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Hyaluronan, a widely distributed component of the extracel-
lular matrix, exists in a highmolecular weight (native) form and
lower molecular weight form (HMW- and LMW-HA, respec-
tively). These different forms of hyaluronan bind to CD44 but
elicit distinct effects on cellular function. A striking example is
the opposing effects of HMW- and LMW-HA on the prolifera-
tion of vascular smooth muscle cells; the binding of HMW-HA
to CD44 inhibits cell cycle progression, whereas the binding of
LMW-HA to CD44 stimulates cell cycle progression. We now
report that cyclin D1 is the primary target of LMW-HA in
human vascular smooth muscle cells, as it is for HMW-HA, and
that the opposing cell cycle effects of these CD44 ligands result
from differential regulation of signaling pathways to cyclin D1.
HMW-HAbinding toCD44 selectively inhibits theGTP loading
of Rac and Rac-dependent signaling to the cyclin D1 gene,
whereas LMW-HA binding to CD44 selectively stimulates ERK
activation and ERK-dependent cyclin D1 gene expression.
These data describe a novel mechanism of growth control in
which a ligand-receptor system generates opposing effects on
mitogenesis by differentially regulating signaling pathways to a
common cell cycle target. They also emphasize how a seemingly
subtle change in matrix composition can have a profound effect
on cell proliferation.

The extracellular matrix (ECM)2 is a key regulator of several
cellular functions, including differentiation, survival, and pro-

liferation. Hyaluronan (HA) is a widely distributed component
of the ECM (1, 2). Unlike ECM proteins such as collagen,
fibronectin, vitronectin, and laminin, HA is a glycosaminogly-
can with amolecular mass ranging from several million daltons
(called native or high molecular weight HA (HMW-HA)) to
20–500 kDa (called lower molecular weight HA (LMW-HA)).
HMW-HA is produced and secreted from several cell types
where it is incorporated into the ECM and interacts in an auto-
crine andparacrine fashionwith its receptors. LMW-HAcanbe
synthesized de novo or generated from the enzymatic degrada-
tion or oxidative hydrolysis of HMW-HA, typically at sites of
inflammation (2, 3). Very small HA oligomers also have biolog-
ical activities (4, 5), but their biological significance is less well
understood.
HA can bind to several cell surface receptors (6, 7), but the

most extensively studied receptor for HA is CD44 (8, 9). CD44
is a type I transmembrane glycoprotein with a 72-amino acid
cytoplasmic domain (10). CD44 is an endocytic receptor forHA
(11) and can also regulate classical signaling pathways, includ-
ing Src family kinases and Rho family GTPases (12). Sequential
activation of themetalloproteinase,MMP-1, andpresenilin-de-
pendent �-secretase releases a biologically active extracellular
domain and intracellular domain fromCD44, which appears to
explain some of the effects of CD44 on gene transcription (13).
CD44 plays an important role in regulation of the cortical actin
cytoskeleton through an interaction withmerlin and ERMpro-
teins and also transmits signals that control differentiation,
migration, and proliferation (14, 15). In addition to HA, CD44
binds to other ligands, including osteopontin and MMPs (16,
17). In fact, the binding ofMMPs to CD44 promotes theMMP-
dependent activation of TGF-� (18). Thus, the signaling effects
of CD44 can be direct, a consequence of cortical actin organi-
zation, or indirect through TGF-�.
Both HMW-HA and LMW-HA bind to CD44 with similar

affinities, but the biological outcome of the binding is distinct
(10). For example, the binding of HMW-HA to CD44 antago-
nizes mitogen-induced cell cycle progression, whereas the
binding of LMW-HA to CD44 stimulates cell cycle progression
in vascular smooth muscle cells (SMCs) and fibroblasts (19).
The molecular basis for these opposing proliferative effects of
HMW-HA and LMW-HA remains unresolved. We recently
reported that the anti-proliferative effect of HMW-HA reflects
its ability to inhibit the mitogen-dependent induction of cyclin
D1 mRNA and protein (20). This effect is mediated by CD44
and likely independent of TGF-� activation because the anti-
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proliferative effects of TGF-� aremost closely linked to up-reg-
ulation of cyclin-dependent kinase (cdk) inhibitors, p15INK4b
and p21cip1 (21). The signal transduction mechanism(s) by
which HMW-HA binding to CD44 inhibits cyclin D1 gene
expression remains unexplored.
The cyclin D1 gene is the target of many mitogenic signaling

