PAGE. Proteins were electroblotted
(Hoefer Scientific Instruments, San Francisco, USA) onto
nitrocellulose filters (1 h) and the filters were blocked for (1 h,
RT) in TBS-Tween (pH 7.4) containing 1% BSA. Filters
were stained with primary antibodies to CD44 (1:250),
RHAMM (1:500), ERK1/2 (1:1000), phospho-ERK1/2
(1:1000), Á-adducin (1:200), phospho-Á-adducin (Ser 662)

(1:1000), phospho-PKC-· (Ser 657) (1:1000) and ·-actin
(1:1000) diluted in the appropriate blocking buffer, overnight
at 4˚C on a rotating shaker. After washing (5x10 min in TBS-
Tween at RT) filters were stained with the appropriate
horseradish peroxidase-conjugated secondary antibodies
(DakoCytomation, Glostrup, Denmark) diluted in TBS-
Tween containing 5% de-fatted milk (1:2000, 1 h) with
continuous mixing. Proteins were visualized using ECL and
hyperfilm X-ray film RPN 2103 K (Amersham, Buckingham-
shire, UK).

To assess the efficiency of PKC inhibition, un-transfected
cells were treated for 24 h followed by cell fractionation and
membrane phospho-PKC-· and of phospho-Á-adducin were
measured.

Kinexus phospho-protein array analysis. Cells (3x105 cells/
2 ml in complete medium) were seeded in 6-well plates. After
48 h the medium was replaced with SFM and after a further
48 h, o-HA (1 μg/ml) was added and the cells incubated for
7 min. To evaluate the expression of signalling proteins
downstream of hyaluronan receptors, a phospho-protein array
analysis (Kinetworks PhosphoSite Screen, KPSS-1.3) was
performed by Kinexus Bioinformatics (Vancouver, Canada).
Proteins from o-HA-stimulated and un-stimulated cells were
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Figure 1. Transfection with CD44 siRNA inhibited gene and protein expression in BAEC. BAEC were transfected with NC or CD44 siRNA for 48 h as
described. RT-PCR showed decreased CD44 expression compared to NC siRNA control cells (A). Gene expression was expressed relative to control cells,
assigned an arbitrary value of 1.0 and with S14 as a loading control. Immunofluorescent staining of BAEC (B) was determined with a CD44 antibody
conjugated to phycoerythrin and showed CD44 expression was decreased in cells transfected for 72 h with CD44 siRNA (original magnification, x100) compared
to the control. Western blot analysis showed a reduction in CD44 protein expression after knockdown compared with control cells (C). Values are expressed
relative to the control assigned an arbitrary value of 1.0 and with ·-actin as a loading control. Data are means ± SD from three independent experiments and *

and ***  signify a statistically significant difference compared to the control (p<0.05 and p<0.01).
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extracted according to the manufacturer's instructions. The
samples were used for a multi-immunoblotting assay based
on SDS-polyacrylamide minigel electrophoresis with 20-lane
multi-immunoblotters using different primary antibodies.
Proteins were quantified using chemiluminescence and relative
expression was determined by Kinexus and expressed in
normalized counts per min (cpm).

Immunofluorescent staining of phospho-Á-adducin and
delivery of anti-Á-adducin antibody. Cells (1.2x105 cells/
500 μl) transfected with CD44 or NC siRNA (50 nM in each
case) or un-transfected cells were seeded on glass coverslips
in 24-well plates for 48 h in serum-free medium. Cells were
then treated with o-HA (1 μg/ml for 7 min at 37˚C) washed
in PBS, fixed with 4% PFA and permeabilised with 0.1%
Triton X-100 in PBS for 10 min. After incubation with PBS-
1% BSA for 30 min, cells were treated with anti-phospho-Á-
adducin antibody (1:50, 1 h at RT), washed and mouse anti-
rabbit antibody conjugated to Alexa Fluor 488 (1:50, 1 h at
RT) was added. To demonstrate a co-localisation of phospho-
Á-adducin in the cytoskeleton, F-actin was stained with

phalloidin-TRITC and nuclei stained with DAPI included in
Vectashield aqueous mounting medium (Dako). Photomicro-
graphs were taken using a Leica SP5 confocal fluorescent
microscope.

