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Low and high molecular weight hyaluronan (HA) was added
to adult human fibroblasts grown in monolayer to assess its
influence on CD44 expression, its internalisation and effect
on cell growth. CD44 expression on the surface of in vitro
fibroblasts was not modified by different concentrations of
FCS, whereas it was sensitive to cell cycle, being higher in
the growing than in the resting phase. Independently from
molecular weight, upon addition of exogenous HA (from 0.1
up to 1 mg/mL) to fibroblasts in the growing phase, a slight
but constant decrease of the expression of CD44 on the sur-
face of fibroblasts was observed; moreover, HA induced a
rearrangement of CD44 into patches in close relationship
with the terminal regions of stress fibers, which became thic-
ker and more rigid after a few hours from the addition of HA
to the medium. Fluorescent HA, added to the culture
medium, rapidly attached to the plasma membrane and in
less than two minutes was observed within cells, partly in
association with its receptor CD44. By the contemporary use
of neutral red, which accumulates into functional lysosomes,
the great majority of internalised HA was found within lyso-
somes. HA receptor RHAMM-IHABP was rather homoge-
neously localised within the cytoplasm of normal growing
fibroblasts. Upon addition of HA, the RHAMM-IHABP distri-
bution became discontinuous around the nucleus. Addition
of HA to fibroblasts induced a significant inhibition of cell
growth, which was dependent on HA concentration and irre-
spective of HA molecular weight, at least in the ranges
tested. Results show that extra-cellular HA is rapidly taken
up by human dermal fibroblasts together with its CD44
receptor, and transported mostly to the lysosomes. Both low
and high molecular weight HA induced down-regulation of
cell proliferation, which would seem to be mediated by HA
catabolism.
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repeated disaccharidic units (glucuronic

acid and acetyl-glucosamine) present in
the extra-cellular matrix of almost all connective
tissues. It is synthesised by hyaluronate synthases
localised on the plasma membrane of eukariotic
(Fraser et al. 1997) and of some procariotic cells
(Fraser et al. 1997; Jones et al. 1994). Its produc-
tion has been shown to be reqgulated by a number of
growth factors and cytokines, such as PDGF, TGF-
B, FGF-2, phorbol esters, TNF-a, IL-1 (Asplund et
al. 1993; Ellis et al. 1999; Heldin et al. 1992;
Sugiyama et al. 1998; Suzuki et al. 1995; Teder et
al. 1995; Tufvesson and Westergren-Thorsson
2000). HA is mainly produced during embryogene-
sis (Toole, 1997; Wheatly et al. 1993), in the early
stages of wound repair (Entwistle et al. 1996) and
can be found in considerable amounts in metastatic
tumors (Kogerman et al. 1997; Rudzki and Jothy
1997; Tuszynski et al. 1997; Zhang et al. 1995). HA
is also present within the cytoplasm and in the
nucleus, where it seems to play a role in nucleolar
function (Evanko and Wright 1999).

The biological role of HA must be rather impor-
tant as it is present in all normal adult connective
tissues (Fraser et al. 1997; Laurent and Fraser
1992), where, apart from conferring peculiar physi-
co-chemical and visco-elastic properties to the
extra-cellular milieu (Fraser et al. 1997), it inter-
acts with a number of different cell types through
cell surface CD44 receptors (Entwistle et al. 1996;
Fraser et al. 1997; Knudson and Knudson 1993;
Savani et al. 1995; Toole 1997; Van de Stolpe and

| | yaluronan (HA) is a polymer made of
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hyaluronan receptor CD44; PDGF, Platelet Derived Growth
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Hyaluronan Mediated Motility-Intracellular Hyaluronan
Binding Protein, TGF, Tumor Growth Factor, TNF, Tumor
Necrosis Factor.

63



M.A. Croce et al.

Van der Saag 1996; Aguiar et al., 1999).

Production of HA and binding of HA to cell
receptors have been shown to be regulated in a
rather complex way, depending on the cell type and
on physiological or pathological conditions
(Levesque and Haynes 1997; Mohamadzadeh et al.
1998). Moreover, HA has been shown to be inter-
nalised by cells and to modulate cell functions
(Croce et al., 2001).The role of HA on cell func-
tions has been attributed mainly to its low molecu-
lar weight fragments derived by cleavage, enzymat-
ic or not, of the high molecular weight polymer syn-
thesised by cells. These fragments seem to have
pleiotropic functions, such as induction or inhibition
of cell proliferation (Gressner 1991; Rahmanian et
al. 1997; Rooney et al. 1995; Sattar et al. 1994;
Trochon et al. 1996), stimulation of nitric oxide
synthase (Rockey et al. 1998), promotion of cell
motility (Gressnetr 1991; Van de Stolpe and Van
der Saag 1996) and cell adhesion (Clark et al.
1996; Legras et al. 1997; Savani et al. 1995; Toole
1997). However, data obtained by different authors
are often rather contradictory and seem to depend
mainly on the cell model used. A few studies have
been done on normal human fibroblasts, that are
good producers of HA especially during embryoge-
nesis and wound repair. The aim of this study was to
analyse the uptake of exogenous HA by normal
human skin fibroblasts in culture and its effect on
cell duplication.