pathways, but the best studied pathway to cyclin D1 is arguably
the ERK-MAPK pathway. In several cell types, a sustained ERK
activity between 3 and 6 h after mitogen stimulation results in
the induction of cyclin D1 mRNA in mid-G1 phase, at least
when cells are re-entering G1 phase from quiescence (22, 23). A
second commonway to induce cyclinD1mRNA is through Rac
(24, 25). Rac signaling to cyclin D1 requires NF-�B and results
in a somewhat earlier induction of cyclin D1 within the G1
phase (23, 26). Once expressed, cyclin D1 binds to cdk4 or cdk6
and initiates the inactivating phosphorylation of Rb that, in
turn, controls the transcription of E2F-dependent genes and
progression into S phase (27, 28).
In this study we show that the opposing effects of HMW-HA

and LMW-HA on S phase entry do not reflect regulation of
distinct cell cycle targets but rather opposing effects on the
expression of cyclinD1mRNA.Moreover, we demonstrate that
HMW-HA inhibits cyclin D1 gene expression by selectively
inhibiting Rac signaling to cyclin D1, whereas LMW-HA stim-
ulates cyclin D1 gene expression by selectively stimulating ERK
signaling to cyclin D1. Both effects require CD44. To our
knowledge, this is the first study of a ligand-receptor system
having opposing effects on mitogenesis by differentially regu-
lating signaling pathways to a common cell cycle target.

EXPERIMENTAL PROCEDURES

Cell Culture—Early passage human vascular SMCs were
maintained and serum-starved at near confluence for 48 h as
described (20). Early passage vascular SMCswere isolated from
wild-type and CD44-null C57Bl/6 mice and cultured as
described (20). Primary mouse embryonic fibroblasts (MEFs)
were isolated from E14.5 background-matched wild-type or
Skp2-null embryos (29). The explantedMEFs were maintained
in DMEM containing 10% FBS and used at passage 2–4. Near
confluent MEFs were serum-starved in DMEM, 1 mg/ml heat-
inactivated fatty acid-free bovine serum albumin for 48 h. A
concentrated solution of endotoxin-free LMW-HA solution
(10 mg/ml; MP Biomedicals, Solon, OH) or HMW-HA (10
mg/ml; Healon, AdvancedMedical Optics, Santa Ana, CA) was
diluted to 200 �g/ml with DMEM. Unless noted otherwise, the
solutions were supplemented with FBS (to 10 or 0.1% final con-
centrations for experiments with HMW-HA or LMW-HA,
respectively) and directly added to the serum-starved cells. S
phase entry was determined by immunofluorescence micros-
copy as described (20, 30) in cells incubatedwith BrdU from the
time of FBS stimulation. Polymyxin Bwas typically added to the
cells as described (20), although similar results were obtained in
the absence or presence of polymyxin B. In some experiments,
a species-specific blocking antibody to human CD44 (5F12; 50
�g/ml), or an irrelevant isotype-matched antibody, was added
to the cultures �30 min before the addition of LMW-HA. The
figures show representative results, typically from 3 to 4 inde-
pendent experiments.

Adenoviral Infections and siRNA Transfections—Adenoviral
infections were performed as described (20) using 106 human
vascular SMCs in 100-mm dishes. The adenoviruses encoded
LacZ, dominant negative Rac (RacN17), or a Rac-GAP (�2-chi-
merin). The infected, starved cells were washed once with
serum-freeDMEMbefore being incubatedwith 0.1%FBS in the
presence or absence of LMW-HA (200 �g/ml).
For siRNA-mediated knockdown, human vascular SMCs

were trypsinized and reseeded (106 cells per 100-mm dish) in
DMEM, 10% FBS without antibiotic overnight. The next day,
Lipofectamine 2000 (Invitrogen; 1 �l per 25,000 cells) and
siRNAs (Ambion; 150 nM final concentration) were diluted in
Opti-MEM (Invitrogen) and added to the confluent cells for 4 h
before serum-starving the cells for an additional 24 h in fresh
Opti-MEM (30). The cells were then incubated with 0.1% FBS
in the presence or absence of LMW-HA for 24 h. The siRNA
sequences used to knockdown cyclin D1 and Rac1 have been
described (30). An additional Rac siRNA sequence used here
was GAUUAUGACAGAUUACGCCtt. A nonspecific siRNA