To deliver anti-Á-adducin antibody to BAEC, PULSin™
(Autogen Bioclear, Wiltshire, UK) was used according to the
manufacturer's instructions. Briefly, cells (1.8x105/500 μl per
well) were seeded in a 24-well plate in complete medium and
reached about 80% confluence the following day. The
medium was replaced with 900 μl of DMEM and 100 μl of
complexes composed of 1 μg of anti-Á-adducin antibody
diluted in 20 mM Hepes and 3 μl of PULSin. After incubation
(4 h), the medium was replaced with fresh complete medium.
To determine the efficiency of reagent delivery an antibody
conjugated to R-phycoerythrin was used. After 48 h incubation,
cells seeded on glass coverslips were washed with PBS, fixed
with 4% PFA and visualised with a Zeiss fluorescence micro-
scope. From 48 to 72 hours after intracellular delivery of
anti-Á-adducin antibody, cells were used to study the effect of
o-HA on cell migration, proliferation and tube formation as
described above.
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Figure 2. Transfection with siRNA inhibited RHAMM gene and protein expression in BAEC. BAEC were transfected with NC or RHAMM siRNA for 48 h
as described. RT-PCR showed decreased RHAMM expression compared to NC siRNA control cells. Gene expression was expressed relative to the control
assigned an arbitrary value of 1.0 and S14 was use as a loading control. (B) Immunofluorescent staining of BAEC with RHAMM antibody and with a
secondary antibody conjugated to Alexa Fluor 488 showed intracellular, perinuclear and nuclear localisation after permeabilisation with 0.1% Triton X-100
(original magnification, x100). The staining of RHAMM expressed in the cytoplasm of non-transfected cells was decreased 72 h after transfection with
RHAMM siRNA. Western blot analysis showed a significant reduction in RHAMM expression after knockdown compared with control cells. Values expressed
relative to control cells assigned an arbitrary value of 1.0 and with ·-actin was a loading control. Data are means ± SD from three independent experiments
and * and **  signify a statistically significant difference compared to the control (p<0.05 and p<0.01).
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Statistical analysis. All experiments were performed at least
three times and the results are expressed as the mean ± SD.
Statistical significance was tested by Student's t-test and data
were considered significant when p≤0.05.

Results

Optimisation of siRNA knock-down of CD44 or RHAMM
gene and protein expression. The efficiency of siRNA
transfection determined using FAM fluorescein-conjugated
negative control (NC) siRNA was almost 100% 24 h after
transfection and cells were approximately 98% viable as
determined by trypan blue exclusion (data not shown).

A similar expression of CD44 in BAEC and NC control
siRNA-treated cells was demonstrated by RT-PCR. After
48 h transfection a significant decrease of CD44 expression
(80%; p=0.013; Fig. 1A) was observed. Immunofluorescent
staining confirmed CD44 localisation on the plasma membrane
with strongest staining at cell junctions (Fig. 1B). No staining
was observed after treatment of BAEC with CD44 siRNA for
72 h. A significant down-regulation of CD44 protein (95%;
p<0.01) was confirmed by Western blotting after 72 h
compared with NC siRNA-treated or control cells (Fig. 1C).

