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Hyaluronan Synthesis Mediates the Fibrotic Response of
Keratocytes to Transforming Growth Factor �*
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TGF� induces fibrosis in healing corneal wounds, and in vitro
corneal keratocytes up-regulate expression of several fibrosis-
related genes in response to TGF�. Hyaluronan (HA) accumu-
lates in healing corneas, and HA synthesis is induced by TGF�
byup-regulationofHAsynthase 2.This study tested thehypoth-
esis that HA acts as an extracellular messenger, enhancing spe-
cific fibrotic responses of keratocytes to TGF�. HA synthesis
inhibitor 4-methylumbelliferone (4MU) blocked TGF� induc-
tion of HA synthesis in a concentration-dependent manner.
4MU also inhibited TGF�-induced up-regulation of �-smooth
muscle actin, collagen type III, and extra domain A-fibronectin.
Chemical analogs of 4MU also inhibited fibrogenic responses in
proportion to their inhibition of HA synthesis. 4MU, however,
showed no effect on TGF� induction of luciferase by the 3TP-
Lux reporter plasmid. Inhibition of HA using siRNA to HA syn-
thase 2 reduced TGF� up-regulation of smooth muscle actin,
fibronectin, and cell division. Similarly, brief treatment of ker-
atocytes with hyaluronidase reduced TGF� responses. These
results suggest that newly synthesized cell-associated HA acts
as an extracellular enhancer of wound healing and fibrosis in
keratocytes by augmenting a limited subset of the cellular
responses to TGF�.

Keratocytes of the corneal stroma are responsible for the
synthesis of the stromal extracellular matrix and thus play an
essential role in maintenance of corneal transparency. Under
normal in vivo conditions, keratocytes are characteristically
quiescent, exhibiting a dendritic morphology with extensive
intercellular contacts. In response to stromal injury, such as
trauma, keratectomy, or photoablation by excimer laser, ker-
atocytes near the injured site become activated to fibroblasts,
altering their morphology, becoming migratory and mitotic,
reducing expression of the characteristic keratan sulfate-con-
taining proteoglycans, and eventually transforming into �-
smooth muscle actin (�SMA)4-expressing myofibroblasts (1).

Alongwith this transition, atypical components of the extracel-
lular matrix are observed, including hyaluronan, biglycan, the
extra domainA (EDA) splice formof fibronectin, collagen types
I and III, and SPARC (secreted protein acidic and rich in cys-
teine) (1–5). These fibrotic matrix components contribute to
the loss of transparency associated with corneal scars.
TGF� has been identified as one of the most important fac-

tors involved in corneal fibrosis (6). A major function of TGF�
is to regulate the expression of genes, the products of which
contribute to the formation and degradation of extracellular
matrix. In monolayer cultures, primary bovine and rabbit ker-
atocytes maintain a dendritic morphology and express corneal
keratan sulfate-containing proteoglycans when cultured in
serum-free medium. In the presence of TGF�, keratocytes dif-
ferentiate into myofibroblasts (2, 3, 7). These cells become
mitotic, exhibit a spread morphology, develop focal adhesions,
express �5�1 integrin, and develop prominent actin stress
fibers containing �SMA. In addition, myofibroblasts exhibit
reduced synthesis of keratan sulfate and abundant secretion of
extracellular matrix-containing components identified in cor-
neal scars. These include collagen types I and III, biglycan,
EDA-FN, and HA (2, 3).
HA is a high molecular weight linear polymer of disacchar-

ides containing glucuronic acid andN-acetylglucosamine pres-
ent in most animal tissues. HA is not present in normal trans-
parent cornea but appears in the stroma in response to a variety
of types of corneal injury or pathology (8). Our previous studies
found HA not to be secreted by quiescent keratocytes in vitro
but rapidly induced in response to TGF�, reaching amaximum
rate of synthesis within 12 h after TGF� exposure (9). Changes
in secretion of dermatan sulfate, keratan sulfate, EDA-FN, and
collagen occur in these cells only after several days of exposure
to TGF� (2, 3).

