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Background: Hyaluronan (HA) modulates key cancer cell functions through interaction with its CD44 and RHAMM
receptors.
Results: Low molecular weight HA (LMWHA) significantly increased (p � 0.01) the adhesion capacity of HT1080 cells in a
RHAMM-dependent manner.
Conclusion: RHAMM/HA interaction regulates fibrosarcoma cell adhesion via the activation of FAK and ERK1/2 signaling
pathways.
Significance: Identification of a novel HA-signaling pathway.

Hyaluronan (HA) modulates key cancer cell functions
through interaction with its CD44 and receptor for hyaluronic
acid-mediated motility (RHAMM) receptors. HA was recently
found to regulate the migration of fibrosarcoma cells in a man-
ner specifically dependent on its size. Here, we investigated the
effect of HA/RHAMM signaling on the ability of HT1080 fibro-
sarcoma cells to adhere onto fibronectin. Lowmolecular weight
HA (LMWHA) significantly increased (p < 0.01) the adhesion
capacity of HT1080 cells, which high molecular weight HA
inhibited. The ability of HT1080 RHAMM-deficient cells, but
not of CD44-deficient ones, to adhere was significantly
decreased (p < 0.001) as compared with control cells. Impor-
tantly, the effect of LMWHAonHT1080 cell adhesionwas com-
pletely attenuated inRHAMM-deficient cells. In contrast, adhe-
sion of RHAMM-deficient cells was not sensitive to high
molecular weight HA treatment, which identifies RHAMM as a
specific conduit of the LMWHA effect. Western blot and real
time-PCR analyses indicated that LMWHA significantly
increased RHAMM transcript (p < 0.05) and protein isoform
levels (53%, 95 kDa; 37%, 73 kDa) in fibrosarcoma cells. More-
over, Western blot analyses showed that LMWHA in a
RHAMM-dependent manner enhanced basal and adhesion-de-
pendent ERK1/2 and focal adhesion kinase (FAK) phosphoryla-
tion in HT1080 cells. Utilization of a specific ERK1/2 inhibitor
completely inhibited (p < 0.001) LMWHA-dependent adhe-
sion, suggesting that ERK1/2 is a downstream effector of
LMWHA/RHAMM signaling. Likewise, the utilization of the
specific ERK1 inhibitor resulted in a strong down-regulation of
FAK activation in HT1080 cells, which identifies ERK1/2 as a
FAK upstream activator. In conclusion, our results suggest that

RHAMM/HA interaction regulates fibrosarcoma cell adhesion
via the activation of FAK and ERK1/2 signaling pathways.

The extracellular matrices (ECMs),3 which mainly consist of
collagens, glycoproteins, proteoglycans, and hyaluronan, are
complicated structures that surround and support cells within
tissues. The ECM acts as a physical scaffold to which tumor
cells attach andmigrate and thus is crucial for the regulation of
cell motility, proliferation, invasion, and metastasis. Hyaluro-
nan (HA), a glycosaminoglycan, is a ubiquitous component of
the extracellular matrix that provides tissue homeostasis and is
known to have a fundamental role in maintaining the ECM
architecture.
High levels of HA reported in tumor cells and peri-tumor

stroma are suggested to be strong independent prognostic indi-
cators of poor outcome in breast, ovarian, gastric, and colorec-
tal cancers (1, 2). In tumor cell microenvironment systems, HA
is able to transmit signals originating from the ECM into the
cell, and changes in its metabolism have been linked to the
promotion of cell motility, adhesion, migration, and metastasis
(3–5). Considerable evidence indicates that HAmediates these
biological processes mostly via specific interactions with its
receptors, a family of proteins termed hyaladherins (4, 6–10).
CD44 is the best characterized HA receptor and is indicated to
be the principal mediator of HA signaling (11, 12). RHAMM
receptor (receptor for hyaluronic acid-mediated motility) is
unique among the hyaladherins due to its variable distribution
on the cell surface, within the cytoplasm, in the nucleus, or
secreted to the ECM (13–16). Different RHAMM isoforms
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have been detected due to alternative splicing (10). Transcript
variants are suggested to be expressed in a specific cell type
manner (10). RHAMMprotein has been reported to lack a typ-
ical transmembrane domain and is glycosylphosphatidylinosi-
tol-anchored to the cell membrane (17–19). Cell surface
RHAMM interacts with CD44 and modulates cell motility,
wound healing, and signal transduction.More importantly, cell
surface RHAMM can have invasive functions similar to CD44
and can even substitute for CD44 functions (20). Intracellular
RHAMMbinds to actin filaments, podosomes, the centrosome,
microtubules, and themitotic spindle (4, 21, 22), thereby affect-
ing crucial cellular processes in tumorogenesis (22–24).
Various studies demonstrated an overexpression of

RHAMM during tumor development and a prognostic signifi-
cance of its expression in breast, colon, brain, prostate, endo-
metrial and pancreatic cancers, as well as in leukemia, aggres-
sive fibromatosis, multiple myeloma and melanoma (23,
25–33). Previous publications have shown that the interaction
of HA with RHAMM can induce a number of cellular signaling
molecules, including focal adhesion kinase (FAK), extracellular
signal-regulated kinase (ERK1/2), protein kinase C (PKC),
pp60-c-Src, NF�B, Ras, and phosphatidylinositol kinase (PI3K)
(26, 34–40).
Fibrosarcoma is a rare malignant tumor originating from

fibroblasts. Different cell lines of fibroblastic origin have been
shown to have an abundant ECMwith a high content and turn-
over of HA and proteoglycans (41). Cell migration is a highly
coordinated process crucially dependent on cell adhesion to the
ECM (42). Both cell functions are necessary for efficient tumor
cell invasion and metastasis. Recently, we demonstrated that
the treatment of fibrosarcoma (HT1080) cells with various
molecular weight HA preparations resulted in regulation of
their migration capacity in a manner strictly dependent on HA
size (43). In this study, we examined the effects of HA on fibro-
sarcoma cell adhesion and focused on the mechanism of its
action. Our results demonstrate that HA regulates fibrosar-
coma cell adhesion through interaction with its RHAMM
receptor and consecutive activation of FAK and ERK1/2 signal-
ing pathways.