Materials and Methods

Dermal biopsies from the armpit were obtained
after informed and signed consent from 6, appar-
ently healthy, subjects (age 39 + 6 yr) who under-
went surgery for traumatic events. Sampling was
approved by the Ethical Committee of the Faculty
of Medicine of the University of Modena and
Reggio Emilia (Italy). Fibroblast cultures were
established according to Quaglino et al. (2000) and
grown at 37°C in 5% C0:/95% air atmosphere.
Cells were used between the third and the eighth
passage. Routinely, fibroblasts were grown as
mono-layer in 75 cm?® flasks (Nunc, Roskilde,
Denmark). The G-O phase was checked by flow
cytometry. All chemicals were of analytical grade.

Receptor and integrin expression
Synchronised cells were grown in monolayer i) in

the presence of 1%, 5% and 10% FCS (Gibco,
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Australian origin); ii) in DMEM plus 10% FCS and
in the presence or absence of 0.1, 0.5 and 1 mg/mL
HA of either 1.6x10° (Polytech, Trieste, Italy), 7.5
x10° (Fidia Spa, Abano Terme, Italy), and 1x10°
(Polytech, Trieste, Italy) Da. HA was always added
to the culture medium after 6 hours from cell seed-
ing, to avoid any effect of HA on cell adhesion to
the substrate. Moreover, cell detachment from the
substrate upon addition of HA was checked by cell
counting in the culture media.

Cells, grown for 24 hours in the presence or not
of HA, were detached from the substrate with 10
mM EDTA in PBS for 10 minutes at 37°C, blocked
by the same amount of PBS with calcium and mag-
nesium and washed twice with PBS. In a number of
experiments, cells were then treated with 50 U/pL
testicular hyaluronidase type V (Sigma, St.Louis,
MO) in DMEM without FCS, pH 6, for 60 minutes
at 37°C. Five x10° cells were suspended in 200 pL
PBS and incubated for 30 minutes at room tem-
perature with 5 pL of undiluted PE-conjugated
monoclonal antibody against CD44 (clone A3DS,
Sigma, St. Louis, MO) or with antibodies towards
RHAMM-IHABP (kindly provided by Dr. Volker
Assmann, University of London) (Assmann et al.
1998) or with anti-integrin subunit 1 antibodies
(Chemicon, Temecula, CA). In these two latter
cases, before incubation with antibodies, cells were
or were not fixed with 3% paraformaldehyde
(Sigma, St Louis, MO) in PBS for 10 minutes at
room temperature, washed in PBS, treated with
0.5% Triton X100 (Merck, Frankfurt, Germany)
for 10 minutes at room temperature, and washed
again in PBS. After incubation with antibodies cells
were washed in PBS, centrifuged and incubated for
30 minutes at room temperature with TRICT-
labelled anti-rabbit I1gG (Dako, Denmark) (for
RHAMM-IHABP) or with FITC-labelled anti-
mouse IgG (Dako, Denmark) (for anti-B1 integrin
subunit). Controls were established by using isotyp-
ic immunoglobulin or the secondary antibody
alone. Cells were carefully washed in PBS, sus-
pended in 250 pL of PBS and analysed on a
EPICS XL (Coulter, Miami, Florida). Debris and
dead cells were excluded by forward and side scat-
ter gating. Ten thousand events were collected and
evaluated for each cell type using the WINMDI 2.8
program. Experiments were performed in triplicate
and repeated on cell strains from at least 3 differ-
ent individuals.