Cells transfected with RHAMM siRNA showed a signif-
icant decrease of RHAMM expression after 48 h (95%;
p=0.016) compared to untransfected and NC siRNA-treated
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Figure 3. o-HA induced endothelial tube formation in Matrigel after CD44 or RHAMM knock-down. (A) Cells (40 μl, 2x106 cells/ml) transfected with
CD44, RHAMM or NC siRNA or un-transfected cells were mixed with an equal volume of  growth factor-reduced Matrigel with or without o-HA (0.5 μg/ml).
Tube formation was determined as described. Representative photomicrographs (original magnification, x100) showed o-HA induced formation of a capillary-
like network in Matrigel compared to the control. CD44 or RHAMM knock-down significantly decreased o-HA-induced tube formation compared to un-
transfected control or NC siRNA-treated cells (B) EGF-induced tube formation was independent of CD44 or RHAMM. Representative photomicrographs
(original magnification, x100) showed that EGF (10 ng/ml) induced weak endothelial tube formation in Matrigel compared to the control. EGF was pro-
angiogenic in BAEC transfected with CD44 or RHAMM siRNA. Data are expressed as the total number of closed areas and the values represent the means ±
SD of three experiments. * and **  signify a statistically significant difference (p<0.05 and p<0.01) compared to control.
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Figure 4. The role of CD44 and RHAMM in o-HA-induced signalling pathways. (A) Histogram showing Kinexus analysis of selected phosphoprotein
expressions in o-HA treated cells. The accompanying histogram shows relative phosphoprotein expression compared to o-HA control cells (assigned a value
of 1.0) and normalised to the expression of housekeeping proteins. (B) CD44 or RHAMM knock-down reduced o-HA-induced phospho-ERK expression. A
representative Western blot showed a significant decrease of o-HA-induced phospho-ERK1/2 expression in both o-HA-stimulated CD44 and RHAMM
siRNA-treated cells. Expression of phospho-ERK1/2 are shown relative to the control given a value of 1.0 and (**) signifies a statistically significant
difference (p<0.01). (C) There was no change in EGF-induced phospho-ERK expression after CD44 or RHAMM knock-down. A representative Western blot
shows unchanged phospho-ERK1/2 expression in EGF-stimulated CD44 and RHAMM siRNA-treated cells. Protein expression is shown relative to the
control given a value of 1.0 and. *, ** and *** signify a statistically significant difference relative to the control (p<0.05, p<0.01 and p<0.001, respectively). o-HA-
induced phosphorylation of PKC· (D) and Á-adducin (E) are mediated through CD44. Representative Western blots showing significant decreases of o-HA-
induced membrane bound phospho-PKC-· and phospho-Á-adducin expression in o-HA-stimulated CD44 siRNA-treated cells but not in RHAMM siRNA-
treated cells. Phospho-protein expression of membrane bound PKC· or Á-adducin shown relative to the control given a value of 1.0 and * and **  signify a
statistically significant difference (p<0.05 and p<0.01, respectively) compared to the control.
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Figure 6. Inhibition of PKC-· reduced o-HA-induced endothelial tube formation in Matrigel and o-HA-induced MMP-9 activation. (A) Cells were treated
with Go6976 (10 nM) 24 h before mixing with Matrigel. Tube formation was measured as described (section 2.6). Representative photomicrographs (original
magnification, x100) showed inhibition of o-HA-induced tube formation by the addition of Go6976 (10 nM) compared to the control (Go6976 alone). Bar
graphs represent the means ± SD of three experiments. **Signifies a statistically significant difference (p<0.01) compared to control. (B) Representative
gelatine zymogram showing Go6976 inhibited o-HA-induced MMP-9 activity, compared to control cells or Go6976 alone. MMP-2 activity remained constant.
Bands were analyzed by densitometry and normalized to the control given a value of 1.0. Values of MMP-9 or MMP-2 activity represent the means ± SD of three
experiments. ** Signifies a statistically significant difference (p<0.01) from the control.

Figure 5. Inhibition of PKC using Go6976 reduced o-HA-induced
phosphorylation of Á-adducin. BAEC were treated with Go6976 (10-20 μM)
with or without o-HA as described. A representative Western blot showed
decreased o-HA-induced membrane bound phospho-PKC-· after 24 h
treatment with Go6976 (A). Phospho-protein expression of membrane
bound PKC-· is shown relative to the control given a value of 1.0. *Signifies
a statistically significant difference (p<0.05) compared to control. (B) Bar
chart showing a significant increase of o-HA-induced phospho-Á-adducin
after 24 h treatment. This increase was abolished after treatment with
Go6976 (10 nM). Values are expressed relative to the control value
(assigned a value of 1.0) and determined by Western blotting. *Signifies a
statistically significant difference (p<0.05) compared to control.
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cells (Fig. 2A). Weak expression of RHAMM protein was
demonstrated by immunofluorescent staining on the cell
surface (data not shown). Permeabilisation of the EC plasma
membrane with 0.1% Triton X-100 resulted in increased
RHAMM distribution in peri-nuclear and nuclear regions
(Fig. 2B). The knock-down of RHAMM resulted in decreased
expression on the cell surface and intracellular before (data
not shown) and after permeabilisation with Triton X-100
(Fig. 2B). Western blotting confirmed RHAMM knockdown
(90% decrease; p=0.01) compared to control and NC siRNA-
treated cells (Fig. 2C).

CD44 or RHAMM knock-down inhibited o-HA-induced
endothelial tube formation in Matrigel. BAEC treated with
o-HA in Matrigel for 24 h showed increased formation of
capillary-like networks (8.5-fold; p=0.003) compared to the
control. No decrease of o-HA-induced tube formation was
observed with NC siRNA-treated cells but there was a signi-
ficant decrease after CD44 or RHAMM single knock-down
(approximately 72% in each case) compared to o-HA alone
(Fig. 3A).