FIGURE 1. Effects of LMW-HA on G1 phase events. Quiescent human vascu-
lar SMCs were incubated with 0.1% FBS for the selected times in the absence
or presence of LMW-HA. A, SMCs were collected, lysed, and immunoblotted
for Rb. Upper and lower arrows indicate the positions of hyper- and hypo-
phosphorylated Rb, respectively. The thin vertical line indicates where extra-
neous information was removed from the immunoblot. B, human SMCs were
co-transfected with plasmids encoding the cyclin A promoter driving lucifer-
ase and CMV-driven Renilla luciferase as described (20, 48). The transfected
cells were serum-starved for 24 h and incubated with 0.1% FBS for 24 h. Cyclin
A promoter activity was determined in the absence or presence of LMW-HA
and plotted relative to Renilla luciferase activity. Quiescent human SMCs were
also incubated with 0.1% FBS for 24 h in the absence or presence of LMW-HA.
Total RNA was isolated and analyzed by QPCR for cyclin A mRNA and 18 S
rRNA. C indicates control. C, quiescent human SMCs treated with LMW-HA
were lysed, and the levels of cyclin D1 mRNA and 18 S rRNA were determined
by QPCR. D, quiescent human SMCs treated with LMW-HA were lysed and
immunoblotted for cyclin D1 and actin (loading control). E, quiescent human
SMCs treated with LMW-HA were collected, lysed, and immunoblotted for
p27, cdk2, and cdk4 (loading control). F, quiescent human SMCs treated with
LMW-HA were lysed and analyzed by QPCR for p27 mRNA and 18 S rRNA. The
expression of cyclin A, cyclin D1, and p27 mRNAs was normalized to 18 S
rRNA.
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was used as control (AUUCUAU-
CACUAGCGUGAC; D-001206-10;
Dharmacon Inc., Lafayette, CO).
Rac Activation Assay—Near-con-

fluent SMCs (�105 cells per 35-mm
dish) were serum-starved for 48 h.
The cells were preincubated with
200 �g/ml HMW-HA or LMW-HA
for 30 min at 37 °C before being
stimulated for 3 or 5 min with 10%
FBS or 0.1% FBS, respectively. Rac
activity was determined using a
G-LISA Rac Activation Assay Bio-
chem Kit (Cytoskeleton Inc., Den-
ver, CO). Cells were collected and
lysed as per the manufacturer’s
instructions. Error bars indicate
S.D. of triplicate measurements.
Quantitative Real Time Reverse

Transcriptase-PCR (QPCR)—Cells
washed once with cold phosphate-
buffered saline were extracted in
TRIzol reagent (Invitrogen), and
total RNAwas isolated. The levels of
cyclin D1 mRNA, Skp2 mRNA,
cdk4 mRNA, and 18 S rRNA were
determined by QPCR as described
(20, 30). QPCR results for cyclin D1
and Skp2 mRNAs were plotted rel-

ative to 18 S rRNA or cdk4 mRNA, neither of which varied
reproducibly in response to the treatments used here. Error
bars indicate S.D. of duplicate PCR reactions.
Immunoblotting—SDS-gel electrophoresis was performed

under reducing conditions, and the fractionated proteins were
transferred to nitrocellulose filters before immunoblottingwith
antibodies to cyclin D1, p27, cdk2, cdk4, Rac, Rb, and actin as
described (23, 31, 32). The resolved proteins were detected
using ECL (AmershamBiosciences). Autoradiogramswere dig-
itized by scanning, and figures were assembled using Adobe
Photoshop.

RESULTS

LMW-HA Synergizes with a Suboptimal Mitogenic Stimulus
to Promote S Phase Entry—We previously reported that
LMW-HA stimulates S phase entry in quiescent mouse vascu-
lar SMCs incubated in suboptimal (�1%) FBS, and that the
effect requires CD44 (23). However, limitations in the numbers
ofmurine vascular SMCs significantly hindered a detailed anal-
ysis of the underlying mechanism.We therefore confirmed the
pro-mitogenic effect of LMW-HA, and the dependence on
CD44, in human vascular SMCs (supplemental Fig. 1,A and B).
These initial experiments also showed that the potency of
LMW-HA was similar to 10% FBS (supplemental Fig. 1A).
Interestingly, LMW-HA could not stimulate S phase in the
complete absence of FBS (supplemental Fig. 1C), indicating
that LMW-HA binding to CD44 promotes mitogenesis by syn-
ergizing with a sub-optimal mitogenic stimulus. There was no
apparent difference in cellular viability or morphology of vas-

