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Regulation of hyaluronan (HA) synthesis and degradation is
essential to maintenance of extracellular matrix homeostasis.
We recently reported that HYBID (HYaluronan-Binding pro-
tein Involved in hyaluronan Depolymerization), also called
KIAA1199, plays a key role in HA depolymerization in skin and
arthritic synovial fibroblasts. However, regulation of HA metabo-
lism mediated by HYBID and HA synthases (HASs) under stimu-
lation with growth factors remains obscure. Here we report that
TGF-�1, basic FGF, EGF, and PDGF-BB commonly enhance total
amount of HA in skin fibroblasts through up-regulation of HAS
expression, but molecular size of newly produced HA is dependent
on HYBID expression levels. Stimulation of HAS1/2 expression
and suppression of HYBID expression by TGF-�1 were abrogated
by blockade of the MAPK and/or Smad signaling and the PI3K-Akt
signaling, respectively. In normal human skin, expression of the
TGF-�1 receptors correlated positively with HAS2 expression and
inversely with HYBID expression. On the other hand, TGF-�1 up-
regulated HAS1/2 expression but exerted only a slight suppressive
effect on HYBID expression in synovial fibroblasts from the
patients with osteoarthritis or rheumatoid arthritis, resulting in the
production of lower molecular weight HA compared with normal
skin and synovial fibroblasts. These data demonstrate that
although TGF-�1, basic FGF, EGF, and PDGF-BB enhance HA
production in skin fibroblasts, TGF-�1 most efficiently contributes
to production of high molecular weight HA by HAS up-regulation
and HYBID down-regulation and suggests that inefficient down-
regulation of HYBID by TGF-�1 in arthritic synovial fibroblasts
may be linked to accumulation of depolymerized HA in synovial
fluids in arthritis patients.

Hyaluronan (HA)3 is a nonsulfated linear glycosaminoglycan
composed of repeating disaccharide units of �-(1,3)-linked-D-

glucuronic acid and �-(1,4)-linked-N-acetyl-D-glucosamine.
HA is ubiquitously present as a major component in vertebrate
connective tissues such as skin and synovial membrane and
contributes to space filling, lubrication, and cell proliferation
and migration (1). The turnover of HA in most tissues is
extraordinarily rapid; the half-life of HA in the skin, which con-
tains about half of all HA in the body, is 1–1.5 days (2). Thus, the
tight control of HA synthesis and degradation is necessary for
this turnover and seems to finely balance the amounts of high
molecular mass HA (1,000 –10,000 kDa) within tissues (1, 2).
On the other hand, an imbalance of synthesis and degradation
causes the accumulation of HA with different molecular
weights, which is commonly observed in diseases such as
arthritis and cancers (3–5). Synovial fluids from patients with
osteoarthritis (OA) or rheumatoid arthritis (RA) contain lower
molecular mass HA (as low as 200 kDa) than that from normal
subjects, leading to decreased synovial viscosity and increased
inflammatory responses (6). HA is synthesized by HA synthases
(Has1, Has2, and Has3) at the cell membrane, and the expres-
sion of Has enzymes is dependent on cell types (7, 8). We
recently reported that KIAA1199, a novel HA-binding protein,
plays a key role in HA degradation in normal human skin fibro-
blasts independently of the two hyaluronidases HYAL1 and
HYAL2 and the cell surface HA receptor CD44 (9 –11). This
molecule is also involved in HA degradation in synovial
fibroblasts and is overexpressed in OA and RA synovial
fibroblasts, showing correlation with enhanced HA-degrad-
ing activity (9). In the present study, because of the involve-
ment in HA depolymerization, we propose to designate
KIAA1199 as “HYBID” (HYaluronan-Binding protein Involved
in hyaluronan Depolymerization).