HA in mammalian cells is the product of hyaluronan syn-
thase (HAS), of which there are three isoforms (HAS1, HAS2,
and HAS3) (10). Each isoform is the product of a separate gene.
Our previous study found keratocytes to secrete HA in re-
sponse to TGF� as a result of the up-regulation of HAS2
mRNA. HAS2 mRNA increased within 2 h of TGF� exposure
and reached a maximum by 5–6 h. On the other hand, alter-
ations in mRNA for collagen III, EDA-FN, and biglycan re-
quired several days of stimulation by TGF� (2, 3, 9).
Extracellular HA is known to exert a variety of biological

effects via direct interaction with cell surface receptors CD44
and RHAMM. These effects include metastatic potential of
tumor cells, cellmotility, secretion of chemokines,mediation of
the inflammatory responses, and cell division (11–13). The
level and rapidity of the up-regulation of HAS2 mRNA in ker-
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atocytes suggest the possibility that rapid secretion ofHA could
play an active role in mediating the later responses in the
sequence ofmyofibroblastic activation. Initial responses to cor-
neal wounding involve migration of keratocytes toward the site
of the injury followed by mitosis (14, 15). HA has a well docu-
mented role in stimulation of mitotic and migratory activity in
a variety of cells (16, 17). Thus, the HA secreted by keratocytes
in response to mitogens and cytokines could play a functional
role in initiating responses of these cells to inflammation
and/or wound healing in vivo. In this study we have tested the
hypothesis that the phenotypic features exhibited by the corneal
myofibroblasts in response to TGF�, particularly the secretion of
fibrotic matrix components, are dependent on HA secretion. We
report that inhibition of HA secretion with competitive chemical
inhibitors ofHASorblockingHASup-regulationusingRNA inhi-
bition was effective in reducing a number of fibrotic responses to
TGF� in keratocytes.

MATERIALS AND METHODS

Cell Culture—Primary keratocytes were obtained from fresh
bovine corneas (Pel-Freez Biologicals) by collagenase digestion
as described previously (18). The cells were diluted in a serum-
free 1:1mixture ofDMEMandHam’s F-12medium (DME/F12;
Sigma-Aldrich) containing antibiotics (penicillin, 100 units/ml;
streptomycin 100�g/ml; gentamicin, 50�g/ml; and amphoter-
icin B, 2.5 �g/ml) and cultured on tissue culture-treated plastic
at 4 � 104 cells/cm2 (not induced) or 2 � 104 cells/cm2

(induced) in a humidified atmosphere containing 5% CO2. The
media were changed after 24 h of culture to DME/F12 1% (v/v)
platelet-poor horse serum with or without 2 ng/ml recombi-
nant human TGF�1 (Sigma-Aldrich). Human corneal cells
were expanded from collagenase digests of eye bank corneas in
Jiangmedium as described previously (19). Passage 2 cells were
plated in Jiang medium at 2 � 104 cells/cm2 and transferred to
serum-free DME/F12 medium after 18 h. After a further 24 h,
the cells were treated with TGF� in platelet-poor horse serum
as described above, for 48 h in the presence or absence of 400
�M 4MU.
Quantitative Reverse Transcriptase PCR—The cells were col-

lected by centrifugation after scraping into cold saline, and RNA
was isolated using RNeasy Mini kit (Qiagen). RNA was tran-
scribed, and the relative abundance ofmRNAwas comparedwith
18S ribosomal RNA using an ABI7700 thermocycler as described
previously (3). Primers for human mRNA (not described previ-
ously) were as follows: biglycan: forward, TGGCTCCCAAG-
GGTGCAGGT, and reverse, TGCCTCTGGGTGGCTGT-
GGT; CSPG2: forward, GCTGCCCCGAGCCTTTCTGG, and
reverse, GAAGGATGCGGAGGGTGCGG; Col5A1: forward,
AACCCCTACATCCGCGCCCT, and reverse, CATGAAGC-
AAGCCGGCCCCA; Col8A1: forward, ACGTGCTCAAGGG-
AGCTCACAC, and reverse, TCCTGTGACACCTCTGGGG-
CTG; LamC2: forward, AGCAGAGGGGCCACCTCCAT,
and reverse, ATGGCTCCCGAGCCCTGAGA; osteoglycin:
forward, CCTTCCCACCCATACACATC, and reverse, TGG-
CACCACTGAGTCATCAT; Col1A1: forward, TCTGGCGC-
TCCCATGGCTCT, and reverse, GCCCTGCGGCACAAGG-
GATT; Col3A1, forward, TGGTGCCCCTGGTCCTTGCT,
and reverse, TACGGGGCAAAACCGCCAGC; FN1, forward,

CTGGCCTGGAACCGGGAACC, and reverse, AGGGT-
GGGTGACGAAAGGGG.
HA Assay—HA was detected in cell culture medium using