EXPERIMENTAL PROCEDURES

Materials—Low molecular weight hyaluronan (LMWHA;
15–40 kDa; GLR001) was obtained from R&DDiagnostics and
produced by microbial fermentation of Streptococcus pyogenes,
and its molecular weight was achieved by acid hydrolysis of
higher molecular weight native sodium hyaluronate (measured
by multiangle laser light scattering). The commercial name of
the high molecular weight hyaluronan (HMWHA; 2.5 � 106
Da) preparation used is Visthesia 1.5% (0.8 ml of sodium hya-
luronate 15 mg/ml and lidocaine hydrochloride 10 mg/ml,
Zeiss). All secondary antibodies (anti-goat, anti-rabbit, and
anti-mouse) as well as the primary antibodies polyclonal goat
anti-actin (I19, sc-1616), anti-RHAMM (E-19, sc-16170), anti-
FAK (A-17, sc-557), and anti-CD44 (HCAM, sc-9960) were
purchased from Santa Cruz Biotechnology. p-FAK (MAB1144)
was purchased from Millipore, and anti-ERK1/2 (9102) and
p-ERK1/2 (9101) were purchased fromCell Signaling Technol-
ogy. Hyaluronidase (Streptomyces hyalurolyticus), chondroiti-

nase ABC (Proteus vulgaris), chondroitinase ACII Arthro
(Arthrobacter aurescens), and �-disaccharides of HA and CS
were purchased from Seikagaku Corp., Japan. Oligosaccharides
of HA were the kind gift of Dr. P. Heldin, Ludwig Institute for
Cancer Research, Uppsala, Sweden. Cell culture reagents were
obtained from Biosera, East Sussex, UK, unless stated
otherwise.
Cell Culture—The HT1080 human fibrosarcoma cell line

was grown in DMEM (Biochrom KG, Germany) supplemented
with 10% fetal bovine serum (FBS) (Invitrogen) and penicillin/
streptomycin at 37 °C in a humidified atmosphere of 5% (v/v)
CO2. Prior to treatments, the cells were incubated in serum-
free medium for 24 h at 37 °C and 5% CO2. All treatments were
done in serum-free medium for 48 h prior to extraction of
either RNA or protein.
RNA Isolation and Real Time PCR—Total ribonucleic acid

was isolated with the use of TRIzol (Invitrogen) according to
the manufacturer’s instructions. Five hundred nanograms of
total RNAwere used for cDNA synthesis using the PrimeScript
RT reagent kit (Takara, Japan) according to the manufacturer’s
instructions. The real time PCRs were done in an Mx3005P
cycler (Stratagene). The primers were mRNA-specific to avoid
misleading results from traces of DNA contamination (Table
1). For the real time PCR, we utilized the KAPA SYBR� FAST
Universal qPCR kit (KAPA Biosystems) in a total volume of 20
�l. The PCR conditions used for amplification were as follows:
94 °C for 15 min and then 40 cycles at 94 °C for 20 s, 55 °C for
30 s, and 72 °C for 30 s, followed by 72 °C for 10 min. Standard
curves were run in each optimized assay, which produced a
linear plot of threshold cycle (Ct) against log (dilution). The
amount of each target was quantified based on the concentra-
tion of the standard curve and was presented as arbitrary units.
GAPDH was utilized as housekeeping gene.
Western Blot—After 48 h of respective treatments or after the

completion of the in vitro adhesion assay, the cells were col-
lected using RIPA solution, and the supernatants (culture
media) were concentrated (16-fold) using 30 � 116-mm filter
tubes Vivaspin, 20 ml (Biotech). The samples were electro-
phoresed on 8% polyacrylamide Tris/glycine gels and trans-
ferred to nitrocellulosemembranes in 10mMCAPS, pH 11, and
containing 10%methanol. Membranes were blocked overnight
at 4 °C with PBS containing 0.1% Tween 20 (PBS-T) and 5%
(w/v) low fat milk powder. The membranes were incubated for
1 h at room temperature (RT) with the primary antibodies anti-
RHAMM (1:100) in PBS containing 0.1% Tween 20 (PBS-T)
and 2% (w/v) low fat milk powder, anti-FAK (1:100), anti-p-
FAK (Y397) (1:100), anti-ERK1/2 (p44/42MAPK) (1:200), anti-
ERK1/2 (p44/42MAPK) (1:200) in PBS containing 0.1% Tween
20 (PBS-T) and 2% (w/v) low fat milk powder. The immune

TABLE 1
Sequence of primers for the genes of interest

Primer name Sequence

RHAMM_F 5�-TTC TGA ACC CTT TGG CTG G-3�
RHAMM_R 5�-ACA AGC CAA GGT GTT TTA GCC-3�
GAPDH_F 5�-GGA AGG TGA AGG TCG GAG TCA-3�
GAPDH_R 5�-GTC ATT GAT GGC AAC AAT ATC CAC T-3�
CD44_F 5�-GGT CCT ATA AGG ACA CCC CAA AT-3�
CD44_R 5�-AAT CAA AGC CAA GGC CAA GA-3�
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complexes were detected after incubation with the peroxidase-
conjugated secondary anti-goat antibody (1:4000), anti-mouse
antibody (1:2000), anti-rabbit antibody (1:5000) in PBS-T, 1%
low fatmilk, with the SuperSignalWest Pico chemiluminescent
substrate (Pierce), according to the manufacturer’s
instructions.
HA Digestion—LMWHA and HMWHA were digested with

Streptomyces hyaluronidase (5 units/100 �g/ml HA) for 48 h at
37 °C according to the manufacturer’s instructions (Seikagaku,
Japan).
LMWHAandHMWHAPurity Evaluation—As a first quality

test, we examined both HA preparations for the presence of CS
and HA oligosaccharides using FACE and CE. Analysis by
FACE was performed before and after treatment of HA prepa-
rations with chondroitinases ABC and ACII in combination.
Digestion with chondroitinases was performed in 50 mM Tris-
HCl, pH 7.5, at 37 °C for 90min using 0.01 unit/10 �g of uronic
acid (44). Intact HA preparations as well as the obtained digests
were freeze-dried and derivatized with 2-aminoacridone as
described previously (45). FACE was performed according to
protocol described by Calabro et al. (46) and Karousou et al.
(47). Analysis by CE was performed on the intact preparations
using a reversed polarity methodology (48). The ophthalmic
preparation Viscoat�, containing both HA and CS, was used as
standard.
Identification of LMWHA andHMWHAOligomers following