Growth factors play key roles in extracellular matrix home-
ostasis and tissue remodeling under physiological and patho-
logical conditions such as development and wound healing,
which are commonly associated with increased HA production.
Transforming growth factor-�1 (TGF-�1), basic fibroblast
growth factor (bFGF), epidermal growth factor (EGF), and
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platelet-derived growth factor-BB (PDGF-BB) have been
reported to up-regulate HAS genes expression, leading to HA
overproduction in human skin fibroblasts (12–15). Among
them, TGF-�1 and PDGF-BB have been well characterized to
stimulate HA synthesis via distinctive mechanisms. The Smad3
signaling pathway is known to take part in TGF-�1-induced
HAS1 expression (16), whereas the extracellular signal-regu-
lated kinase (ERK) and phosphatidylinositol 3-kinase (PI3K)-
Akt signaling pathways are important for PDGF-BB-stimulated
HA production (15). However, regulation mechanisms about
the HYBID-mediated HA degradation by growth factors in skin
fibroblasts remain elusive. Although TGF-�1 is present at high
levels in synovial fluids of patients with OA or RA (17) and is
considered to act as a major stimulator of HA synthesis in
arthritic synovial fibroblasts (18, 19), no information is avail-
able for the expression of HYBID and HAS genes or HA species
synthesized under stimulation with TGF-�1.

In the present study we showed that TGF-�1, bFGF, EGF,
and PDGF-BB commonly up-regulate HA production by
increasing HAS-mediated HA synthesis in skin fibroblasts.
Although all of them generally suppressed the expression of
HYBID, the degree of the suppressive effect was different
among the growth factors. Polydisperse HA species containing

intermediate-sized HA derived from growth factor-stimulated
fibroblasts were dependent on the HYBID expression. Of these,
TGF-�1 conferred the most potent effect on production of high
molecular weight HA by up-regulation of HAS expression and
down-regulation of HYBID expression via distinct signaling
pathways. Arthritic synovial fibroblasts showed similar profiles
of the expression of HAS genes and HA production in response
to TGF-�1. However, TGF-�1 only modestly down-regulated
the HYBID expression and caused the accumulation of a large
amount of intermediate-sized HA. Our data provide, to the best
of our knowledge, the first evidence that sizes of newly pro-
duced HA under stimulation with growth factors are deter-
mined by the expression levels of HYBID, and down-regulation
of the HYBID expression by TGF-�1 is cell type-specific.

Experimental Procedures

Cell Cultures—Normal human skin fibroblasts including
Detroit 551 (American Type Culture Collection), HS27 (Amer-
ican Type Culture Collection), and NHDF-Ad (Takara Bio)
cells were cultured in Eagle’s minimum essential medium (MP
Biomedicals) supplemented with nonessential amino acids, 1
mM sodium pyruvate, and 10% (v/v) fetal bovine serum (FBS)
(JRH Biosciences). Human synovial fibroblasts from a normal

FIGURE 1. Up-regulation of HAS-mediated HA synthesis by TGF-�1, bFGF, EGF, and PDGF-BB in normal human skin fibroblasts. A, HA content in the culture
media of Detroit 551 skin fibroblasts stimulated with growth factors. Cells were cultured in the absence (Control) or presence of 1 or 10 ng/ml TGF-�1, bFGF, EGF, or
PDGF-BB for 24 or 48 h. The HA concentrations in the media were quantified by ELISA. Values represent the mean � S.D. (n � 3). Dunnett’s test was used for statistical
analysis. ***, p � 0.001. B and C, the expression levels of HAS1 (B) and HAS2 (C) mRNAs in cells treated without (Control) or with 1 or 10 ng/ml TGF-�1, bFGF, EGF, or
PDGF-BB for 8 or 24 h. Levels of mRNAs were measured by quantitative real-time PCR. Values are expressed as the mean � S.D. (n � 3) and shown as -fold increases in
mRNA expression relative to 8 h control cells. Dunnett’s test was used for statistical analysis. ***, p � 0.001; **, p � 0.01; *, p � 0.05.
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subject (60-year-old male), a patient with OA (61-year-old
male), and a patient with RA (51-year-old male) were pur-
chased from Toyobo. Synovial fibroblasts were maintained in
Dulbecco’s modified Eagle’s medium (Sigma) supplemented
with 10% (v/v) FBS, 100 units/ml penicillin, and 100 �g/ml
streptomycin at 37 °C in a humidified atmosphere containing
5% CO2.