For confocal microscopy (Leica TCS 4D, Germa-



ny), cells were grown for 24 hours on glass multi-
chamber slides (Nunc, Roskilde, Denmark) in the
presence or in the absence of 1 mg/ml high and low
molecular weight HA, washed twice in PBS and a)
incubated or not with PE-conjugated monoclonal
antibody towards CD44 (Sigma, St Louis, M0O) (1:
100 diluted) for 30 minutes at room temperature,
washed with PBS, fixed with 3% paraformaldehyde
in PBS for 10 minutes at room temperature and
observed by confocal microscopy; b) fixed with 3%
paraformaldehyde in PBS for 10 minutes at room
temperature, washed in PBS, treated or not with
0.5% Triton X100 for 10 minutes at room tempera-
ture, washed in PBS, incubated with antibodies
towards RHAMM-IHABP (1:100 diluted) for 30
minutes at room temperature, washed and then incu-
bated with TRITC-conjugated secondary antibody
for 30 minutes at room temperature, carefully
washed in PBS and observed by confocal
microscopy. Experiments were performed on cell
strains from different subjects.

Binding and internalisation

Cells in the growing or in the resting phase were
detached from tissue culture flasks as described
above, washed twice with PBS, incubated with 0.1,
0.5 and 1 mg/ml fluoresceinated HA of 8.5 x 10*
Da in PBS for 1, 10, 20, 30, 60 and 120 minutes
at 37°C or at 4°C, washed twice in PBS and
observed by flow cytometry, as described above. As
positive controls, cells were incubated with non-flu-
oresceinated HA (8.5%10* Da; Polytech, Trieste) at
the same concentrations. As negative controls, cells
were treated in parallel without any contact with
HA. Experiments were repeated in duplicate on cell
strains from different subjects.

Cells, grown on glass multi-chamber slides for 24
hours, were incubated in the presence or in the
absence of 0.1, 0.5 and 1 mg/mL fluoresceinated
HA of 8.5x10* Da in PBS for 1,5, 10, and 20 min-
utes at room temperature, carefully washed in PBS
and observed by confocal microscopy. Localization
of CD44, in relation to HA binding and internalisa-
tion, was analysed by confocal microscopy. Briefly,
cells grown for 24 hours on glass multi-chamber
slides were a) incubated with PE-conjugated anti-
CD44 antibodies (1:100 dilution) for 30 minutes at
room temperature, washed in PBS, and then incu-
bated with 0.5 and 1 mg/mL 8.5x10* Da fluores-
ceinated HA for 1,5, 10, 20 minutes at room tem-
perature; b) incubated with 0.5 and 1 mg/mL 8.5
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x10* Da fluoresceinated HA for 1, 5, 10, 20 min-
utes at room temperature and then incubated with
PE-conjugated anti-CD44 antibodies (1:100 dilu-
tion) for 30 minutes at room temperature. In both
cases, after repeated washes with PBS, cells were
briefly fixed with 3% paraformaldehyde, carefully
washed in PBS and observed by confocal
microscopy. Red and green signals revealed the
presence of CD44 and HA, respectively.

Due to the characteristics of anti-RHAMM-
IHABP antibodies, RHAMM-IHABP expression
and localisation, in relation to HA binding and
internalisation, was revealed according to the fol-
lowing procedure: cells, grown to sub-confluence as
above, were incubated or not with 0.5 and 1 mg/mL
8.5x10° Da HA for 1, 5, 10 and 20 minutes at
room temperature, washed in PBS, fixed with 3%
paraformaldehyde in PBS for 10 minutes at room
temperature, washed in PBS, treated with 0.5%
Triton X100 for 10 minutes at room temperature,
washed in PBS, incubated with the polyclonal
RHAMM-IHABP antibodies for 30 minutes at
room temperature, washed twice in PBS, incubated
with TRICT-conjugated secondary antibodies for
30 minutes at room temperature, carefully washed
in PBS and observed by confocal microscopy.
Experiments were performed on cell strains from
different individuals.

Cytoskeleton

Cells were cultured for 24 hours on glass multi-
chamber slides (Nunc, Roskilde, Denmark) in the
presence or not of 1.6x10° Da HA (1 mg/mL)
(Polytech, Trieste). After 24hr cells were fixed with
3% paraformaldehyde in PBS for 20 min at room
temperature, carefully washed in PBS, treated with
0.5% Triton X-100 in PBS for 10 min, washed
with PBS, incubated with 4 pg/mL FITC-conjugat-
ed phalloidin for 1hr at room temperature, or incu-
bated with monoclonals towards human vimentin
(clone VIM 13.2; Sigma, St.Louis, MO, USA)
(1:50 diluted) or towards human vinculin (clone
hVIN-1, Sigma, St. Louis, MO, USA) (1:25 dilut-
ed) for 60 min at 37°C. In these two latter cases,
after washings in PBS, cells were incubated with
anti-mouse anti-antibodies conjugated with either
fluorescein or R-phycoerythrin (Sigma, St.Louis,
MO, USA), respectively, for 60 min at 37°C. In all
cases, cells were carefully washed in PBS and
observed by confocal microscopy. In separate
experiments, cells grown in the presence or in the
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absence of high molecular weight HA, as above,
were incubated with R-phycoerythrin-conjugated
polyclonal antibodies against CD44 (1:200 dilut-
ed) for 30 min at 37°C, washed with PBS, fixed in
3% formaldehyde in PBS for 5 min at room tem-
perature, washed again, treated with 0.1% Triton
X-100 in PBS for 3 min at room temperature and
then incubated in the presence of 4 pg/mL FITC-
conjugated phalloidin (Molecular Probes, Eugene,
USA) for 30 min at room temperature. After wash-
ing in PBS, cells were observed by fluorescence
(Zeiss, Axiophot) or confocal microscopy (Leica,
Laser TCS 4D, Wetzlar, Germany).