Digestion with Hyaluronidase—To evaluate the size of the
digestion products following treatment with hyaluronidase and
to examine whether both intact HA preparations contain any
contaminations ofHAoligomers, we performed FACE analysis.
Particularly, intactHApreparations and those obtained by hya-
luronidase treatment were freeze-dried, derivatized with
2-aminoacridone, and analyzed by FACE as described above.
HA-derived �-disaccharide and HA-derived oligosaccharides
(6–16-mers) were used as standards.
Transfection with siRNA—Short interfering RNA (siRNA)

specific for RHAMM or CD44 and scrambled RNAi and
medium GC content negative control were purchased from
Invitrogen. For transfection experiments, the cells (60,000/
well) were placed on a 24-well plate for 24 h. Then the DMEM
containing 10% FBS was replaced by medium without serum
and antibiotics. To provide for optimal transfection, siRNA
(100 nM; Invitrogen) and LipofectamineTM 2000 (1 �l; Invitro-
gen) were first diluted separately in 50 �l of Opti-MEM� I
reduced serummedium (Invitrogen). After a 5-min incubation
period, 50�l of diluted LipofectamineTM 2000weremixedwith
50 �l of diluted siRNA per well on 24-well plates and were left
for 20min at room temperature to allow siRNA-liposome com-
plexes to form. The cells were then washed once more with
medium without serum and antibiotics, and the Lipofectamine
and siRNA mixture was added on top of them and shaken
gently. Transfection was allowed to take place during 6 h when
the medium was replaced with fresh medium containing anti-
biotics, and the incubation period was continued for an addi-
tional 48 h. The cells were harvested, and RNA was extracted.
The optimal siRNA concentration for transfection was chosen
after pilot experiments. All transfection experiments were
repeated at least three times and performed in triplicate.

Cell AttachmentAssay—Ninety six-well plateswere used and
coated with fibronectin (5 �g/cm2) for 1 h at 37 °C. The non-
specific binding sites were blocked with 1% bovine serum albu-
min (BSA) for 30 min at room temperature. The cells were
detached with 5 mM PBS/EDTA. 5000 cells were placed onto
the coated 96-well plates. The time point of 30 min was chosen
after preliminary experiments as described under “Results.”
HT1080 cellswere serum-starved for 24 h and then treatedwith
LMWHA (50 �g/ml), HMWHA (50 �g/ml), or ERK1/2 inhib-
itor (5 �M) (Cell Signaling Technology) for 48 h. Some experi-
ments were performed by using transfected cells with siRNA
specific for RHAMM (siRHAMM) or CD44 (siCD44) and con-
trol scramble (siScr). Nonadherent cells were removed with
two washes using serum-free medium. All experiments were
also performed on BSA-coated plates, and we calculated the
cells attached specifically to fibronectin by subtracting the
number of cells attached to BSA from the number of cells
attached to fibronectin. The numbers of adherent cells were
measured using the CyQUANT fluorometric assay (Molecular
Probes, Invitrogen) according to the manufacturer’s instruc-
tions. Fluorescence was measured in a Fluorometer (BioTek)
using the 480/520 nm excitation and emission filters. For con-
verting sample fluorescence values into cell numbers, a refer-
ence standard curve was created, using serial dilutions of
known cell numbers. All adhesion experiments were repeated
at least three times and performed in triplicate.
Immunofluorescence—HT1080 cells were seeded on round

coverslips placed in 24-well plates and incubated in complete
medium for 24 h. After a 24-h serum starvation, the treatments
were added, and the cells were incubated for 48 h at 37 °C and
5% CO2. The cells were fixed with 5% formaldehyde and 2%
sucrose in PBS for 10 min at room temperature. After three
washes with PBS, 1% bovine serum solution, the permeabilizing
agent Triton X-100 was added for 10 min and then washed
before the addition of primary antibody anti-RHAMMfor 1 h at
room temperature. Coverslips not incubated with the primary
antibody were utilized as negative control. The coverslips were
washed again and incubated for 1 h, in the dark at RT, with
anti-goat Alexa Fluor 488 (Invitrogen). TO-PRO-3 diluted
1:1000 in de-ionizedH2Owas applied for 10min to stain nuclei.
Actin filaments were detected using fluorescent phalloidin
(Molecular Probes) diluted 1:100 in PBS for 40min. The cover-
slips were then placed onto slides using glycerol as a mountant
and visualized using confocal microscopy.
Statistical Analysis—The statistical significance was evalu-

ated by Student’s t test or one-way analysis of variance with
Tukey’s post-test, usingGraphPadPrism (version 4.0) software.

RESULTS

LMWHA and HMWHA Preparations Do Not Contain CS
and HA Oligosaccharides—To ensure that HMWHA and
LMWHA preparations were free of chondroitin sulfate con-
tamination and HA oligosaccharides, FACE analysis was per-
formed. The analysis of intact LMWHA andHMWHA showed
the absence of HA oligosaccharides in both preparations (sup-
plemental Fig. S1, lanes 3 and 4) as compared with HA oligo-
saccharides standard (supplemental Fig. S1, lane 2). The prod-
ucts of digestion with chondroitinases ABC and ACII, in the
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case of both LMWHA (supplemental Fig. S1, lane 5) and
HMWHA(supplemental Fig. S1, lane 6), were identified as�di-
HA, and no sulfated CS-derived �-disaccharides were evident.
The chondroitinase digest of the ophthalmic solution Viscoat�
was a useful tool to identify the absence of CS. Furthermore, the
absence of CS and HA oligosaccharides from LMWHA and
HMWHAwas also verified by CE (48). CE analysis showed that
both LMWHA and HMWHA migrated as homogeneously
charged populations (supplemental Fig. S2). The molecular
mass range of the LMWHA preparation was 15–40 kDa; with
an average mass of 16.1 kDa, as determined by gel permeation
chromatography as described earlier (44).
Identification of Hyaluronidase Digestion Products—As