Assay for HA Production—Culture media of skin and synovial
fibroblasts were obtained at 24 or 48 h after culturing in the
presence or absence of one of the following growth factors (1 or
10 ng/ml): TGF-�1, bFGF, EGF, and PDGF-BB (R&D Systems).
The HA content in the media was determined using a QnE
hyaluronic acid (HA) ELISA Assay (Biotech Trading Partners,
LLC) according to the manufacturer’s protocol.

Quantitative Real-time PCR—After stimulation of skin and
synovial fibroblasts with or without 1 or 10 ng/ml TGF-�1,
bFGF, EGF, or PDGF-BB for 8 or 24 h, total RNA was isolated by
an RNeasy Mini Kit (Qiagen), and cDNA synthesis was per-
formed using a High Capacity cDNA Archive kit (Applied Bio-
systems). Expression of the target mRNAs was quantitatively
analyzed using the cDNA templates in a TaqMan real-time
PCR assay (Applied Biosystems; StepOnePlusTM Real-Time
PCR System) according to the manufacturer’s protocol. The
relative quantification values of HYBID, HAS1, HAS2, and
HAS3 were normalized to endogenous glyceraldehyde-3-phos-

phate dehydrogenase (GAPDH) unless otherwise specified. In
the Akt inhibitor, activator, and knockdown experiments, they
were normalized to �-actin, as the level of Akt expression is
known to affect the expression of GAPDH (20).

RNA Interference—Knockdown experiments were per-
formed using 25-nucleotide siRNA duplexes chemically syn-
thesized for each gene by Invitrogen. The siRNA oligonucleo-
tide sequences were as follows: HYBID-1, 5�-AAACAUUGAA-
AUAUUCGCCAUGCUC-3�; HYBID-2, 5�-UUGACAAGGA-
GGCCAAGACAGUGGU-3�;SMAD2-1, 5�-CAACAACCAG-
GAAUUUGCUGCUCUU-3�; SMAD2-2, 5�-GCCACAUGUU-
AUAUAUUGCCGAUUA-3�; SMAD3-1, 5�-CCACCAGGAU-
GCAACCUGAAGAUCU-3�; SMAD3-2, 5�-GAGAAACCAG-
UGACCACCAGAUGAA-3�; AKT1-1, 5�-GACGUGGCUAU-
UGUGAAGGAGGGUU-3�; AKT1-2, 5�-UGCAGCAUCGCU-
UCUUUGCCGGUAU-3�; AKT2-1, 5�-GGCUCCUUCAUUG-
GGUACAAGGAGA-3�; AKT2-2, 5�-UCAUCCUCAUGGAA-
GAGAUCCGCUU-3�; AKT3-1, 5�-GGCUCUUGAUAAAGG-
AUCCAAAUAA-3�; and AKT3-2, 5�-ACCUCAAGAUGUGG-
AUUUACCUUAU-3�. These siRNAs were transfected into
cells using Lipofectamine RNAiMAX (Invitrogen), and the
knocked-down cells were used for the experiments at 48 h after
transfection.