Lysosome staining

Lysosomes were stained by the neutral red method
that is based on the uptake of the stain by the lyso-
somes of living cells. Fibroblasts were cultured for 12
hr in multi-chamber culture slides in DMEM and
10% FBS and then in DMEM without FBS for fur-
ther 12 hr. A 0.4% Neutral Red (Sigma, St.Louis,
MO, USA) solution was prepared in DMEM without
FBS and centrifuged at 15009 for 10 minutes, in
order to remove insoluble crystals. Fresh solutions
were prepared for each assay. Cells were rinsed with
PBS and incubated with DM EM plus neutral red for
3 hr at 37°C. Cells were then incubated in DMEM
and neutral red plus fluoresceinated HA (8.5%10*
Da, Polytech, Trieste) at the final concentration of 1
mag/mL, for 5, 10, 20 and 30 minutes at 37°C, the
neutral red was removed and cells rinsed with 1 mL
of wash/fix solution (1,3 mL of 37% formaldehyde
and 10 mL of a 10% solution of anhydrous CaClz in
89 mL of distilled water) for 2-3 minutes. Cells were
observed with a Zeiss Axiophot light microscope
equipped with two cameras allowing recording of the
same cell under transmitted light (neutral red) and
under UV light for FITC-HA. Final images were
obtained by using an Adobe Photoshop® software
program combining the two digital images of the
same cells. Artificial colours have been attributed to
the following structures: black to lysosomes, white to
HA, grey to HA co-localized with lysosomes.

Cell duplication

1.2x10° cells were cultured into 35 mm Petri
dishes (Falcon, Franklin Lakes, NJ, USA) in 2 mL
DMEM containing 10% FCS. Cells were grown in
the presence and in the absence of 0.1, 0.5, and 1
mg/mL HA of 1.6x10° 7.5%10° 1x10° Da, which
was added after 6 hr from seeding. HA was added
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once on the first day or freshly every day by chang-
ing the culture medium. After 1, 2, 3 and 4 days of
culture, the medium was collected and cells were
detached by 0,25% trypsin for 10 min, centrifuged,
suspended in a small amount of medium and count-
ed by the Neubauer chamber.

To avoid errors due to the influence of HA on cell
adhesion to the substrate, floating cells were col-
lected from the medium by centrifugation and
counted as above every day. Experiments were
always performed in triplicate and were repeated
on the different cell strains.

Cell cycle

After assessment of the G-0 state by flow cytome-
try on cells grown in parallel, cells were detached by
0.25% trypsin for 10 min, and seeded into 25 cm?
flasks with DMEM, 10% FCS in the presence or in
the absence of 0.5 mg/mL 1.6X10° and 7.5%X10° Da
HA. After 24, 48 and 72 hr culture, the cell cycle
was assayed by incubation with 170mM bromodeossi-
uridine (BrdU) (Sigma, St. Louis, MO, USA) for 30
minutes at 37°C. Cells were then trypsinized, sus-
pended in DMEM, treated with 0.5% Tween 20
(Merck, Frankfurt, Germany) in PBS, centrifuged at
2000 rpm for 5 minutes, suspended in 0,5 mL 0.5%
Tween 20 in PBS and in 0.5 mL 4N HCI and incu-
bated for 30 minutes at room temperature. After
centrifugation, cells were suspended in 1 mL 0.1M
Borax (Riedel-de Haen), centrifuged, incubated for
1 hour at 4°C in 200 pL 0.5% Tween 20 in PBS and
in 5 puL anti-BrdU monoclonal antibody (Becton
Dickinson, San José, CA, USA), centrifuged, incu-
bated for 30 minutes at 4°C in 200 uL 0.5% Tween
20 in PBS and 5 pL of fluoresceinated anti-
immunoglobulin (GAM-FITC) (Becton Dickinson,
USA), centrifuged, incubated for 20 minutes at 4°C
in 200 WL 0.5%Tween 20 in PBS and in 200 pL
propidium iodide (Sigma, St. Louis, MO, USA) and
finally analysed on a EPICS XL (Coulter, Miami,
Florida). Experiments were done in triplicate and
repeated on different cell strains.