shown in supplemental Fig. S3, lanes 5–8 and in the electro-
pherogram of supplemental Fig. S4, treatment of both
LMWHA and HMWHA with Streptomyces hyaluronidase for
48 h resulted in 4- and 6-mers of HA.
Effect of HA on FibrosarcomaCell Adhesion—Apoorly differ-

entiated and highly metastatic human fibrosarcoma cell line
consisting of rounded/elongated cells (HT1080) (49) was uti-
lized. In our previous study the HT1080 cell migration capacity
was found to bemodulated through changes inHAmetabolism
(43). In this study, to investigate the adhesion capacity of these
fibrosarcoma cells on fibronectin, an in vitro adhesion assaywas
performed. The HT1080 cells demonstrated specific adhesion
to fibronectin, and a 30-min adhesion time was selected as a
time during the near linear increase in adhesion (Fig. 1A). In
continuation, the effect of exogenous addition of HMWHA (50
�g/ml) and LMWHA (50 �g/ml) was examined. LMWHA sig-
nificantly increased (p� 0.01) the adhesion capacity ofHT1080
cells. The stimulation of cell adhesion ability by LMWHA was
found to be concentration-dependent (p � 0.01) (Fig. 1C),
reaching a plateau at 100 �g/ml. In contrast, exogenous addi-
tion ofHMWHAsignificantly inhibited (p� 0.05) cell adhesion
(Fig. 1B). To be sure that the effects are specific for HA, both
LMWHA and HMWHAwere digested with Streptomyces hya-
luronidase according to themanufacturer’s instructions. FACE
analysis and capillary electrophoresis demonstrated complete
digestion of both samples of HA to 4- and 6-mers as described
above (supplemental Figs. S3 and S4). The hyaluronidase
digests of LMWHA and HMWHA were heat-inactivated and
applied to HT1080 cells for 48 h, and their adhesion capacity
was assessed. The effect of LMWHAon fibrosarcoma cell adhe-
sion was completely nullified by the digestion, which demon-
strates the strict specificity of the HA chain size for the
LMWHA effect (Fig. 1B). Interestingly, both HA digests had an
independent inhibitory effect on fibrosarcoma cell adhesion
(p � 0.05). In control experiments heat-inactivated hyaluroni-
dase did not affect HT1080 cell adhesion (Fig. 1B).
Role of RHAMM in Fibrosarcoma Cell Adhesion—HA recep-

tor RHAMM has been suggested to mediate HA-induced
migration, adhesion, and proliferation in cancer cells (50, 51).
Therefore, we investigated whether it participates in the HA-
dependent fibrosarcoma cell adhesion. To determine the direct
role of RHAMM on HT1080 cell adhesion, we utilized siRNA
specific for the RHAMM gene. Transfection of HT1080 cells
with siRHAMM resulted in a significant 70% decrease of
RHAMMmRNA expression and protein expression (p � 0.01)

(Fig. 2). Down-regulation of RHAMM expression correlated
with a strong inhibition of HT1080 cell adhesion (p � 0.001)
(Fig. 3). Moreover, we examined whether RHAMM mediates
the HA signaling that results in altered adhesion ability of
HT1080 cells. The LMWHA-induced increase in the adhesion
capacity of HT1080 cells (p � 0.05) was completely inhibited in
RHAMM-deficient cells to the levels of the siRHAMM alone
controls (p � not significant) (Fig. 3). These data demonstrate
that active RHAMMsignaling is obligatory for theHA effect on
HT1080 cell adhesion. Interestingly, the reduction of HT1080

FIGURE 1. Effect of LMWHA and HMWHA on fibronectin-dependent
HT1080 cell adhesion. A, HT1080 cells harvested with PBS/EDTA were
seeded, and the numbers of attached cells were measured at various time
points. The results represent the average of five separate experiments in trip-
licate. p � 0.001 using one-way analysis of variance (ANOVA) statistical anal-
ysis. Means � S.E. are plotted. B, HT1080 cells were treated with 0% medium
(M), heat-inactivated hyaluronidase (HYAL (�)ve), LMWHA (50 �g/ml),
HMWHA (50 �g/ml), and with heat-inactivated LMWHA hyaluronidase digest
(LMWHA�HYAL) (50 �g/ml) or heat-inactivated HMWHA hyaluronidase
digest (HMWHA�HYAL) (50 �g/ml) for 48 h before harvesting and seeding
(5000 cells) for 30 min on 96-well plates coated with fibronectin (5 �g/cm2). C,
HT1080 cells were incubated with different concentrations of LMWHA (25, 50,
and 100 �g/ml) before harvesting and seeding (5000 cells) for 30 min on
96-well plates coated with fibronectin (5 �g/cm2). p � 0.01, using one-way
analysis of variance statistical analysis. The numbers of attached cells were
determined using fluorometric CyQUANT assay kit (Molecular Probes). Cells
grown in serum-free medium (M) were utilized as control. The results repre-
sent the average of three separate experiments in triplicate. Means � S.E. are
plotted; statistical significance is as follows: *, p � 0.05; **, p � 0.01 treatment
compared with control; ���, p � 0.01 among samples.