FACE analysis as described previously (2). FACE bands were
identified by comparison with fragments of purified standard
chondroitin sulfate and hyaluronan (Sigma-Aldrich). Alter-
nately, HA was quantified directly in culture media using a
sandwich ELISA based on capture of biotinylated aggrecan
(Hyaluronan DuoSet; R & D Systems) according to the manu-
facturer’s instructions, using the fluorescent substrate Quanta
Blue (Pierce).
Immunoblotting—The cells were lysed in 1� SDS sample

buffer, and protein concentration was determined using Micro
BCA assay (Pierce). Equal amounts of lysate protein were sep-
arated on 4–20%SDS-PAGEgels and then transferred to PVDF
membranes. Equal transfer of proteins was examined by stain-
ing the membrane with Ponceau S and by immunoblotting for
�-tubulin (clone B511; Sigma-Aldrich) or cyclophilin B (PA1-
077; Affinity Bioreagents). EDA-FN and �SMA were detected
by immunoblottingwithmonoclonal antibody against EDA-FN
(Axyll) or monoclonal antibody against �S�� (clone asm-1;
Sigma-Aldrich). p38 MAPK was detected using Cell Signaling
Technologies antibody L53F8 and phospho-p38 MAPK with
4631S.
Immunohistology—For immunofluorescent analysis, the cells

after4daysofTGF� treatmentwere fixed inroomtemperature3%
paraformaldehyde in PBS and stained for EDA-fibronectin or
�SMA as described previously (2). Photographs were acquired on
a Bio-Rad laser scanning confocal microscope using a 60� oil
objective.

FIGURE 1. 4MU inhibits secretion of hyaluronan by keratocytes. Primary
bovine keratocytes were cultured 4 days in medium containing 1% platelet-
poor horse serum and 2 ng/ml TG�1 in the presence of different concentra-
tions of 4MU. A, HA and chondroitin sulfate from the culture medium from
equal numbers of cells were detected by FACE as described under “Materials
and Methods.” The HA disaccharide (Di�HA) was decreased by 4MU but not
chondroitin sulfate (Di�C0S). B, quantification of HA bands from gels similar
to that shown in A. The bars show S.D. of triplicate samples. The asterisks
indicate significant reduction (p � 0.05) compared with a sample with no
4MU using analysis of variance. No HA was detected in the absence of TGF�
(not shown).
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Cell-based ELISA—To compare inhibition of HA, �SMA,
and EDA-FN by 4MUhomologs, primary keratocytes were cul-
tured in 96-well plates (12,000 cells/well) and treated for 4 days
with TGF� as described above in the presence of six different
concentrations of four different inhibitors: 4MU, esculetin,
4-methylesculetin, and coumarin. After 4 days, media were
taken for direct determination of HA by ELISA, and the cells
were rinsed in PBS, fixed in 3% paraformaldehyde in PBS for 20
min, and then permeabilizedwith cold 1%TritonX-100 inTBS.
EDA-FN and �SMA were detected in six wells of each condi-
tion by ELISA with monoclonal primary antibodies and HRP-
labeled secondary antibody, developed with QuantaBlu fluoro-
genic peroxidase substrate (Pierce), and quantified using a
microplate fluorometer. Parallel plates were incubated with
CalceinAMvital dye (Invitrogen) to determine live cell number
used to normalize ELISA data. Dead cells were determined by
staining cultures with propidium iodide followed by microgra-
phy and quantitative image analysis. No significant change in
live or dead cells was detected in any of the incubation condi-
tions. Inhibition curves were fit using Graph Pad software with
nonlinear regression analysis to determine 50% end points and
standard error.

Gene Expression—To determine TGF� signaling, primary
keratocytes were plated in 12-well dishes at 2� 105 cells/well in
serum-freeDME/F12. After 24 h the cells were transfectedwith
300 ng/well TGF�-inducible reporter plasmid (p3TP-Lux; Ori-
gene) and 50 ng/well of control reporter plasmid (pRL-SV40;
Promega) using Lipofectamine LTX reagent (Invitrogen). After
24 h, the cells were incubated in serum-free DME/F12 with 2
ng/ml of TGF�1 with or without 500 �M 4MU. The cells were
harvested 24 h later and assayed for luciferase expression using
a luciferase assay system (Promega) as described by the manu-
facturer. Total light emission was measured during the initial
10 s of the reaction using a luminometer (Gen 5; BioTek). Fire-