Results

CD44 expression

CD44 was highly expressed on the surface of
human dermal fibroblasts grown in mono-layer
(Figure 1). Its expression was not modified by
treatment with hyaluronidase (not shown) and was



insensitive to the presence or not of FCS in the cul-
ture medium (Figure 1a); as a positive control, in
the same experimental conditions, the expression of
the B-1 integrin subunit was observed to be influ-
enced by serum concentration (Figure 1a).
Allowing for differences among cell lines, CD44
expression depended on the cell cycle being always
higher in proliferating cells compared to the same
cells at confluence (Figure 1b; p< 0.05).

By confocal microscopy, CD44 was shown to form
a rather uniform coat on the surface of human der-
mal fibroblasts (Figure 2a). Upon addition of HA
to the culture medium the expression of CD44 on
the plasma membrane appeared weaker and more
discontinuous (Figure 2b). Flow cytometry revealed
that more than 90% of cells were positive for
CD44, that CD44 was rather variable among sub-
jects, and decreased upon addition of HA to the cul-
ture medium (Figure 2c). The decrease was appre-
ciated at a HA concentration as low as 0.1 mg/mL
and was independent from the HA molecular
weight (not shown). By using 1 mg/mL HA, the
decrease was statistically significant within the
same cell strain (Figure 2c).

HA binding and internalisation

Cells grown in monolayer were assayed for their
capacity to bind and internalise fluorescent HA
added to the culture medium for times from 1 up to
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Figure 1. CD44 and (-1 integrin subunit expression by human
dermal fibroblasts in vitro. As expected, the expression of the
B-1 subunit was influenced by serum concentration (5% vs 10%
FCS, p<0.05) (a). In contrast, CD44 expression was independ-
ent from serum concentration since changes were negligible
even in its absence (a). Interestingly, CD44 expression was sig-
nificantly lower in cells at confluence compared to growing cells
(*p<0.05) (b). Data were obtained by flow cytometry from dif-
ferent individuals.

Figure 2. CD44 expression of human dermal fibroblasts
in vitro, revealed by confocal microscopy (a,b) and by
flow cytometry (c). After 1 minute from the addition of
high molecular weight HA (1 mg/mL) to the culture
medium (b) CD44 labelling was less homogeneously
distributed and less evident on the cell surface com-
pared to cells grown in the absence of HA (a). By flow
cytometry, the expression of CD44 was always lower in
the presence of HA. Figure 2c illustrates cytofluori-
metric data obtained on cell strains from 3 different
individuals upon addition of 1 mg/mL HA (1.6x10° Da)
(*p<0.05).
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60 minutes and at HA concentrations of 0.1, 0.5, and
1 mg/mL. After incubation, fluorescent cells were
observed by confocal microscopy and the phenome-
non quantified by flow cytometry. Cells appeared flu-
orescent already after 1 minute incubation, the max-
imum intensity being reached within 30 minutes
(Figure 3a). Binding was independent from the incu-
bation temperature (37°C or 4°C, not shown), indi-
cating that the process was at least partially depend-
ent on physico-chemical forces. By confocal micro-
scopy, within 1 minute at 37°C fluorescent HA was
observed within the cytoplasm (Figure 3b); after 10
minutes incubation with fluorescent HA, the cyto-
plasm appeared intensively stained, especially in the
peri-nuclear area (Figure 3c). After 20 minutes incu-
bation, fluorescent HA was mostly concentrated in
regions near the nucleus (Figure 3d). Figure 4 shows
that uptake of HA was associated with internalisa-
tion of CD44 and that the antibodies towards CD44
used in the present study did not prevent HA binding
and internalisation. As mentioned, already after 1
minute incubation at 37°C, some fluorescent HA
(green) could be observed inside the fibroblasts,
whereas CD44 (red) was still on the cell surface
(Figure 4a), suggesting that HA entrance into the
cell was very rapid and at least partially independent
from CD44. However, for longer times, HA uptake
was associated with internalisation of CD44, as after
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Figure 3. Uptake of fluoresceinated HA by
invitro human dermal fibroblasts. Already
after 1 minute incubation fluorescent HA
was already within cells, as revealed by flow
cytometry (a) and confocal microscopy (b).
Moreover, confocal microscopy showed that
after 10 (c) and 20 (d) minutes incubation
HA accumulated in discrete globules in the
peri-nuclear area. Experiments were repeat-
ed on cells from different individuals.