To confirm the specificity of knock-down on tube
formation the effect of EGF was examined since it exerts a
pro-angiogenic effect independent of the o-HA pathway.
Addition of EGF significantly increased tube formation
(3.9-fold; p=0.006) and this was not affected by CD44 or
RHAMM siRNA treatment (Fig. 3B). This data indicates that
both CD44 and RHAMM mediate o-HA-induced endothelial
tube formation.

Analysis of o-HA-induced protein phosphorylation. Using a
Kinexus phospho-protein screen array the expression of
phospho-proteins in samples obtained from lysates of un-
stimulated and o-HA-stimulated cells were analysed. Addition
of o-HA significantly increased the expression of the phos-
phorylated forms of Á-adducin, cyclin-dependent kinase 1
(cdk1/Cdc2), PKC-·, glycogen synthase serine kinase 3·
(GSK-3·) and ERK1/2 compared to control cells and the
expression was reduced after CD44 or RHAMM knockdown
(Fig. 4A). We have previously reported the expression of
specific o-HA-induced signalling components including
ERK1/2 and membrane translocation of PKC-· resulting in
BAEC proliferation and wound healing (9). Here, we examined
the expression of these proteins 7 min after treatment with o-
HA: ERK1/2 was expression was used as a confirmation of
the experimental procedure. An increased expression of
phospho-ERK1 and 2 was observed in o-HA treated cells
(3.5- and 2.5-fold; p=0.0047 and p=0.0035, respectively) and
expression was decreased in CD44 and RHAMM siRNA-
treated cells (approximately 75% in each case; Fig. 4B). EGF
treatment increased phospho-ERK1/2 expression (4.0-fold;
p<0.05) compared to control cells and this was not perturbed
after CD44 and RHAMM knock-down (Fig. 4C).

o-HA significantly increased membrane bound phospho-
PKC-· expression compared to control cells (2.5-fold;
p=0.0014; Fig. 4D) and expression was completely abolished
after CD44 knockdown but no significant change was observed
in RHAMM siRNA-treated cells. Addition of o-HA increased
phospho-Á-adducin expression compared to un-stimulated
control cells (3.0-fold; Fig. 4E). The effect was almost

completely abolished in CD44 siRNA-treated cells, whilst no
significant change was observed in RHAMM siRNA-treated
cells.

Role of PKC· in phospho-Á-adducin expression and in o-HA-
induced tube formation and regulation of MMP-9 activity.
To investigate a connection between the phosphorylation of
Á-adducin and PKC·, BAEC were treated with the PKC
inhibitor (Go6976), whose effect on BAEC in the presence of
o-HA we have previously reported (9). Go6976 (10 and 20 nM)
significantly reduced o-HA-induced phosphorylation of
PKC-· compared to the control (Fig. 5A). In addition
inhibition of o-HA-induced phospho-Á-adducin was also
observed with Go6976 (10 nM) (Fig. 5B). After demonstrating
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Figure 7. Involvement of CD44/phospho-Á-adducin in o-HA-induced F-actin
cytoskeleton rearrangement. Cells knocked down with CD44 or RHAMM
siRNA were exposed to o-HA and stained with anti-phospho-Á-adducin as
described. Representative confocal photomicrographs (original magnification,
x400) and insert (x630) showed a diffuse and peri-nuclear (blue) distribution
of phospho-Á-adducin (green) in un-transfected cells in the absence of o-HA.
The organization of F-actin stress fibres (red) gave cells a triangular shape.
CD44 knockout cells showed an elongated shape with a rearrangement of
F-actin stress fibres organized in parallel. After addition of o-HA increased
staining for phospho-Á-adducin was observed with a peri-nuclear distribution
and F-actin stress fibres were more pronounced. CD44 knockout cells showed
a general reduction in fluorescent staining of phospho-Á-adducin and a
disappearance of F-actin stress fibres.
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the involvement of PKC· in the phosphorylation of Á-adducin,
cells were treated with Go6976 (10 nM) 24 h before mixing
with Matrigel (Fig. 6). There was no change in tube formation
compared to the control. However, in the presence of o-HA a
reduction of o-HA induced tube formation was observed
(Fig. 6A). After the Matrigel assay, the medium was collected
and MMP activities determined. An inhibition of o-HA-
induced MMP-9 activity but no change in that of MMP2 was
demonstrated after treatment with Go6976 (10 nM, Fig. 6B).
Together, these data suggest a role for PKC-· in the phosphory-
lation of Á-adducin and subsequent regulation of MMP-9
activity in o-HA-induced tube formation in Matrigel.