FIGURE 2. Effects of LMW-HA on the cell cycle are mediated by CD44. A, quiescent human vascular SMCs
were incubated with 0.1% FBS for 24 h in the absence or presence of LMW-HA. Total RNA was isolated from the
SMCs and used to determine the levels of Skp2 mRNA and cdk4 mRNA. The expression of Skp2 mRNA was
normalized to cdk4 mRNA. Inset, a portion of the cells was collected, lysed, and immunoblotted for Skp2 and
cdk4 (loading control). B and C, quiescent human vascular SMCs were incubated with 0.1% FBS for 24 h in the
absence or presence of LMW-HA. A blocking antibody specific for human CD44 (5F12) or an isotype-matched
irrelevant antibody was added at the time of FBS stimulation and remained in the culture for the duration
of the experiment. Total RNA was isolated and used to determine the levels of cyclin D1, Skp2 mRNA, and
18 S rRNA. D and E, quiescent CD44-null or wild-type (WT) mouse SMCs were incubated with 0.1% FBS in
the absence or presence of LMW-HA for 6 and 24 h. Total RNA was isolated and used to determine levels
of cyclin D1 mRNA, Skp2 mRNA, and 18 S rRNA. B–E, the expression of cyclin D1 and Skp2 mRNAs was
normalized to 18 S rRNA.

FIGURE 3. Cyclin D1 is the proximal target of HMW-HA. Human vascular
SMCs were transfected with cyclin D1 siRNA or a nonspecific siRNA (control)
before being treated with 0.1% FBS in the presence or absence of LMW-HA for
24 h. A, cells were collected, lysed, and immunoblotted for cyclin D1, p27, and
actin (loading control). The thin vertical line indicates where extraneous infor-
mation was removed from the immunoblot. B, total RNA was isolated and
used to determine the levels of Skp2 mRNA and 18 S rRNA. The expression of
Skp2 mRNA was normalized to 18 S rRNA. C, quiescent Skp2-null or wild-type
(WT) MEFs were incubated with 0.1% FBS in the absence or presence of
LMW-HA for 15 and 24 h. Total RNA was isolated and used to determine
levels of cyclin D1 mRNA and 18 S rRNA. The expression of cyclin D1 mRNA
was normalized to 18 S rRNA. D, human vascular SMCs were transfected
with cyclin D1 siRNA or a nonspecific siRNA before being incubated with
0.1% FBS and BrdU in the presence or absence of LMW-HA for 24 h. Cells
were fixed, and BrdU incorporation was determined by immunofluores-
cence microscopy.
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cular SMCs incubated in the absence or presence of 0.1%FBS or
LMW-HA (supplemental Fig. 1D).
Cyclin D1 Is the Primary Target of LMW-HA—We then

determined the effect of LMW-HA on G1 phase cell cycle pro-
gression in human vascular SMCs. The inactivation of Rb is a
mid-late G1 phase event that is mediated by cdk4/6- and cdk2-
dependent phosphorylation, allows for the release of activator
E2Fs, and is essential for S phase entry (28, 33). LMW-HA stim-
ulated Rb hyperphosphorylation as determined by gel shift (Fig.
1A); it also activated the cyclin A promoter, an E2F target (34,
35), and induced cyclin A mRNA (Fig. 1B). We mapped the
effect of LMW-HA within the G1 phase cdks and found that
LMW-HA stimulated the expression of cyclin D1 mRNA and
protein (Fig. 1, C and D, respectively). LMW-HA also down-
regulated the protein levels of the cdk inhibitor, p27 (Fig. 1E),
but did not affect the expression of p27 mRNA (Fig. 1F). Levels
of the twomajorG1 phase cdks, cdk4 and cdk2, were unaffected
by LMW-HA (Fig. 1E). p21 levels were difficult to detect in
these cells (data not shown). Collectively, these data indicate
that the increased inactivation of Rb and S phase entry seen in
response to LMW-HA results from up-regulation of cyclin D1,
down-regulation of p27, and the consequent activation of con-
stitutively expressed cdk4 and cdk2.
The levels of p27 are typically controlled by ubiquitin-medi-