10 minutes incubation with fluorescent HA both
receptor and ligand were found inside the cell and co-
localized within the cytoplasm (yellow) (Figure 4b).
Concomitant computerised visualization within the
same cells of fluorescent HA and of lysosomes, these
latter identified by the neutral red method (Figure
5), showed that, after 20 minutes from the addition
of HA to the culture medium, about 60% of inter-
nalised HA was within lysosomes (grey), while the
remaining 40% was present in discrete regions of the
cytoplasm (white). Moreover, about 50% of lyso-

Figure 4. Hyaluronan (green) and CD44 (red) localization after
incubation of cells with fluoresceinated HA. After 1 minute incu-
bation, hyaluronan was found inside the cells, whereas the great
majority of CD44 was still on the cell surface (a). After 10 min-
utes incubation, both CD44 receptor and fluorescent HA co-
localised (yellow) within the cytoplasm as revealed by middle
sections of cells by confocal microscopy. Experiments were
repeated on cells from different individuals.



Figure 5. Computerised visualization of fluorescent HA (white)
and of lysosomes (black) within a dermal fibroblast invitro after
10 minutes incubation in the presence of 0.5 mg/mL fluores-
ceinated HA. Lysosomes were visualised by the neutral red
method (see Materials and Methods). Grey globules represent
computerised co-localization of HA and lysosomes.

somes (black) did not seem to contain HA.

The HA receptor RHAMM-IHABP did not
appear to be involved in HA uptake, however its cel-
lular distribution was affected by HA internalisa-
tion. In normal growing conditions, RHAMM-
IHABP was negative on the surface of fibroblasts,
whereas it was highly expressed within the cyto-
plasm (Figure 6a). When cells were maintained in
the presence of 1 mg/mL HA for times longer than
20 minutes, corresponding to the highest HA
uptake observed in our experimental conditions,
RHAMM-IHABP was still highly represented in the
cytoplasm; however its distribution was not as uni-
form as in the absence of HA and was mainly con-
centrated into globules in the peri-nuclear area
(Figure 6b).

Cell attachment and spreading were apparently
unaffected by HA up to a concentration of 1
mg/mL. HA added to the culture medium of cells
already attached to the substrate did not disturb cell
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Figure 6. RHAMM-IHABP localisation revealed by confocal
microscopy in the absence (a) and after 20 minutes incubation
with fluoresceinated HA (b). In the absence of HA, RHAMM-
IHABP was mainly localised in the perinuclear area and its dis-
tribution was rather dispersed (a); after HA uptake, the recep-
tor distribution appeared deeply modified (b). Experiments were
repeated on cell strains from different subjects.

attachment, as evaluated by cell counting in the
medium, nor cell spreading evaluated by light
microscopy. The overall organization of cells as well
as the vimentin-positive cytoskeleton and the vin-
culin-positive focal adhesions were almost identical
in the absence and in the presence of HA (Boraldi et
al. in press). By contrast, HA in the culture medium
greatly enhanced the aggregation of actin into thick
and rigid cables (Figures 7a and b).

Cell growth

Cell attachment to the substrate was not affected
by the presence of HA in the culture medium, as no
cells were found in the medium collected at differ-
ent times from 6 hr up to 4 days of culture. By con-
trast, already after one day of culture, the number
of cells attached to the substrate was significantly
lower in the presence than in the absence of HA in

Figure 7. Dermal fibroblasts grown for 24 hr in the absence (a)
and in the presence (b) of 1 mg/mL HA (1.6%10° Da) in the cul-
ture medium. Cells grown in the presence of HA exhibited an
actin cytoskeleton, revealed by fluorescent falloidin, more evi-
dent and formed by thicker bundles compared to controls.
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the culture medium and remained significantly
lower up to the fourth day of culture (Figure 8).
Inhibition of cell growth was dependent on the con-
centration of HA. By using 7.5%x10° Da HA, inhibi-
tion could be already appreciated at 0.1 mg/mL HA
(not shown) and was statistically significant at con-
centrations higher than 0.5 mg/mL (Figure 8). The
effect was not influenced by HA added once at the
beginning of the experiment or every day by chang-
ing the culture medium containing fresh HA (data
not shown). Very similar effects were observed in
the presence of higher (1.6%10°) and lower (1x10°)
molecular weight HA (data not shown). As already
mentioned, the lower number of cells in the pres-
ence of HA was not due to cell detachment from the
substrate upon addition of soluble HA, as revealed
by cell counting in the medium from 6 up to 96
hours from the addition of HA (data not shown)
nor to cell death or apoptosis as evaluated by flow
cytometry (not shown). Analysis of the cell cycle
showed that a 10% to 25% lower number of cells
entered the cell cycle in the presence of HA.