FIGURE 2. 4MU blocks up-regulation of mRNA for fibrotic genes induced
by TGF�. Primary bovine keratocytes were untreated (first four samples) or
treated with 2 ng/ml TGF� in 1% platelet-poor horse serum for 4 days, and
mRNA levels were determined by quantitative reverse transcriptase PCR as
described under “Materials and Methods.” 4MU was present during treat-
ment at the concentrations noted. A, EDA fibronectin. B, �SMA. C, collagen III
�1 chain. The error bars represent S.D. of triplicate analyses. The asterisks show
a significant (p � 0.05) decrease in mean values of 4MU�TGF�-treated sam-
ples compared with TGF�-treated control (Ctrl) as determined by analysis of
variance. FIGURE 3. Expression and localization of EDA-fibronectin and �SMA

protein in response to 4MU. Proteins induced by 4 days of TGF� treat-
ment were immunodetected in equal amounts of cell lysate protein after
separation by SDS-PAGE and electrotransfer to membranes as described
under “Materials and Methods.” Results from duplicate cultures are
shown. A, EDA-FN. B, �SMA (SMA) in the same cell lysates. C, �-tubulin
(TUB) loading control was detected on the same membrane as FN. The
numbers above the bands represent a normalized ratio between the FN or
SMA and the tubulin bands. In D and E, immunostaining of EDA-fibronec-
tin was photographed after 4 days of TGF� treatment in the absence (D) or
presence (E) of 400 �M 4MU. F, �SMA immunostained as cytoskeletal
microfibrils in TGF�-treated keratocytes. G, little �SMA was detected in
cells treated with TGF� in the presence of 400 �M 4MU.
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fly luciferase activity in each sample (3TP-Lux) was corrected
using Renilla luciferase activity (pRL-SV40) in the same cells.

Knockdown of HAS2 expression with siRNAwas carried out
by electroporation as described previously (9) or by lipofection
using end-modified 21-bp siRNA (StealthTM; Invitrogen). For
the latter, 16 pmol of total siRNA was complexed with Lipo-
fectamine 2000 (Invitrogen) according to the manufacturer’s
protocol and then incubated with 4 � 105 uncultured primary
keratocytes from collagenase digests in a volume of 0.4 ml of
Advanced DMEM (Invitrogen) without antibiotics. The mix-
ture was incubated 2–4 h in 2 ml of polypropylene tubes at
37 °C with mixing and then plated at 4 � 104 cells/cm2 in
serum-freemediumonplastic dishes precoatedwith FNCcoat-
ing mix (Athena ES). After 24 h the cells were treated with 1%
platelet-poor horse serum and 2 ng/ml TGF�1 in DME-F12
medium for 1–3 days.
Hyaluronidase—Keratocytes in serum-free DME/F12 were

stimulated with 10 ng/ml PDGF for 24 h. The cells were rinsed
and treated for 15 min with 500 �g/ml testicular hyaluronidase
(3,000 USP/NF units/mg of protein; Worthington) at 37 °C.
Afterward the cells were rinsed four times in warm DME/F12
and returned to culture in the presence of 10 ng/ml PDGF and
2 ng/ml TGF� for the times indicated. Equivalent inhibition
was observed using hyaluronidase from Streptomyces hyaluro-
lyticus and hyaluronidase SD from Streptococcus dysgalactgiae,
enzymes with little chondroitinase activity compared with tes-
ticular hyaluronidase (data not shown).
Statistical Analysis—Data were obtained from three to six

replicate cultures (as indicated in the figure legends) from a
single batch of primary cells. Curve fitting and statistical anal-
yses were carried out using the Prism software (Graph Pad Inc.,
La Jolla, CA). Comparisons involving two samples used an
unpaired two-tailed t test with a 95% confidence interval. Mul-
tiple samples were compared using a one-sided analysis of vari-
ance with a Tukey post analysis to compare individual pairs of

data. The results of each analysis
were confirmedusing aminimumof
three different cell preparations.

RESULTS

4MU Inhibits TGF�-induced HA
Biosynthesis—Our previous study
(9) showed HA synthesis to be
strongly induced in keratocytes by
TGF�. In the current study we
observed 4MU, a competitive inhib-
itor of HA biosynthesis, to block the
HA induction. FACE gel analysis
after 4 days of TGF� treatment
showed a concentration-dependent
decrease of secretedHA in response
to 4MU, but no decrease in chon-
droitin-dermatan sulfate (Fig. 1A).
Quantitative analysis of this effect,
shown in Fig. 1B, documented a lin-
ear decrease with suppression of
�90% HA secretion by 4MU con-
centrations of 400 �M. Vital dye

staining showed 4MU to have no effect on the viability of the
cells at any of the concentrations used (not shown).
Fibrotic Response to TGF�—TGF� is widely recognized as an