ated proteolysis through the ubiquitin-protein ligase complex,
SCFSkp2 (36, 37). Skp2 is the substrate specificity component of

the SCF complex, and its mRNA
and protein levels are induced by
mitogens as cells progress toward S
phase from quiescence (38). Con-
sistent with these results, we found
that LMW-HA stimulated the
expression of Skp2 mRNA and pro-
tein (Fig. 2A). A CD44-neutalizing
antibody strongly inhibited the
stimulatory effects of LMW-HA on
cyclin D1 and Skp2 mRNAs (Fig. 2,
B andC, respectively). Furthermore,
LMW-HA failed to stimulate the
expression of cyclin D1 and Skp2
mRNAs in CD44-null SMCs (Fig. 2,
D and E). Thus, the effects of
LMW-HA on both cyclin D1 and
p27 require CD44.
We recently reported that the

down-regulation of p27 commonly
seen in response to mitogenic stim-
ulation can be a secondary con-
sequence of cyclin D1 induction
and cdk4/6 activation; cdk4/6-
dependent inactivation of Rb pro-
motes E2F release, which then
induces Skp2 and decreases steady-
state p27 levels (31, 38). Indeed, we
found that the effects of LMW-HA
onSkp2 and p27 levels were second-
ary to the induction of cyclin D1
because cyclin D1 knockdown with

siRNA (Fig. 3A) eliminated the effect of LMW-HA on Skp2
gene induction (Fig. 3B) and p27 down-regulation (Fig. 3A). In
contrast, knock-out of Skp2 did not prevent LMW-HA from
inducing cyclin D1 mRNA (Fig. 3C), as would be expected if
Skp2 up-regulation was a secondary (rather than primary)
effect of LMW-HA. Collectively, these data indicate that cyclin
D1 is the primary target of LMW-HA. Since our recent report
showed that HMW-HA inhibits S phase entry by blocking the
mitogen-dependent induction of cyclin D1 (20), we conclude
that the opposing effect of HMW-HA and LMW-HA are both
exerted through a common cell cycle target, cyclin D1. Consist-
ent with this conclusion, knockdown of cyclin D1 strongly
inhibited S phase entry in response to LMW-HA (Fig. 3D). This
result also indicates that cyclin D1 is the major D-type cyclin
regulating S phase entry in this system.
Opposing Effects of HMW- and LMW-HA on ERK- and Rac-

dependent Cyclin D1 Gene Expression—The ERK-MAPK and
Rac pathways have frequently been linked to the induction of
cyclin D1mRNA (see Introduction).We examined the effect of
these pathways on FBS-stimulated cyclinD1 gene expression in
human vascular SMCs and asked if these pathways might be
differentially regulated by HMW-HA and LMW-HA. We
found that FBS-stimulated induction of cyclin D1 mRNA (Fig.
4A) and protein (Fig. 4D) were not strongly affected by blocking
ERK activation with the MEK inhibitor U0126. In contrast,
ectopic expression of dominant negative Rac (RacN17), a Rac-

FIGURE 4. Cyclin D1 gene expression is regulated by Rac in serum-stimulated human vascular SMCs.
A, quiescent human vascular SMCs were stimulated with 10% FBS for the selected times in the presence of
DMSO or 50 �M U0126. Total RNA was then extracted and used to determine levels of cyclin D1 mRNA and 18 S
rRNA by QPCR. Inset, cells were collected, lysed, and immunoblotted for dually phosphorylated ERK1/2
(pERK1/2) and ERK2 (loading control). B, human vascular SMCs were infected with an adenovirus (100 multi-
plicity of infection) encoding LacZ, dominant negative Rac (N17Rac), or a Rac-GAP (�2-chimerin), serum-
starved, and stimulated with 10% FBS for the selected times. Total RNA was extracted and used to determine
levels of cyclin D1 mRNA and 18 S rRNA by QPCR. C, quiescent human vascular SMCs were transfected with a
nonspecific siRNA (control; C) or two distinct Rac1 siRNAs (also called R-1 and R-2) before being stimulated with
10% FBS for the selected times. Total RNA was extracted and used to determine levels of cyclin D1 mRNA and
18 S rRNA by QPCR. Inset, cells were collected, lysed, and immunoblotted for Rac and GAPDH (loading control).
The expression of cyclin D1 mRNA was normalized to 18 S rRNA. D, experiments in A and C were repeated, and
collected cells were analyzed by immunoblotting for the levels of cyclin D1 and GAPDH (loading control).
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GAP (�2-chimerin), or two distinct Rac1 siRNAs strongly
inhibited cyclin D1 gene expression in FBS-stimulated human
vascular SMCs (Fig. 4, B and C). Rac1 siRNA also blocked the
FBS-stimulated induction of cyclin D1 protein (Fig. 4D).