HA/RHAMM Regulate Fibrosarcoma Cell Adhesion

38512 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 44 • NOVEMBER 4, 2011

http://www.jbc.org/cgi/content/full/M111.275875/DC1
http://www.jbc.org/cgi/content/full/M111.275875/DC1
http://www.jbc.org/cgi/content/full/M111.275875/DC1
http://www.jbc.org/cgi/content/full/M111.275875/DC1
http://www.jbc.org/cgi/content/full/M111.275875/DC1
http://www.jbc.org/cgi/content/full/M111.275875/DC1


adhesion by HMWHAwas not affected by RHAMM inhibition
(p � not significant) (Fig. 3). Thus, RHAMM was shown to be
an important signal mediator of HA signaling in fibrosarcoma
cell adhesion in a manner that depends on HA size.
Role of CD44 in Fibrosarcoma Cell Adhesion—Extracellular

HA receptor RHAMM interacts with CD44 to transmit its sig-
nal intracellularly (2). Thus, we investigated whether it partici-
pates in the HA-dependent fibrosarcoma cell adhesion, shown
to be mediated by RHAMM. The role of CD44 was examined
using RNA interference. Transfection of HT1080 cells with
siCD44 resulted in a significant 60% decrease of CD44 mRNA
expression and protein expression (p � 0.01) (Fig. 4). CD44-
deficient cells were found to have unaltered ability to adhere
(Fig. 5). The down-regulation of CD44 expression, however,
induced a reduction of the LMWHA-dependent increase in the

adhesion capacity of HT1080 cells (p � 0.05) (Fig. 5). These
data demonstrate that, even though CD44 action is not obliga-
tory in basal fibrosarcoma cell adhesive ability, it participates in
the LMWHA-dependent mechanism responsible for the mod-
ulation of the adhesion of these cells.
Effect of HA on RHAMM mRNA and Protein Expression—

Our results demonstrated that LMWHA partly modulates
fibrosarcoma cell adhesion through the RHAMM receptor.
Therefore, we examined the effect of LMWHA and HMWHA
on the expression of RHAMM. Real time PCR analysis showed
that HT1080 cells express mRNA specific for RHAMM, whose
levels were modestly increased with HMWHA treatment (p �
0.05), although in the case of LMWHA the effect was more
prominent (p � 0.01) (Fig. 6A). In continuation, HT1080 cell
extracts and concentrated media were probed for RHAMM
protein. The anti-RHAMM antibody used detects a specific
amino acid sequence near its carboxyl terminus, which is con-
served in all RHAMM isoforms. Western blot analysis of cell
extracts detected three different RHAMM isoforms of	95, 73,
and 45 kDa. Treatment with LMWHA significantly increased
expression of the 95- and 73-kDa RHAMM isoforms (53 and
37% respectively) (Fig. 6B), which correlates well with the
RHAMM total transcript results. HMWHA addition likewise
induced an increase of the 95- and 73-kDa isoforms (36 and
27%, respectively) (Fig. 6B). Apart from the 95, 73, and 45
RHAMM isoforms, analysis of the secreted proteins detected
two additional bands of 	68 and 60 kDa (Fig. 6C). Treatment
with LMWHA gave a 60% increase of the 95-kDa isoform and a
20.5% decrease of the 45-kDa isoform. HMWHA gave a 55%
increase of the 95-kDa isoform and a 18% decrease of the
45-kDa isoform (Fig. 6C). When RHAMM band density was
adjusted for protein content (micrograms) of the loaded sample
and then multiplied with total cell extract and media protein
content in micrograms, an approximate ratio of 4:1 for cell ver-
sus secreted RHAMMprotein was established. LMWHA treat-
ment increased this ratio to 6:1 for cell versus secreted
RHAMM protein.

FIGURE 2. Transfection with siRNA-specific for RHAMM. HT1080 cells were
transfected with RHAMM short interfering RNA (siRHAMM) utilizing scramble
interfering RNA (siScr) as a negative control. M stands for cell treated with
culture medium. A, inhibition of RHAMM mRNA expression was verified by
real time PCR as compared with siScr control and expressed as the ratio to
siScr control at the 48-h point. Results are expressed as mean % � S.E. Statis-
tical significance is as follows: **, p � 0.01, compared with control. B, equal
amounts of protein were extracted from both siScr and siRHAMM cells, sep-
arated by PAGE, and blotted with the anti-RHAMM antibody. C, densitometric
analysis of specific RHAMM protein bands. The results represent the average
of three separate experiments in triplicate. Means � S.E. are plotted; statisti-
cal significance is as follows: **, p � 0.01 compared with the respective con-
trol sample.

FIGURE 3. Effect of siRHAMM on fibronectin-dependent cell adhesion.
48 h after transfection, HT1080 siRHAMM and scramble (siScr)-transfected
cells were harvested and seeded (5000 cells) for 30 min on 96-well plates
coated with fibronectin (5 �g/cm2). M stands for cell treated with culture
medium. The numbers of attached cells were determined using fluorometric
CyQUANT assay kit. The results represent the average of three separate exper-
iments in triplicate. Means � S.E. are plotted; statistical significance is as fol-
lows: ***, p � 0.001; **, p � 0.01; *, p � 0.05 compared with the respective
control samples. NS, not significant.
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Effect of LMWHA Treatments on Cellular Distribution of
RHAMM—Previous studies have demonstrated that RHAMM
biological functions are correlated to its cellular distribution
(13–16). To clarify this point in respect to the action of
LMWHAon fibrosarcoma cells, an immunofluorescence study
of RHAMM distribution was conducted. When an anti-
RHAMM protein was applied to HT1080 cells, a RHAMM-
specific signal was found to be distributed mainly throughout
the cytoplasmwith a faint staining of the nuclear region (Fig. 7).
LMWHA treatment strongly increased the total RHAMM-spe-
cific signal without major alterations in its distribution (Fig. 7).
Effect of LMWHA on Fibrosarcoma Cell Actin Organization—

Specific cytoskeletal rearrangements of transformed tumor
cells have been correlated with the efficiency of the cells to
adhere and migrate (52, 53). Therefore, we examined possible

FIGURE 5. Effect of siCD44 on fibronectin-dependent cell adhesion. 48 h
after transfection, HT1080 siCD44 and siScr cells were harvested and seeded
(5000 cells) for 30 min on 96-well plates coated with fibronectin (5 �g/cm2). M
stands for cells treated with culture medium. The numbers of attached cells
were determined using fluorometric CyQUANT assay kit. The results repre-
sent the average of three separate experiments in triplicate. Means � S.E. are
plotted; statistical significance is as follows: *, p � 0.05 compared with the
respective control samples. NS, not significant.