inducer of fibrotic extracellular matrix both in vivo and in vitro.
Our previous studies identified a number of matrix compo-
nents present in corneal wounds to be induced by TGF� in
cultured keratocytes (3). As shown in Fig. 2, mRNAs for
EDA-FN (Fig. 2A), �SMA (Fig. 2B), and collagen type III (Fig.
2C) were induced 7–50-fold after 4 days of TGF� treatment. In
each case, the presence of 4MU reduced or blocked this induc-
tion in a concentration-dependent manner. 4MU had little
effect on the expression levels of these genes in the absence of
TGF�.
In Fig. 3 (A–C), induction of EDA-FN and �SMA proteins

also underwent a significant reduction in response to 4MU,
similar to the mRNA pools for these proteins. Immunostaining
of cells treated with TGF� showed accumulation of EDA-FN
fibrils in the pericellular matrix (Fig. 3D) to be largely elimi-
nated if the TGF� treatment was carried out in the presence of
4MU (Fig. 3E). Similarly,�SMAaccumulation in stress fibers of
TGF�-treated cells (Fig. 3F) was completely blocked in the
presence of 400 �M 4MU (Fig. 3G). Cells incubated in medium
without TGF� did not exhibit EDA-FN or �SMA staining (not
shown).
The most clinically relevant response of keratocytes to

TGF� is accumulation of extracellular matrix responsible for
disruption of corneal transparency. Analysis of gene array
data from human corneal fibroblasts (not shown) identified a
number of extracellular matrix genes strongly up-regulated
by TGF� in vitro. Fig. 4 shows analysis of the effect of 4MU
on the TGF� response of nine corneal extracellular matrix
components in human corneal fibroblasts. For eight of the
nine genes, 4MU significantly reduced expression. Biglycan
was the only exception. 4MU, therefore, appears to exert a

FIGURE 4. 4MU inhibits TGF� up-regulation of extracellular matrix proteins in human corneal fibro-
blasts. Up-regulation of mRNA abundance by 4 days of TGF� treatment was determined by quantitative
reverse transcriptase PCR in low passage human corneal fibroblasts as described under “Materials and Meth-
ods.” Expression by untreated cells was set to 1, and the black bars show the relative increase in response to
TGF� treatment (note log scale). The gray bars show the same response in the presence of 400 �M 4MU. The
error bars show S.D. of triplicate assays. The differences between the gray and black bars are significant (p �
0.05, by t test) except for biglycan. BGN, biglycan; CSPG2, versican; OGN, osteoglycin; LamC2, laminin gamma 2;
Col8A1, collagen type VIII; Col1A1, collagen type I; COL3A1, collagen type III; FN1, fibronectin 1.
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broad inhibition of fibrotic response in both bovine and
human corneal cells.
4MU is a derivative of the bicyclic ketone coumarin (7-hy-

droxy, 4-methyl coumarin). Recently several other coumarin
derivatives including 6,7-dihydroxycoumarin (esculetin) and
6,7-dihydroxy 4-methylcoumarin (4-methylesculetin) were
shown to be highly effective at blocking HA biosynthesis,
whereas coumarin itself showed less inhibition of HA than
4MU (20). In Fig. 5 we examined the ability of these four related
chemicals to inhibit �SMA, EDA-FN, and HA expression by
TGF�-stimulated keratocytes. Calculation of the concentra-
tions required for IC50 for each response, summarized in Table
1, showed that esculetin and 4-methylesculetin were eachmore
potent at inhibition of HA than 4MU. Similarly these com-
pounds were significantlymore effective at blocking expression
of cell-associated EDA-FN and �SMA than 4MU. Coumarin,
however, showed reduced inhibition ofHA synthesis compared
with 4MU and similarly required higher concentrations for

inhibition of �SMA and FN. These results show that the
potency of these compounds for blocking TGF�-induced
EDA-FN and �SMA accumulation correlates with their ability
to block HA synthesis.
TGF� Signaling—TGF� is known to activate gene expression

via the SMAD pathway, and up-regulation of �SMA by TGF�
has been linked to phosphorylation of p38 MAPK (21–23). To
examine the effect of 4MU on early TGF� signaling, primary
keratocytes were transfected with a reporter plasmid 3TP-Lux
in which luciferase transcription is driven by three TGF�-re-
sponsive promoters (24, 25). As shown in Fig. 6A, TGF� treat-
ment for 24 h up-regulated luciferase activity �15-fold com-
pared with mock-transfected cells not exposed to TGF�.
Treatment with 4MU had no effect on luciferase induction,
indicating that 4MU did not directly activate this transcription
by TGF� signaling. Similarly, the presence of 4MU had no