Discussion

HA is an ubiquitous component of the extra-cel-
lular matrix and several data in the literature indi-
cate that, besides its role in the organization of the
extra-cellular matrix, it affects cell behaviour and
metabolism, especially when present at high con-
centration such as in the course of development, in
the early phases of inflammation and wound repair
(Chen et al. 1989; Ohkawa et al. 1999) as well as
in tumors (Knudson et al. 1989; Ropponen et al.
1998). In consideration of the abundance of HA in
all connective tissues and its increase in the early
phases of wound repair, it seemed of interest to
investigate its interactions with normal fibroblasts
and its eventual role in some basic processes
involved in tissue repair, such as cell duplication and
collagen synthesis.

In a previous study we have shown that relatively
high concentrations of HA in the extra-cellular
space inhibit collagen synthesis by normal human
dermal fibroblasts (Croce et al, 2001). The present
study concerns the ability of the normal human der-
mal fibroblast to bind and internalise HA and the
effect of HA uptake on cell duplication. The data
indicate that, in normal fibroblasts, HA receptor
CD44 is highly involved in the uptake and transport
of HA to lysosomes where it is probably degraded.
In particular, data show that CD44 is constitutive-
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Figure 8. Fibroblast growth was inhibited by HA (7.5x10° Da)
added to the culture medium. Inhibition was dose dependent
and statistically significant at 0.5 mg/mL HA after 24 and 48
hr, and at 1 and 1.3 mg/mL HA at all times considered
(p<0.05). Data were the mean of experiments done in triplicate
and performed on cell strains obtained from 3 different sub-
jects.

ly expressed on the surface of dermal fibroblasts in
vitro, as its expression was not affected by treat-
ment with hyaluronidase nor by the serum concen-
tration. Its expression was higher during the grow-
ing phase, and was reduced upon addition of HA
and subsequent internalisation of the receptor-lig-
and complex. Therefore, human dermal fibroblasts
express considerable amounts of the HA receptor
CD44 on the plasma membrane which seems to be
at least partially utilized to internalise and to trans-
port exogenous HA to lysosomes. These data are
partially in agreement with those recently reported
for bovine chondrocytes, where co-localization of
CD44 and HA into cytoplasmic vesicles correlates
with HA degradation by acid hydrolases (Aguiar et
al, 1999). Moreover, the present data are also par-
tially in agreement with those recently obtained on
keratinocytes, where HA did not localize with mark-
ers of lysosomes, but was found into endosomal
vesicles negative for CD44 (Tammi et al., 2001).
The discrepancies among authors could depend on



the different cell types employed or on the technical
difficulty of observing very rapid and complex phe-
nomena. Within 2 minutes at least part of HA was
inside the cytoplasm, not in association with CD44;
a few minutes later, the great majority of inter-
nalised HA co-localised with CD44 into discrete
globules; after 20 min incubation, about 60% of
internalised HA was within lysosomes whereas the
remaining was into neutral-red-negative vesicles.
The effect on cell duplication could be appreciated
after a few hours by evaluating the percentage of
cells entering the cell cycle. Therefore, binding,
internalisation and possible degradation of HA
would seem to precede the effect on cell duplica-
tion. The finding that both high and low molecular
weight HA induced a similar concentration-depend-
ent inhibition on cell proliferation may suggest that
the effect is mediated by HA fragments.