Inhibitors and Activator—The pharmacologic inhibitors
including p38-MAPK (mitogen-activated protein kinase)

FIGURE 2. Down-regulation of HYBID-mediated HA depolymerization by TGF-�1, bFGF, EGF, and PDGF-BB. A, HA depolymerization by Detroit 551 cells
treated with growth factors. Cells treated without (Control; open circle) or with 1 (gray triangle) or 10 ng/ml (closed circle) TGF-�1, bFGF, EGF, or PDGF-BB were
cultured with [3H]HA for 48 h, and HA fragments in the culture media were examined by size-exclusion chromatography. B and C, the expression levels of HYBID
mRNA (B) and protein (C) in cells treated without (Control) or with 1 or 10 ng/ml TGF-�1, bFGF, EGF, or PDGF-BB. The mRNA levels at 8 and 24 h and the protein
expression at 24 h after the treatment were measured by quantitative real-time PCR and immunoblotting, respectively. Values are expressed as the mean �
S.D. (n � 3) and shown as -fold increases in mRNA expression relative to 8 h control cells. Dunnett’s test was used for statistical analysis. ***, p � 0.001.
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inhibitor SB203580, MEK (MAPK/ERK kinase) inhibitor
PD98059, JNK (c-Jun N-terminal kinase) inhibitor II, and Akt
inhibitor V were purchased from Merck. Ranolazine dihydro-
chloride was purchased from Santa Cruz Biotechnology.

Assay for Cellular [3H]HA Depolymerization—High molecu-
lar mass [3H]HA of �1000 kDa was prepared as described pre-
viously (9). Cellular HA depolymerization was assayed by cul-
turing confluent cells in medium containing [3H]HA (40,000
dpm/ml) and applying the media to a Sepharose CL-2B (GE
Healthcare) column (1 � 60 cm) equilibrated with 0.5 M NaCl in
distilled water. The flow rate was 0.65 ml/min, and fractions
of 2.5 ml were collected. The radioactivity of each fraction
was measured by a scintillation counter (Aloka; LSC-6100).
The column was calibrated with the fluoresceinamine-la-
beled HA species: H1 (1760 kDa, peak top kDa), M1 (907
kDa), L1 (197 kDa), S1 (56 kDa), T1 (28 kDa), and U1 (9.8

kDa) (PG Research). An excitation wavelength of 490 nm and
an emission wavelength of 525 nm were used for the detec-
tion of fluoresceinamine.

Antibodies—A rat monoclonal antibody against HYBID
was previously developed using a peptide of CARYSPHQ-
DADPLKPRE, which corresponds to the amino acid residues
Ala762 to Glu777 of KIAA1199 (GenBankTM accession num-
ber NM_018689) (9). An antibody against GAPDH was pur-
chased from Santa Cruz Biotechnology. Antibodies against
�-actin, Smad2, phosphorylated Smad2 (p-Smad2), Smad3,
phosphorylated Smad3 (p-Smad3), MEK1/2, phosphor-
ylated MEK1/2 (p-MEK1/2), ERK1/2, phosphorylated
ERK1/2 (p-ERK1/2), p38-MAPK, phosphorylated p38-
MAPK (p-p38-MAPK), JNK, phosphorylated JNK (p-JNK),
Akt, and phosphorylated Akt (p-Akt) were purchased from Cell
Signaling.

FIGURE 3. Up-regulation of HAS-mediated HA synthesis and down-regulation of HYBID mRNA expression by TGF-�1, bFGF, EGF, and PDGF-BB in
NHDF-Ad cells. A, HA content in the culture media of NHDF-Ad skin fibroblasts stimulated with growth factors. Cells were cultured in the absence (Control) or
presence of 1 or 10 ng/ml TGF-�1, bFGF, EGF, or PDGF-BB for 24 h. The HA concentrations in the conditioned media were quantified by ELISA. Values represent
the mean � S.D. (n � 3). Dunnett’s test was used for statistical analysis. ***, p � 0.001; **, p � 0.01; *, p � 0.05. B–D, the expression levels of HAS1 (B), HAS2 (C),
and HYBID (D) mRNAs in cells treated without (Control) or with 1 or 10 ng/ml TGF-�1, bFGF, EGF, or PDGF-BB for 8 or 24 h. Levels of mRNAs were measured by
quantitative real-time PCR. Values are expressed as the mean � S.D. (n � 3) and shown as -fold increases in mRNA expression relative to 8 h control cells.
Dunnett’s test was used for statistical analysis. ***, p � 0.001; **, p � 0.01; *, p � 0.05.
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Immunoblotting—Cell homogenate supernatants were sepa-
rated by electrophoresis on NuPAGE 4 –12% Bis-Tris gels
(Invitrogen), and proteins were transferred onto polyvinylidene
difluoride membranes. The membranes were reacted with anti-
bodies and then incubated with the following horseradish per-
oxidase-conjugated secondary antibodies: donkey anti-rat IgG
antibody for HYBID (Jackson ImmunoResearch) and goat anti-
rabbit IgG antibody for Smad2, p-Smad2, Smad3, p-Smad3,
MEK1/2, p-MEK1/2, ERK1/2, p-ERK1/2, p38-MAPK, p-p38-
MAPK, JNK, p-JNK, Akt, p-Akt, �-actin, and GAPDH (DAKO).
Immunoreactive bands were detected using the SuperSignal
West Pico Chemiluminescent Substrate System (Thermo
Scientific).