FIGURE 5. Inhibition of TGF� fibrotic response by coumarin analogs.
Expression of cell-associated FN and �SMA in cultures of keratocytes treated
with TGF� for 4 days as in Fig. 3 was detected by cell-based ELISA, and HA was
detected by ELISA from culture media. The values were normalized for cell
number as determined by Calcein AM staining in parallel plates. Inhibition
curves show relative responses compared with noninhibited samples. The
error bars are S.D. of six individual sample wells. Coum, coumarin; 4ME,
4-methylesculetin; ESC, esculetin. The lines represent nonlinear curve fitting
of data using statistical software as described under “Materials and Methods.”

FIGURE 6. 4MU exerts no effect on initial TGF�-induced signaling. A, light
emission by 3TP-LUX, a luciferase reporter plasmid driven by TGF�-respon-
sive promoter, after 24 h TGF� treatment stimulated light emission by �15-
fold in primary keratocytes (p � 0.001). This reporter activity was not dimin-
ished by treatment with 500 �M 4MU. 3TP-Lux activity was normalized by
co-transfection with control plasmid as described under “Materials and Meth-
ods.” The error bars show S.D. of quadruplicate analyses. The difference
between TGF� and TGF��4MU was not significant. B, duplicate cultures of
primary keratocytes were treated for 1 h with TGF� (as in Fig. 2) in the pres-
ence or absence of 400 �M 4MU. Equal amounts of protein from cell lysates
were immunoblotted for phosphorylated p38 MAPK (pp38) using the non-
phosphorylated p38 as a loading control. Coum, coumarin; 4ME, 4-methyles-
culetin; ESC, esculetin; CTRL, control.

TABLE 1
EC50 inhibition concentrations (�M) for 4MU analogs
For each assay, the pairwise differences are significant (p� 0.01) except for 4-meth-
ylesculetin and esculetin, which did not differ from each other.

HA EDA-FN �SMA

4-Methylesculetin 12.4 	 1.9 12.3 	 0.4 11.5 	 0.5
Esculetin 10.0 	 2.9 16.7 	 0.5 12.9 	 0.6
4MU 164 	 13 127 	 5.1 10 	 9
Coumarin 261 	 20 162 	 8.5 175 	 11
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effect on phosphorylation of p38 MAPK in response to 1 h of
treatment with TGF� (Fig. 6B).
HAS2 Knockdown—We recently demonstrated that up-reg-

ulation of HAS2 mRNA in response to TGF� could be largely
eliminated by transfection of siRNA containing unique se-
quences of HAS2 (9). To test the involvement of HA in the
TGF� response, primary bovine keratocytes were transfected
with siRNA to HAS2 or HAS1 mRNA. As we previously
reported, themarked up-regulation ofHA in response to TGF�
was inhibited �90% by HAS2 knockdown, but HAS1 knock-
down had little effect (Fig. 7A). The HAS2 knockdown also
significantly reduced stimulation of mRNA for EDA-FN (Fig.
7B) and for �SMA (Fig. 7C). The protein levels of �SMA also
decreased inHAS2 siRNA transfected cells, and no alteration in
cell-associated EDA-FN protein was observed.
The results of these experiments suggest autocrine involve-

ment of HA in activation of EDA-FN and �SMA gene expres-
sion; however, direct addition of HA to culture medium in
either macromolecular or fragmented forms during TGF�
treatment had no effect on rescuing inhibition by 4MU or
HAS2 knockdown (data not shown). Thus, soluble HA did not
seem to be involved in stimulating the HA response. We
hypothesized that the HA involved in the TGF� response may
be cell-associated.We therefore examined the effect of removal
of cell-associated HA using a brief treatment with hyaluroni-
dase. Because primary keratocytes do not synthesizeHA in qui-
escent culture, the cells were pretreated for 24 h with PDGF, a
cytokine previously found to up-regulate keratocyte HAS2 and