We then asked if HMW-HA and LMW-HA differentially
affected ERK or Rac signaling to cyclin D1 mRNA. We exam-
ined sustained ERK activity (3–9 h after mitogenic stimulation)
because that signaling period has been linked to the induction
of cyclin D1 mRNA (see Introduction). We focused on much
earlier times for Rac activation because themitogen-stimulated
GTP loading of Rac is known to decay rapidly. We found that
the inhibitory effect of HMW-HA on FBS-stimulated cyclin D1
gene expression (Fig. 5A) was not associated with a decrease in
ERK activation (Fig. 5B). However, HMW-HA strongly inhib-
ited GTP loading of Rac in human vascular SMCs (Fig. 5C).
Conversely, the stimulatory effect of LMW-HA on cyclin D1
gene expression (refer to Fig. 1) was not associated with a stim-
ulation of Rac-GTP loading (Fig. 5C) nor did Rac siRNA inhibit
the induction of cyclin D1 mRNA or S phase entry in LMW-
HA-treated cells (Fig. 6, A–C). LMW-HA did result in the effi-
cient activation of ERKs (assessed by immunoblotting for dually

phosphorylated ERK1/2) in vascular SMCs incubatedwith 0.1%
FBS (Fig. 6D). Importantly, the stimulatory effects of LMW-HA
on ERK activity and cyclin D1 induction are causally linked
because MEK/ERK inhibition with U0126 blocked the induc-
tion of cyclin D1 mRNA in response to LMW-HA (Fig. 6E).
Collectively, these data show that HMW- and LMW-HA exert
their opposing effects on cyclin D1 gene expression by differ-
entially regulating the activation of Rac and ERK. By extension,
we conclude that HA binding to CD44 can have opposing
effects on mitogenesis because the high and lower molecular
weight forms of HA differentially regulate the ERK- and Rac-
signaling pathways to cyclin D1 mRNA.

DISCUSSION

The results described here document themechanism under-
lying the pro-mitogenic effect of LMW-HA, and begin to
explain how HMW-HA and LMW-HA can have opposing
effects on cell cycle progression despite binding to the same
receptor, CD44.We show that LMW-HA stimulates the induc-
tion of cyclin D1 in cells exposed to a suboptimal mitogenic
stimulus. LMW-HA also stimulates the expression of Skp2
and the down-regulation of p27kip1, but epistasis experi-
ments (in which we depleted either cyclin D1 or Skp2)
showed that the effects on Skp2 and p27 likely result from
cyclin D1-dependent Rb inactivation. Thus, the effect of
LMW-HA on cyclin D1 levels is primary and its effects on
Skp2 and p27 levels are secondary.
It is noteworthy that HMW-HA exerts its anti-mitogenic

effect by inhibiting mitogen-dependent cyclin D1 induction in
the same cells (20). Thus, HMW-HA and LMW-HA have
opposing effects on the expression of cyclin D1, and in both
cases, the HA effects require CD44 (this study and Refs. 19, 20).
These results emphasize how a seemingly subtle change in
matrix composition, viz. the size of HA, can result in qualita-
tively distinct effects on cell proliferation. Recent studies indi-
cate that CD44 can cooperate with TLR4 in mediating its sig-
nals (39), but consistent with other reports (40, 41), we were
unable to detect TLR4 surface expression by flow cytometry in
unstimulated human vascular smoothmuscle cells or following
treatment with either HMW-HA or LMW-HA, nor did expo-
sure toHMW-HAor LMW-HAhave any pronounced effect on
the surface levels of CD44 (data not shown).
The ERK-MAPK pathway and the Rac pathway stimulate