FIGURE 4. Transfection with siRNA specific for CD44. HT1080 cells were
transfected with CD44 short interfering RNA (siCD44) utilizing siScr as a neg-
ative control. M stands for cell treated with culture medium. A, inhibition of
CD44 mRNA expression was verified by real time PCR as compared with siScr
control and expressed as the ratio to siScr control at the 48-h point. Results are
expressed as mean % � S.E. Statistical significance is as follows: **, p � 0.01,
compared with control. B, equal amounts of protein were extracted from
both siScr and siCD44 cells blotted with the anti-CD44 antibody. C, densito-
metric analysis of specific CD44 protein bands. The results represent the aver-
age of three separate experiments in triplicate. Means � S.E. are plotted;
statistical significance is as follows: **, p � 0.01 compared with the respective
control sample.

FIGURE 6. Effect of LMWHA and HMWHA on RHAMM expression at the
mRNA and protein level. A, RHAMM mRNA expression in HT1080 cells
treated with LMWHA and HMWHA (50 �g/ml) during 24 h was determined by
real time PCR using primers specific for the RHAMM gene and normalized
against GAPDH. B, expression of RHAMM protein isoforms of treated LMWHA,
HMWHA, and control (M) HT1080 cells was determined by Western analysis.
Densitometric analysis of the RHAMM isoform protein bands were normal-
ized against actin and plotted. Representative blots are presented. C, expres-
sion of RHAMM protein isoforms in culture medium of HT1080 cells concen-
trated using 30 � 116 mm filter tubes. Densitometric analyses of the RHAMM
isoform protein bands are plotted. Representative blots are presented. The
results represent the average of three separate experiments. Means � S.E. are
plotted; statistical significance is as follows: *, p � 0.05 compared with the
respective control samples. and; **, p � 0.01.
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effects of LMWHA on HT1080 cell actin cytoskeletal arrange-
ment. Fibrosarcoma cells treated with LMWHA had more
intense F-actin stress fibers arranged in spike-like protrusions
resembling microvilli-like structures along the cell membrane
(Fig. 8). This correlates well with previous studies reporting
that HA chains of different sizes affect F-actin organization (54,
55).
ERK1/2 Pathway Is Obligatory for LMWHA/RHAMM-medi-

ated HT1080 Cell Adhesion—HA/RHAMM signaling has been
shown to bemediated through the activation of ERK1/2, which
is an important regulator of cell adhesion (56, 57). Thus, we
investigated whether ERK1/2 may be a conduit through which
HA regulates HT1080 cell adhesion by using a specific ERK1/2
inhibitor (ERKi). The capacity of HT1080 to adhere was dimin-
ished by the addition of the ERK inhibitor (p � 0.01), therefore

confirming the participation of ERK1/2 on fibrosarcoma cell
adhesion (Fig. 9A). The DMSO solvent content did not affect
HT1080 cell adhesion in control experiments (Fig. 9A). Note-
worthy, the strong LMWHA-dependent increase in HT1080
cell adhesion was completely inhibited (p � 0.001) by the ERK
inhibitor (Fig. 9A). To verify the inhibitory action of ERKi on
ERK1/2 phosphorylation, cells treated with ERKi were probed
for pERK1/2.Western blot analysis confirmed the strong inhib-
itory action of ERKi (Fig. 9, B and C). These data demonstrate
that ERK1/2 is a downstream effector of signaling mediated by
RHAMM-LMWHA.
LMWHA/RHAMM Signaling Enhances ERK1/2 Activation—

Previously, RHAMMhas been reported to interact directlywith
ERK1/2, thereby enhancing its phosphorylation and mediating
cell locomotion (15, 26, 34, 35). Therefore, we examined

FIGURE 7. Visualization of RHAMM in HT1080 cells using immunofluorescence. RHAMM protein staining of cells and respective nuclear staining (using
TO-PRO-3) were evaluated in cultures after 48 h of incubation with serum-free culture medium (M) and LMWHA (50 �g/ml). A negative control was used where
the primary anti-RHAMM antibody was omitted (negative). Slides were analyzed by confocal microscopy, and pictures were taken using �40 (with �10 zoom).
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ERK1/2 basal and adhesion-dependent phosphorylation in si-
RHAMM-treated, RHAMM-deficient HT1080 cells. Western
blots revealed that both basal and adhesion-dependent phos-
phorylation levels of ERK1/2 were strongly decreased in
RHAMM-deficient HT1080 cells (56 and 46%, respectively)
(Fig. 10). In continuation, we investigated the effect of HA in
combination with RHAMM signaling on ERK1/2 activation.

RHAMM inhibition markedly blocked LMWHA-dependent
induction of both basal and adhesion-dependent phosphoryla-
tion levels of ERK1/2 (54 and 80%, respectively) (Fig. 10). These
results provide strong evidence that an LMWHA-RHAMM-
ERK1/2 signaling axis is present in HT1080 fibrosarcoma cells.
Role of FAK in LMWHA-RHAMM-mediated Fibrosarcoma

Cell Adhesion—FAK, a major component of focal adhesion
complexes, has been shown to be activated by ERK signaling
(58).Moreover, specific interactions of RHAMMand FAKhave
been correlated to the regulation of cell motility (34, 35, 56).
Therefore, we examined the possible participation of FAK in
the proposed signaling axis. The phosphorylation of FAK, as
demonstrated byWestern blotting, was inhibited by treatment
with the ERK inhibitor (Fig. 11A), therefore confirming a regu-

FIGURE 8. LMWHA affects actin fiber organization. HT1080 cells with
(LMWHA) and without (M) LMWHA (50 �g/ml) treatment were seeded onto
round coverslips, fixed, permeabilized, and then stained using phalloidin to
visualize actin filaments. The nuclei were stained using TO-PRO-3. The signals
against phalloidin and TO-PRO-3 were superimposed. Slides were analyzed
by confocal microscopy, and pictures were taken using �40.