HA secretion but not EDA-FN or
�SMA expression (9). The cells
were then treated for 15 min with
hyaluronidase to remove cell-asso-
ciated HA and exposed to PDGF
plus TGF� for an additional 48 h. As
shown in Fig. 8, the PDGF pretreat-
ment resulted in a significant stim-
ulation of HA secretion as well as
mRNA expression of EDA-FN and
�SMA in comparison with cells not
pretreated with PDGF (compare
filled squares and filled diamonds).
When the cells were subjected
to brief hyaluronidase treatment
before TGF� treatment, the re-
sponse pattern of HA, EDA-FN,
and �SMA returned to the kinetics
of cells not exposed to PDGF
(compare filled diamonds with
open triangles). These results
suggest that the stimulating effect
of PDGF was the result of cell-as-
sociated HA, induced by PDGF;
such stimulation was removed by
hyaluronidase treatment. Addi-
tionally we observed that HAS2
mRNA and cell-associated HA in
hyaluronidase-treated cells re-
sponded with kinetics similar to

that of untreated cells (data not shown), strengthening the
hypothesis that the stimulation of response in PDGF-pre-
treated cells results from cell-associated HA. Similar results
(not shown) were obtained with hyaluronidase preparations
from Streptococcus and Streptomyces, as well as those shown
with testicular hyaluronidase, supporting the idea that the
response was the result of HA removal, not of contaminating
glycosidases or proteases in the enzymes.

DISCUSSION

In this study we observed that 4MU is able to block HA syn-
thesis induced in keratocytes by TGF� in a dose-dependent
manner. This observation is consistent with previous studies
documenting inhibition ofHA synthesis by 4MU in awide vari-
ety of cultured cells. The novel aspect of the experimental sys-
tem in the current study is that keratocytes make little if any
HA. As we showed previously, HA is induced in these cells by a
number of cytokines and growth factors by up-regulation of
HAS2 mRNA. This up-regulation is rapid, is detected by 2 h
after induction with growth factors, and reaches a peak at 6 h.
The HAS2 up-regulation is additionally stimulated by the
simultaneous presence of TGF�. Because keratocyte HA syn-
thesis can be rapidly induced and because that induction can be
blocked with 4MU, these cells provide an extremely sensitive
experimental system for investigation of functional roles for
HA. The current study shows that blocking HA induction with
4MU blocks induction of several molecules involved in fibrotic
responses to TGF�.

FIGURE 7. TGF� stimulation of protein and mRNA for fibrotic markers is reduced by knockdown of HAS2
mRNA. Primary keratocytes were transfected with siRNA for HAS2, HAS1 or vehicle only and cultured 3 days in
the absence (control, Ctrl) or presence of TGF� as described for Fig. 2. A, as previously reported, knockdown of
HAS2 mRNA, but not HAS1 RNA, markedly reduced HA expression (p � 0.01). B, EDA-fibronectin mRNA (FN)
up-regulation by TGF� was significantly reduced (p � 0.05) by HAS2 siRNA compared with nontransfected
controls. RNA is expressed as fold increase from that in freshly isolated cells. C, stimulation of �SMA mRNA was
similarly reduced by HAS2 siRNA transfection (p � 0.01). D, immunoblotting of �SMA and EDA-fibronectin as in
Fig. 3 showed a decrease in �SMA protein in response to HAS2 knockdown but no apparent change in cell-
associated EDA-FN. CY is a blot for cyclophilin (loading control) on the same membrane as FN. The error bars
represent S.D. of triplicate analyses. Coum, coumarin; 4ME, 4-methylesculetin; ESC, esculetin.The asterisks show
significant (p � 0.05, by t test) inhibition of TGF� effect.
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We found that 4MU inhibited TGF�-induced EDA-FN, col-
lagen III, and �SMA, as well as cytoskeletal and extracellular
reorganization. Each of these responses is typical of cells
involved in wound healing. Expression of �SMA defines the
myofibroblast phenotype. Inhibition of myofibroblast forma-
tion and of cell division by 4MU has been reported in cultured
lung fibroblasts (26, 27). Our current study adds significant new
information beyond the effect on �SMA response. We identi-
fied at least eight extracellular matrix genes up-regulated by
TGF� to be inhibited by 4MU. This novel observation is impor-
tant to understanding the mechanism of TGF�-induced fibro-
sis and points to potential clinical relevance for 4MU or its
analogs as anti-fibrotic agents.
Several lines of evidence support the idea that the effects of