cyclin D1 gene expression in several cell types, and we show
here that both pathways contribute to the mitogen-dependent
induction of cyclin D1 mRNA in human vascular SMCs. ERK
and Rac activities are stimulated in response to several receptor
types, including receptor tyrosine kinases, integrins, and cad-
herins. Although signaling by CD44 is not well understood, the
mechanisms by which CD44 is thought to signal (e.g. regulation
of ERM proteins and release of its intracellular domain) are
different from the canonical mechanisms associated with acti-
vation of receptor tyrosine kinases, integrins, and cadherins.
Thus, it appears that a very divergent set of receptor-proximal
signaling mechanisms converge to regulate the activation of
ERKs and Rac.
One of the salient findings in this study is that the opposing

effects of HMW-HA and LMW-HA on cyclin D1 gene expres-

FIGURE 5. Effect of HMW-HA ERK and Rac signaling to cyclin D1 mRNA.
Quiescent human vascular SMCs were stimulated with 10% FBS in the pres-
ence or absence of HMW-HA for 24 h. A, total RNA was isolated and used to
determine levels of cyclin D1 mRNA and 18 S rRNA by QPCR. The expression of
cyclin D1 mRNA was normalized to 18 S rRNA. B, cells simulated for 0 –9 h
were collected, lysed, and immunoblotted for dually phosphorylated ERK1/2
(pERK1/2) and ERK2 (loading control). The blot (left) shows a representative
result, and the graph (right) plots the ratio of activated ERK/total ERK as fold
stimulation (mean � S.D.) relative to serum-starved cells as determined from
densitometric analysis of immunoblots from three independent experiments
using ImageJ. Two-tailed t tests showed that the slight reduction in pERK/ERK
levels in control and HMW-HA treated cells at 9 h was not statistically signifi-
cant (p � 0.43). C, quiescent human vascular SMCs were pretreated with
HMW-HA or LMW-HA before being incubated with 10% FBS or 0.1% FBS,
respectively, for 3 and 5 min. Cells were collected and lysed, and Rac activity
was determined using a Rac G-LISA kit. Standard deviations in C ranged from
0.06 to 0.38.
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sion result from differential regula-
tion of the ERK and Rac pathways
to cyclin D1 mRNA (Fig. 7). Spe-
cifically, the inhibitory effect of
HMW-HA results from inhibition
of mitogen-dependent Rac-GTP
loading (hence Rac signaling to
cyclin D1), whereas the stimulatory
effect of LMW-HA results from a
strong enhancement of ERK activa-
tion in response to weak mitogenic
stimulation. We do not yet under-
standhow the binding ofHMW-HA
versus LMW-HA to CD44 differen-
tially regulate the ERK and Rac
pathways, but we speculate that it
might involve differential associa-
tion of ERM proteins or merlin
(which have been linked to ERK and
Rac) aswell as differential binding of
CD44 to a receptor tyrosine kinase
or integrin (42, 43). Consistent with
the latter notion, we note that oth-
ers have attributed the effect of
CD44 on platelet-derived growth
factor responsiveness to an associa-
tion betweenCD44 and the platelet-

derived growth factor-BB receptor (44, 45).
In vivo, HA exists in a dynamic balance between its native,

highmolecularweight form and lowermolecularweights forms
that arise from the action of specific hyaluronidases or from
oxidative degradation (see Introduction). The degradation of
HMW-HA to LMW-HA occurs at sites of inflammation (as
seen in atherosclerosis, rheumatoid arthritis, and tumorigene-
sis), and we have previously proposed (20) that this dynamic
balance allows HA and CD44 to act as a proliferation rheostat.
First, decreases in the levels of HMW-HA would reduce the
anti-mitogenic effect ofCD44. Second, the consequent increase
in the levels of LMW-HA would enhance the pro-mitogenic
effect of CD44. This study explains that the rheostat works by
differentially regulating the ERK and Rac signaling pathways to
a common cell cycle target, cyclin D1 (Fig. 7). Although our
work has focused on cell cycle progression, it is noteworthy that
ERK and Rac regulate cell migration and apoptosis as well as
proliferation (46, 47). Differential coupling of CD44 to ERK and
Rac by HMW- and LMW-HA may therefore have widespread
implications for the physiological and pathological effects of
CD44.
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Investig. 108, 1031–1040

20. Kothapalli, D., Zhao, L., Hawthorne, E. A., Cheng, Y., Lee, E., Puré, E., and
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