Involvement of CD44/phospho-Á-adducin in o-HA-induced
F-actin cytoskeleton rearrangement. The effect of o-HA on
the distribution of phospho-Á-adducin and of F-actin stress
fibres in siRNA-treated cells was visualised by immuno-
fluorescent staining. A diffuse peri-nuclear distribution of
phospho-Á-adducin with few F-actin stress fibres was
observed in both NC siRNA and RHAMM siRNA-treated
cells (data not shown). In CD44 siRNA-treated cells the
same diffuse distribution of phospho-Á-adducin was observed
but the stress fibres were organised in parallel giving the EC
an elongated shape (Fig. 7). On addition of o-HA, an increased

expression of phospho-Á-adducin was observed in control, NC
siRNA-treated and RHAMM siRNA-treated cells (data not
shown) with more intense F-actin stress fibres arranged in
spike-like protrusions resembling microvilli-like structures
along the cell membrane. After CD44 knock-down cells
showed a much weaker expression of phospho-Á-adducin, a
more elongated cell shape and disappearance of F-actin
stress fibres (Fig. 7). These observations suggest that CD44
is involved in F-actin cytoskeleton rearrangement through the
regulation of phospho-Á-adducin expression.

Involvement of Á-adducin in o-HA-induced in vitro angio-
genesis. To investigate an involvement of Á-adducin with the
pro-angiogenic effects of o-HA, anti-Á-adducin antibody (1 and
2 μg) was introduced to the cytoplasm of BAEC (Fig. 8).
The reagent formed non-covalent complexes with R-phyco-
erythrin-labelled antibody and the majority of transfected
cells contained the fluorescent protein (data not shown). The
antibody alone had no significant effect on the number of
closed areas in Matrigel compared to the control. However,
on addition of o-HA the antibody (1 and 2 μg/ml) produced a
significant decrease of tube formation (51 and 65.5%; p<0.05
in both cases) compared to o-HA alone. These results demon-
strate a role for Á-adducin in o-HA-induced tube formation.
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Figure 8. Inhibition of Á-adducin significantly reduced o-HA-induced endothelial tube formation. An anti-Á-adducin antibody was introduced into the
cytoplasm of BAEC using the PULSin delivery reagent. Representative photomicrographs (original magnification, x100) showing increased tube formation in
the presence of o-HA. When Á-adducin was neutralized of with 1 μg of Á-adducin antibody, o-HA-induced endothelial tube formation was decreased
compared to o-HA alone.  Values represent the means ± SD of three experiments. ** and ***  signify a statistically significant difference (p<0.01 and p<0.001,
respectively) from the control.
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Discussion

Gene knockdown. In order to investigate a role in o-HA-
induced EC tube formation we knocked down the CD44 and
RHAMM gene and protein expression using siRNA and
identified down-stream second messengers. The specificity
of the knock-down was assessed using EGF as a positive
control since its receptor-mediated binding and signalling
pathways are not linked directly to HA or HA receptors in
EC (25). CD44, a member of the hyaladherins comprises a
family of transmembrane glycoproteins with an extracellular
domain capable of binding HA and a cytoplasmic tail which
regulates specific signalling pathways and reacts with cyto-
skeletal proteins (17). Specifically, CD44v3/RhoA complex
has been shown to stimulate Rho kinase (ROK) and promote
phosphorylation and binding of CD44 variants to ankyrin or
ERM (26). This may contribute to tumour cell migration and
the progression of cancer (27). RHAMM also binds HA and
plays a central role in the assembly of the cytoskeleton perhaps
by connecting actin and the mictotubule cytoskeleton (17).