FIGURE 9. Effect of ERK inhibitor (ERKi) on HT1080 fibronectin-depen-
dent HT1080 cell adhesion. A, HT1080 cells treated with ERK inhibitor (5 �M)
or LMWHA (50 �g/ml) or both for 48 h were harvested and allowed to attach
(5000 cells) for 30 min on 96-well plates coated with fibronectin (5 �g/cm2).
Means � S.E. are plotted; statistical significance is as follows: **, p � 0.01; ***,
p � 0.001 compared with the respective controls. NS, not significant. The
results represent the average of three separate experiments in triplicate. B,
effect of ERK inhibitor on HT1080 cell ERK1/2 phosphorylation. HT1080 cells
treated with ERK inhibitor for 48 h were harvested, and equal amounts of cell
extract protein were separated by PAGE and blotted with phosphorylated
ERK1/2 (pERK1/2) utilizing specific antibodies. Representative blots are pre-
sented. C, densitometry analysis of the bands was normalized against actin
and plotted. The results represent the average of three separate experiments.
Means � S.E. are plotted; statistical significance is as follows: ***, p � 0.001
compared with the respective control samples.
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lating role of ERK signaling on FAK activation in HT1080 cells.
We also examined FAK basal and adhesion-dependent phos-
phorylation in RHAMM-deficient HT1080 cells. In support of
our hypothesis, both basal and adhesion-dependent phospho-
rylation levels of FAK were strongly down-regulated (75 and
41%, respectively) in RHAMM-deficient HT1080 cells (Fig. 12).
Next, we evaluated the possible effect of LMWHA-RHAMM
signaling on FAKactivation. Interestingly, RHAMMdown-reg-

ulation completely blocked LMWHA-dependent induction of
both basal and adhesion-dependent phosphorylation levels of
FAK (53 and 40%, respectively) (Fig. 12). Therefore, these
results show that LMWHA activates a RHAMM-ERK1/2-FAK
signaling cascade to regulate fibrosarcoma cell adhesion.

DISCUSSION

Increasing evidence indicates a crucial role of RHAMM-de-
pendent HA signaling in tumor development and progression.
In this study we show that novel LMWHA/RHAMM interac-
tions regulate fibrosarcoma cell adhesion via ERK1/2 activation
and FAK signaling.
Capable adhesion to the extracellular matrix is required for

successful cancer cell invasion and metastasis. Both mem-
brane-associated and intracellularly distributed RHAMMhave
been reported to affect cell motility. Specifically, HA mem-
brane-associated RHAMM interactions have been suggested to
regulate colon, breast, and prostate cancer cell adhesion ability
(59–61), whereas intracellular RHAMM has been implicated
in the regulation of focal adhesion turnover and in interactions
with actin microfilaments and adhesion molecules like integ-
rins (62–64). Our results demonstrate that HA specifically reg-
ulatesHT1080 fibrosarcoma cell adhesion in amanner depend-
ent onmolecular weight. Thus, LMWHA (15–40 kDa) strongly
increased the adhesion capacity of HT1080 cells onto fibronec-
tin. This effectwas completely abolished upon sample digestion
with Streptomyces hyaluronidase verifying its strict specificity.
In contrast, HMWHA (2.5 � 106 Da) significantly inhibited
HT1080 cell adhesion; interestingly, HA digests had an inde-
pendent inhibitory effect on fibrosarcoma cell adhesion. Differ-
ences in HA molecular weight and changes in its metabolism
are well known to influence cell functions (3, 43). Recently, we
have reported that HA of different molecular weights causes
discriminate effects on fibrosarcoma cell migration, with exog-
enous HMWHA significantly decreasing HT1080 cell migra-

FIGURE 10. Activation of ERK1/2 in HT1080 cells. Representative Western blot analyses for phosphorylation of ERK1/2 (pERK) are shown for transfected
siRHAMM, siScr cells, or nontransfected cells. A, at basal levels after 48 h of treatment with serum-free medium (M, siSRC, siRHAMM) and LMWHA (50 �g/ml); B,
during adhesion onto fibronectin using the same controls and treatments. C and D, densitometry analyses of the bands are shown at basal levels (C) and during
adhesion (D), respectively, with the ratio of pERK to total ERK1/2 normalized against actin. The results represent the average of three separate experiments in
triplicate. Means � S.E. are plotted; statistical significance is as follows: ***, p � 0.001; **, p � 0.01; *, p � 0.05 compared with the respective control samples.

FIGURE 11. Effect of ERK inhibitor on HT1080 cell FAK (Y397) phosphoryl-
ation. HT1080 cells treated with ERK inhibitor (ERKi) for 48 h were harvested,
and equal amounts of cell extract protein were separated by PAGE and blot-
ted against phosphorylated FAK (Y397) (pFAK) and total FAK (FAK) utilizing
specific antibodies. A, representative blots are shown. B, densitometry analy-
ses of the ratio of pFAK to total FAK normalized against actin are shown. The
results represent the average of three separate experiments. Means � S.E. are
plotted; statistical significance is as follows: ***, p � 0.001 compared with the
respective control samples.
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tion capacity, whereas treatment with LMWHA resulted in a
significant stimulation of the motility of these cells (43).
The response to HA signaling, leading to changes in cell

motility and invasion, was previously found to be eliminated
upon inhibition of RHAMMaction (15, 35, 56, 65). In our fibro-
sarcoma cell model system, the down-regulation of RHAMM
expression led to the reduction of basal and complete inhibition
of LMWHA-induced adhesion. It is worth noting that the effect
ofHMWHAwas not attenuated in RHAMM-deficientHT1080
cells, which emphasizes the key role of HA size on RHAMM
signaling. Our data demonstrated that CD44 likewise mediates
the LMWHA-induced adhesion, indicating that the coopera-
tion of both receptors modulates LMWHA signaling. The role
of CD44 on tumor motility has been linked to its ability to
interact with additional proteins and specifically with RHAMM
(2). Although it is clear that both HA receptors can act inde-
pendently, it has been suggested that their relative contribu-
tions to a certain cell action must be investigated in different
cases (66). Thus, different sizedHAchains have previously been
shown to elucidate discriminate effects through respective
RHAMM and CD44 signaling. It is noteworthy that although
CD44 and RHAMM are both involved in endothelial tube for-
mation induced by specific HA oligosaccharides, they mediate
distinct angiogenic signaling pathways (54). Furthermore, in an
in vitro wound healing model, HA oligosaccharides, but not
nativeHA,were shown to stimulate endothelial cell growth and
migration in a RHAMM signaling-dependent manner (67).
Likewise, studies with active blocking antibodies revealed that
anti-CD44 but not anti-RHAMM antibody inhibited endothe-
lial cell adhesion to HA, whereas anti-RHAMM but not CD44
antibody blocked endothelial cell migration through the base-
ment membrane substrate Matrigel (68).
Under monolayer culture conditions, RHAMM isoforms