Molecular Size Distribution of Synthesized HA—Detroit 551
cells or synovial fibroblasts were cultured for 48 h in the culture
media containing 10 �Ci/ml D-[1,6-3H(N)]glucosamine hydro-
chloride (American Radiolabeled Chemicals) in the presence or
absence of the indicated growth factors (1 or 10 ng/ml). The
harvested culture media were treated with 30 �g/ml Pronase
(Merck) and then divided into two parts; one was digested with
0.1 units/ml Streptococcus dysgalactiae hyaluronidase SD
(Seikagaku Corp.) in 0.5 M MES buffer, pH 6.0, containing 0.15
M sodium acetate at 37 °C overnight, whereas the other was left
undigested by the enzyme. They were applied to a PD-10 desalt-
ing column equilibrated with 0.5 M NaCl in distilled water to
remove unincorporated radiolabel, and each sample was frac-

tionated in a Sepharose CL-2B (GE Healthcare) column. The
chromatography profiles depicted only the hyaluronidase-sen-
sitive activity in each fraction plotted against the fraction num-
ber by subtracting the hyaluronidase-resistant counts from the
radioactivity of the hyaluronidase-undigested samples.

Human Tissue Samples—Normal human skin tissues were
taken with a punch biopsy from the faces of 24 female volun-
teers (age range: 60 – 69 years) at Stephens & Associates, Inc.
(Dallas, Colorado). The skin tissue collection was approved by
the Institutional Review Board of Stephens & Associates, Inc.,
and informed consent was obtained from all of the volunteers
before surgery.

Microarray Gene Analysis—Total RNA was isolated from the
normal human skin tissues using RNeasy Mini Kit (Qiagen) and
assessed for quality by 2100 Bioanalyzer (Agilent Technolo-
gies). The total RNA was labeled with Low Input Quick Amp
Labeling kit (Agilent Technologies) and subsequently hybrid-
ized to SurePrint G3 Human GE 8 � 60K Microarray (Agilent
Technologies). The data were normalized using Agilent Gene-
Spring GX11 software (normalized by a 75 percentile shift for
each chip; normalized to median across all samples for each
gene).

Statistics—Statistical significance was assessed by Student’s t
test, analysis of variance, and Dunnett’s test, and all correlations
were examined by Pearson’s correlation coefficient analysis