4MU are related to its ability to block synthesis of HA. Exami-
nation of early TGF� signaling events (Fig. 6) shows that 4MU
is not a general inhibitor of TGF�-induced responses in corneal
cells. The response of the 3TP-Lux reporter plasmid to TGF�
was not altered (Fig. 6A), and the rapid phosphorylation of p38
MAPK, implicated in TGF� induced fibrosis, was not blocked
(Fig. 6B). These results are consistent with a recent study show-
ing phosphorylation of SMAD3 to be unaltered by 4MU treat-
ment of lung fibroblasts (26). Additionally, we found that the
effects of 4MU on keratocytes were reversible on withdrawal of

the drug (data not shown). These
observations support the idea that
the 4MU effect is limited in scope,
and its effects are targeted via a spe-
cialized mechanism. The most well
established molecular function of
4MU is a competitive inhibition of
HA biosynthesis by direct inter-
action with HAS enzymes. We
hypothesize that the effect of 4MU
on fibrosis is a downstream result of
this inhibition. This hypothesis is
supported by the observations that
analogs of 4MU have the ability to
block induction of EDA-FN and
�SMA in proportionwith their abil-
ity to block HA synthesis (Table 1).
A direct role for HA in the TGF�

response is independently sup-
ported by the observation that
knockdown of HAS2 with siRNA,
previously characterized as specific,
also mediated an inhibition in the
TGF� induction of mRNA for
�SMA and EDA-FN. Finally, a third
line of evidence suggesting involve-
ment of HA in the induction of
TGF�-responsive genes came from
the observation that hyaluronidase
treatment of the cells before TGF�
exposure eliminated stimulation
imparted by preincubation with
PDGF. We previously found PDGF
to up-regulate HAS2 and HA syn-

thesis in these cells (9); thus reversal of the PDGF stimulation by
hyaluronidase is consistent with the model that cell-associated
HA has a direct role in mediating TGF� up-regulation of a
number of genes involved in fibrosis.
The data presented here are all consistent with the involve-

ment of HA in the fibrotic response; however, they do not pro-
vide a molecular mechanism. 4MU was more effective at sup-
pression of fibrotic responses than knockdown of HAS2,
suggesting that 4MUmay inhibit other components involved in
the signaling cascade. Similarly, we were unable to rescue 4MU
inhibition by the addition of soluble HA to the cultures, either
as intact molecules or as fragments (data not shown). This and
the effect of hyaluronidase treatment both suggest that the sig-
naling may be initiated by cell-associated HA, possibly HA
actually in the process of secretion by HAS2. Recent studies
have shown 4MUnot only blocks HA secretion but blocks HAS
enzyme expression. Thus, this double effect on biosynthesis
and secretion may account for the increased effectiveness of
this compound compared with HAS2 knockdown (28). From
our current data we hypothesize that a cell surface association
of HA receptor (possibly CD44) and HAS2 is involved in stim-
ulating the TGF�-enhanced signaling event but that this signal
may not directly involve the TGF� receptor or its signaling via
the SMAD proteins.

FIGURE 8. PDGF stimulation is eliminated by hyaluronidase. Primary keratocytes were preincubated for
24 h in 10 ng/ml PDGF (solid lines) or in serum-free medium without PDGF (dashed lines). After preincubation
(day 0), the cells were washed and treated for 15 min with hyaluronidase as described under “Materials and
Methods” (open triangles). The cultures were thoroughly rinsed and incubated for 2 days in the presence of 10
ng/ml PDGF and 2 ng/ml TGF�. HA was detected in culture media (A), and the relative abundance of mRNA is
shown for SMA (B), EDA-FN (C), or COL3A1 (D). The values in A show HA concentration in the culture media
normalized to cell protein (ng of HA/mg of protein). The cultures without PDGF and TGF� served as controls
(open circles). B–D show mRNA abundance relative to untreated control cells normalized to 100. The error bars
show S.D. of n 
 6 for A and n 
 3 in B–D. In each case the filled squares (PDGF pretreatment) are significantly
greater than the other two values at day 2 (asterisks, p � 0.05, by analysis of variance).
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Keratocytes are normally quiescent cells expressing a unique
extracellular matrix required for corneal transparency. In
response to TGF�, both in vivo and in vitro, these cells up-reg-
ulate mRNA and protein of a number of cell-associated and
matrix proteins found in corneal scars. In this study we focused
on three such proteins: �SMA, EDA-fibronectin, and collagen
type III. None of these proteins are present in normal cornea,
but they appear in healing corneal wounds and corneal scars.
HA also appears in corneal healing in response to TGF� but
much earlier than other fibrotic and myofibroblast markers.
The current study supports the idea that, in vivo, early secretion
of HA by keratocytes enhances myofibroblast and scar tissue
formation. Corneal scarring is permanent and accounts for
blindness of millions of individuals worldwide. The role of HA
in this process and the ability to block its synthesis with inhib-
itors such as 4MU therefore present a potential for therapeutic
applications.
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