RHAMM (Receptor for HA Mediated Motility) is
another HA receptor claimed to play a fundamen-
tal role in HA binding, cell migration and tumor
metastasis in human breast cancer (Wang et al.
1998). In our experimental conditions, this receptor
was not expressed on the surface of human dermal
fibroblasts in normal growing conditions, but was
diffusely spread within the cytoplasm. These data
are in agreement with the observations by Assmann
and coworkers on tumor cells (Assmann et al.,
1998), and with recent data on PC12 cells, where
RHAMM was shown to be localized to the
cytoskeleton, neurites and growth cones (Lynn et
al., 2001). For technical difficulty, a clear intracel-
lular co-localization of RHAMM-IHABP and HA
could not be obtained, however, within a few min-
utes upon addition of HA to the culture medium,
the distribution of RHAMM-IHABP changed and
this HA receptor appeared concentrated into dis-
crete spots in the peri-nuclear area. Intracellular
HA receptors have been suggested to play a role in
cell motility in a particular strain of transformed
and normal fibroblasts, where HA was shown to
operate only when taken up by cells or microinject-
ed into cells (Collins et al. 1998). The data of the
present study would seem to favour this hypothesis,
as RHAMM-IHABP receptor was never found on
the plasma membrane, but it was found in the cyto-
plasm. It is worth noting that HA whether present
in the extra-cellular space or once internalised did
not seem to modify cell-matrix interactions, since
cell shape, spreading, as well as vimentin and vin-
culin organization were not affected by the pres-
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ence of up to 1 mg/mL HA (not shown). However,
exogenous HA would seem to modify the aggrega-
tion properties of actin molecules by inducing the
formation of thick cables that could be relevant for
cell migration.

It has been recently observed that exogenous HA
decreases collagen production by human fibroblasts
in vitro (Croce et al., 2001). The present data show
that, in the same experimental conditions, HA
uptake induces a significant dose-dependent inhibi-
tion of cell growth. This may suggest that high
fibroblast proliferation would be associated with
low concentration of HA in the extra-cellular space.
From data of the literature, the effect of HA on cell
growth seems to be greatly dependent on the cell
type (Laurent and Fraser 1992). HA has been
shown to have an inhibitory effect on the prolifera-
tion of CHO cells (Dube et al., 2001), on post-sur-
gical fibroblasts (Klein et al., 1996), on a human
malignant mesothelioma cell line exhibiting a
fibroblast-like morphology, whereas it had no effect
on a similar human malignant mesothelioma cell
line exhibiting an epithelial phenotype (Syrokou et
al. 1999). Moreover, foetal rabbit fibroblast (Mast
et al. 1993) as well as tendon fibroblast prolifera-
tion has been shown to be inhibited by exogenous
high molecular weight HA at concentrations similar
to those used in the present investigation (Wiig et
al. 1996). In the present study, extra-cellular HA
would seem to down-regulate the proliferation of
adult human skin fibroblasts, by preventing cells
from entering the cell cycle rather than influencing
the cell cycle as such. The inhibitory effect could be
due to the presence of the polysaccharide in the
extra-cellular space or the consequence of meta-
bolic events following its internalisation and degra-
dation. The present data seem to support the latter
hypothesis, as HA is rapidly internalised and trans-
ferred at least partially into lysosomes. Moreover, a
masking effect of growth factors by the polysac-
charide would seem improbable, as HA has been
suggested to favour wound healing by acting as a
delivery system for FGF (Radomsky et al. 1998); in
addition, apart from heparin, no other proteogly-
cans nor HA have been shown to interfere with the
mitogenic effect of FGF-2 or EGF on neuronal pre-
cursors (Caldwell and Svendesen 1998).
Interestingly, the most relevant effect of cell dupli-
cation was observed during the first two days of
culture, then the growth curve runs parallel to the
control one.
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Our findings do not agree with the reported data
obtained with endothelial cells in vitro, where low
and high molecular weight HAs showed a different
behaviour, exhibiting respectively an inhibitory or
stimulatory effect on cell proliferation (Rahmanian
et al. 1997; West and Kumar 1989). In our experi-
mental conditions, both high and low molecular
weight HA had similar effects on cell growth, sug-
gesting that HA as such, or low molecular weight
fragments of HA, either introduced or derived by
intracellular degradation, might be responsible for
the observed inhibitory effect on fibroblast prolifera-
tion.

In conclusion, extra-cellular HA, when present at
relatively high concentrations, has a deep influence
on the behaviour of adult human dermal fibroblasts
in vitro. It inhibits protein and collagen synthesis by
human dermal fibroblasts in vitro (Croce et al.,
2001), and the present study shows that soluble HA
is rapidly taken up by fibroblasts and exhibits a
molecular weight-independent inhibitory effect on
cell growth. Moreover, recent data from our labora-
tory show that, when partially immobilised as it
occurs in tissues, HA influences cell-matrix interac-
tions, cell orientation and migration (manuscript
submitted). Therefore, HA in normal connective tis-
sues would seem to play pleiotropic roles. It con-
tributes to the three-dimensional organization and
to the hydration of the connective tissue extra-cel-
lular matrix thus influencing the physico-chemical
properties of the cell environment, and, through cell
binding and internalisation, can be a powerful mod-
ulator of fibroblast metabolism, migration, orienta-
tion and growth.
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