FIGURE 4. Up-regulation of HAS-mediated HA synthesis and down-regulation of HYBID mRNA expression by TGF-�1, bFGF, EGF, and PDGF-BB in HS27
cells. A, HA content in the culture media of HS27 skin fibroblasts stimulated with growth factors. Cells were cultured in the absence (Control) or presence of 1
or 10 ng/ml TGF-�1, bFGF, EGF, or PDGF-BB for 24 h. The HA concentrations in the conditioned media were quantified by ELISA. Values represent the mean �
S.D. (n � 3). Dunnett’s test was used for statistical analysis. ***, p � 0.001; **, p � 0.01; *, p � 0.05. B and C, the expression levels of HAS2 (B) and HYBID (C) mRNAs
in cells treated without (Control) or with 1 or 10 ng/ml TGF-�1, bFGF, EGF, or PDGF-BB for 8 or 24 h. Levels of mRNAs were measured by quantitative real-time
PCR. HAS1 mRNA expression was negligible under either basal or stimulated conditions with the growth factors tested. Values are expressed as the mean � S.D.
(n � 3) and shown as -fold increases in mRNA expression relative to 8 h control cells. Dunnett’s test was used for statistical analysis. ***, p � 0.001.

Regulation of Hyaluronan Metabolism

30914 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 290 • NUMBER 52 • DECEMBER 25, 2015



FIGURE 5. Effects of TGF-�1, bFGF, EGF, and PDGF-BB, and knockdown of HYBID on the size distribution of newly produced HA. A, Detroit 551 cells were
metabolically labeled with 10 �Ci/ml [3H]glucosamine in the absence (Control; open circle) or presence of 1 (gray triangle) or 10 (closed circle) ng/ml TGF-�1,
bFGF, EGF, or PDGF-BB for 48 h. The radiolabeled HA was isolated from the conditioned media and subjected to size-exclusion chromatography. B, knockdown
efficiency and specificity for HYBID was evaluated by quantitative real-time PCR. The expression levels of HYBID, HAS1, and HAS2 mRNAs in HYBID knocked-
down cells at 24 h after treatment with siRNA were measured by quantitative real-time PCR. As for controls, the cells were transfected with control non-
silencing siRNA (Control siRNA). Values are expressed as the mean � S.D. (n � 3) and shown as -fold increases in mRNA expression relative to control
siRNA-treated cells. Student’s t test was used for statistical analysis. ***, p � 0.001. Representative data for two siRNAs are shown. C, control (open circle) or
HYBID (closed circle) siRNA-treated Detroit 551 cells were metabolically labeled with 10 �Ci/ml [3H]glucosamine in the absence (Control) or presence of 10
ng/ml TGF-�1, bFGF, EGF, or PDGF-BB for 48 h. The radiolabeled HA was isolated from the conditioned media and subjected to size-exclusion chromatography.
Lower, immunoblotting for HYBID and GAPDH (a loading control). The expression levels of HYBID protein in control or HYBID siRNA-treated cells stimulated
without (Control) or with 10 ng/ml TGF-�1, bFGF, EGF, or PDGF-BB at 24 h after the stimulation.
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using EXSUS Version 8.0.0 (CAC EXICARE Corp.). A proba-
bility of p � 0.05 was considered significant.

Results

Regulation of HAS-mediated Synthesis and HYBID-mediated
Depolymerization of HA by Growth Factors in Normal Human
Skin Fibroblasts—When the effects of TGF-�1, bFGF, EGF, and
PDGF-BB on HAS-mediated HA synthesis were examined in
normal human embryonic skin fibroblast Detroit 551 cells, all
these growth factors significantly enhanced the amounts of HA
in the culture media (Fig. 1A) and HAS1 and HAS2 expression
(Fig. 1, B and C), confirming the data of previous studies on skin
fibroblasts from various origins (12–15). Of note, TGF-�1
exerted maximal stimulatory effects on HA production via up-