Protein phosphorylation. Using a Kinexus phospho-protein
screen we showed up-regulation of five proteins ERK1/2,
Cdc2, PKC-·, GSK-3b and Á-adducin in o-HA treated siRNA
knockdown EC. Á-addducin, a membrane-cytoskeletal protein
which binds actin filaments and promotes their interaction
with spectrin in the formation of the cytoskeleton was selected
for further study (28). We showed o-HA binding to CD44 but
not RHAMM induced a PKC-·-induced increase in phospho-
Á-adducin expression and F-actin cytoskeletal rearrangement
resulting in a change of cell shape. CD44 knock-down also
prevented the formation of o-HA-induced actin stress fibres.
Phosphorylation by PKC is known to be important for
dissociation of spectrin from the actin cytoskeleton and is
important in determination of cell shape and movement (29).
Using a specific inhibitor of PKC, we showed that PKC-·
which has a central role in angiogenesis was involved in o-HA-
induced endothelial tube formation in Matrigel. In PKC-·
knockout cells, Wang et al, demonstrated inhibition of
endothelial tube formation in a 3-D collagen gel and also
inhibition of myocardial neovascularisation in vivo (30).
Moreover, using anti-sense PKC-· a reduction of secretion of
MMP-9 through the ERK1/2 pathway in capillary endothelial
cells has previously been observed (31). These data are in
agreement with our findings and suggests that activation of
these signalling intermediates form an important part of the
pathway associated with o-HA-induced tube formation through
the CD44 receptor.

CD44 and cytoskeletal rearrangement. We showed that after
CD44 knock-down a rearrangement of the actin cytoskeleton
occurred giving an elongated shape to the cells in the absence
of o-HA, whilst CD44 knock-down prevented the formation
of actin stress fibres induced by o-HA. Recently, PKC has been
shown to have a role in the regulation of actin cytoskeleton
(reviewed in ref. 32) and to be responsible for activating ezrin-
radixin-moesin (ERM)-mediated crosslinking between CD44
and the actin cytoskeleton (33). Furthermore, Kalomiris and
Bourguignon (34) showed that the interaction between CD44
and actin filaments may be mediated though an ankyrin-like
protein which could bind to actin-binding proteins such as
adducin, like found in erythrocytes. Therefore, the inhibition
of o-HA-induced actin stress fibre formation in CD44 siRNA-
treated cells could be explained by the lack of phosphory-
lation of PKC-·; however, further studies need to be under-
taken in order to fully understand the intracellular mechanisms
responsible for formation of these morphologically distinct or
‘polarised’ cells associated with CD44 knock-down.

Matrix metalloprotein activation and receptor binding.
MMP-2 is known to degrade type IV collagen, the major
component of the basement membrane and is important for
promotion of angiogenesis in vivo and in vitro where it has
also been shown to bind to ·5ß3 integrin, stimulate production
of other angiogenic factors, and form multi-protein complexes
in the focal adhesions of migrating vascular EC (reviewed in
ref. 14). Here, for the first time, we have demonstrated
increased MMP-9 activity associated with o-HA-receptor
binding in vascular EC. Inhibition of PKC-· using Go6976
also inhibited MMP-9 activity and subsequent o-HA-induced
tube formation in Matrigel suggesting it could be important
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Figure 9. A schematic representation of the signal transduction pathway
associated with o-HA induced EC tube formation and proliferation. The
intermediates in bold were identified in the current study. Abbreviations as
used in the text.
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in modulating the angiogenic process. Fieber et al (35) showed
the presence of a similar pathway in primary fibroblasts and
showed that o-HA but not high-molecular-weight HA
induced MMP-9 transcription mediated through both CD44
and RHAMM. Further work should examine whether MMP-2
is associated with other components of angiogenic signalling
pathways including integrin-mediated inside-out cell signalling
or formation of focal adhesions in migrating cells. The
involvement of Cdc2 in o-HA-receptor mediated signalling
and angiogenesis is novel, although perhaps not surprising.
Cdc2 inhibition with roscovitine is known to prevent cell
mitosis (36), and earlier studies of Mohapatara et al demon-
strated that dominant negative RHAMM mutants or antisense
mRNA-mediated down-regulation of RHAMM, was sufficient
to decrease Cdc2 protein levels and inhibit mitosis (37).
However, it is useful to have identified one of the penultimate
signalling intermediates involved in promotion of o-HA-
induced mitogenesis

In summary, we have identified novel components of the
down-stream angiogenic signalling pathways associated with
both CD44 and RHAMM-mediated tube formation in vascular
EC. In particular, o-HA-induced vascular EC tube formation
is partly dependent on CD44-mediated signalling through a
pathway involving PKC-· and Á-adducin. The complete roles
of Cdc2 and MMP-9 have yet to be determined. Knowledge
of the mechanisms through which o-HA induces neovas-
cularization could help in defining new treatments for
modulation of angiogenic diseases.
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