were distributed both in the cell layer and the medium com-
partment of HT1080 cells. Immunofluorescence revealed that
RHAMM isoforms were mainly localized in the HT1080 cyto-
plasm. RHAMMwas originally identified as a 56–58-kDa HA-
binding protein present in the supernatant of murine fibro-

blasts and fibrosarcoma cell lines (69). Other isoforms
recognized had molecular masses from 52 to 125 kDa (17, 36,
70–72). Both cell surface RHAMMexpression and intracellular
RHAMM isoforms were described to mediate HA signaling,
either by interaction with CD44 or activation of intracellular
signaling molecules (10).
Interestingly, RHAMM expression in HT1080 cells was

greatly enhanced by addition of LMWHA at both various pro-
tein isoforms and total transcript levels. HMWHA was also,
albeit modestly, found to up-regulate RHAMM expression.
Immunofluorescence confirmed the marked LMWHA-stimu-
lated up-regulation of RHAMM expression and localized the
increase mainly to HT1080 cell cytoplasm regions. The exact
mechanism through which LMWHA enhances RHAMM
expression and distribution to the cytoplasm is currently being
investigated. We propose the existence of a putative feedback
regulation between HA production and respective receptor
expression. Importantly, RHAMM expression and HA metab-
olism have been shown, through so far unknown mechanisms,
to be strongly up-regulated in cancer cells as compared with
their normal counterparts (2).
The oncogenic effects of RHAMM are suggested to be per-

petrated through its HA-binding properties (35). Intracellular
forms of RHAMM have been localized to interphase microtu-
bules, mitotic spindles, centrosomes, and the nucleus (14, 21,
22, 71, 73, 74) suggesting that RHAMM intracellular associa-
tions have the potential to affect cell transformation and tumor
progression (74, 75). Importantly, a RHAMM intracellular
formhas been shown to directly associatewith ERK1kinase and
Src (4, 15, 36) resulting in modulations of their signaling path-
ways. Furthermore, HA has been found to modulate the phos-
phorylation of (p42/44) ERK1/2, known to mediate key cell
functions, including adhesion (56, 57). In this study, the addi-
tion of the specific ERK inhibitor during HT1080 cell adhesion
strongly decreased both basal and LMWHA-induced fibrosar-
coma cell adhesion capacity, thereby demonstrating that
ERK1/2 is a downstream effector of signals originating from
RHAMM/HA interactions.

FIGURE 12. Activation of FAK in HT1080 cells. Representative Western blot analyses are shown for phosphorylation of FAK (pFAK) using transfected siRHAMM
or siScr cells and nontransfected cells. A, at basal levels after 48 h treatment with serum-free medium (M, siSRC, siRHAMM) and LMWHA (50 �g/ml); B, during
adhesion onto fibronectin, using the same controls and treatments. C and D, densitometry analyses of the ratio of pFAK to total FAK normalized against actin
are shown at basal levels (C) and during adhesion (D). The results represent the average of three separate experiments. Means � S.E. are plotted; statistical
significance is as follows: ***, p � 0.001, and **, p � 0.01 compared with the respective control samples.
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Activated ERK was recently found to be localized at focal
adhesion complexes and suggested to interact with FAK (76).
FAK is a cytoplasmic kinase that interacts with integrins, par-
ticipates in actin polymerization, and is involved in mediating
ECM signals to changes in tumor cell migration and adhesion
(77–79). Furthermore, Vomastek et al. (76) report that ERK1/2
activation levels were inversely correlated to the size of focal
adhesion sites, whereas a direct correlation was established to
FAK activation, rate of focal adhesion disassembly, and fibro-
blast motility. The above data support the hypothesis that the
activation of FAKpromotes focal contact formation resulting in
more efficient fibrosarcoma cell adhesion. Likewise, a study in
prostate cancer cells showed that the regulation of FAK by
ERK1/2 is required for the aggressive cell phenotype and
revealed the interdependence of FAK and ERK1/2 signaling in
efficient cancer cell invasion (58). In our study the utilization of
the specific ERKi inhibitor resulted in a strong down-regulation
of FAK activation in HT1080 cells identifying ERK1/2 as a FAK
upstream effector.
Interestingly, LMWHA induced thicker F-actin stress fiber

staining. Similar actin cytoskeleton reorganization was affected
in dermal fibroblasts and endothelial cells by different sizedHA
chains (54, 55). These modifications of actin fiber organization
correlate well with the proposed enhancement of focal contact
formations (77).
LMWHA/RHAMM signaling was previously shown to sup-

port FAK activation and filopodia formation resulting in prolif-
erative/migratory phenotype of esophageal cancer cells (50). In
this study, basal and adhesion-dependent activation of FAK in
HT1080 cells was increased with the addition of LMWHA.
However, when RHAMM total expression was inhibited,
HT1080 cell activation of FAK and ERK1/2 was diminished
even after addition of LMWHA, therefore demonstrating the
obligatory participation of RHAMM. Our results correlate well
with previous studies that demonstrated that HA induced tyro-
sine phosphorylation of p125 (FAK), paxillin, and p42/44 ERK
in human endothelial cells, which was blocked by an anti-
RHAMM antibody (56). Because we have recently also demon-
strated that LMWHA enhances HT1080 cell migration (43), it
appears that this HA response dependent on RHAMM signal-
ing stimulates an aggressive phenotype of fibrosarcoma cell
motility.
In conclusion, a novel RHAMM-dependent but cooperative

with CD44 mechanism that regulates fibrosarcoma cell adhe-
sion has been revealed in this study. It is induced exclusively by
LMWHA, involves the participation of ERK1/2/FAK down-
stream effectors, and may be of significance in molecularly tar-
geted therapy of the disease.
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