regulation of both the HAS1 and HAS2 genes, whereas bFGF,
EGF, and PDGF-BB up-regulated only the HAS2 gene (Fig. 1,
A–C). The basal mRNA expression level of HAS2 was �1000-
fold higher than that of HAS1 mRNA, and HAS3 mRNA expres-
sion was negligible under both basal and growth factor-stimu-
lated conditions (data not shown). Then we examined the
effects of TGF-�1, bFGF, EGF, and PDGF-BB on HYBID-me-
diated HA depolymerization in Detroit 551 cells. As shown in
Fig. 2, A–C, TGF-�1 almost completely suppressed HA depoly-
merization and markedly down-regulated the mRNA and pro-
tein expression of HYBID to levels �10% of the original.
Although bFGF and EGF moderately suppressed HA depoly-
merization and HYBID expression (Fig. 2, A–C), PDGF-BB had
only a mild or negligible suppressive effect (Fig. 2, A–C). Similar
profiles of effects of TGF-�1, bFGF, EGF, and PDGF-BB on the
HA production and the mRNA expression of HAS and HYBID
were observed with other human skin fibroblasts including
NHDF-Ad (adult skin fibroblasts) (Fig. 3, A–D) and HS27 (neo-
natal skin fibroblasts) (Fig. 4, A–C), although both cells pro-
duced a relatively lower amount of HA compared with Detroit
551 cells. Among the growth factors, TGF-�1 was the most
effective regulator of HA production in these cells. On the other
hand, the effect of PDGF-BB appeared to be dependent on
fibroblasts, as the degree of the effect was comparatively high in
NHDF-Ad and HS27 cells compared with Detroit 551 cells.
These data suggest that TGF-�1, bFGF, EGF, and PDGF-BB
enhance HA production not only by up-regulation of HAS-
mediated HA synthesis but also down-regulation of HYBID-
mediated HA degradation in skin fibroblasts.

Effects of Growth Factors on Molecular Size of HA Synthesized
in Detroit 551 Cells—We then analyzed molecular weight dis-
tribution of newly synthesized HA in Detroit 551 cells under
stimulation with TGF-�1, bFGF, EGF, or PDGF-BB. The cells
were incubated with [3H]glucosamine in the presence and
absence of TGF-�1, bFGF, EGF, or PDGF-BB, and the gel fil-
tration chromatography profiles of metabolically labeled HA
were examined. HA synthesized by non-stimulated cells was
polydisperse but composed of two main fractions, i.e. high
molecular mass [3H]HA of �1000 kDa and intermediate-sized
[3H]HA of 10 –100 kDa (Fig. 5A). Because Has1 and Has2 pro-
teins synthesize only high molecular weight HA (7), the inter-
mediate-sized [3H]HA was considered to be a degradation
product from the high molecular weight [3H]HA. As shown in
Fig. 5A, treatment with TGF-�1 remarkably increased the syn-
thesis of high molecular weight [3H]HA, consistent with the
data of almost complete suppression of HYBID expression (Fig.
2, B and C). On the other hand, bFGF and EGF, which showed
moderate suppressive effects on HYBID expression (Fig. 2, B
and C), enhanced production of both high molecular weight
[3H]HA and intermediate-sized [3H]HA (Fig. 5A). Treatment
with PDGF-BB, which exerted little effect on HYBID expres-
sion (Fig. 2, B and C), resulted in no or negligible changes in HA
fractions, showing mainly intermediate-sized [3H]HA (Fig. 5A).
To further study the direct involvement of HYBID in newly
produced HA species, we knocked down HYBID expression by
siRNA. As shown in Fig. 5B, siRNA successfully knocked down
the HYBID expression without changing HAS1/2 expression in
Detroit 551 cells. Accordingly, HYBID knocked-down cells

FIGURE 6. TGF-�1-mediated phosphorylation of Smad2, Smad3, MEK1/2,
ERK1/2, p38-MAPK, JNK, and Akt and contribution of the Smad signaling
pathways to the regulation of TGF-�1-mediated HAS1, HAS2, and HYBID
mRNA expression. A, phosphorylation of Smad2, Smad3, MEK1/2, ERK1/2,
p38-MAPK, JNK, and Akt in response to TGF-�1. Detroit 551 cells were cul-
tured in the absence or presence of 1 or 10 ng/ml TGF-�1 for 10 min. Levels of
p-Smad2, total Smad2, p-Smad3, total Smad3, p-MEK1/2, total MEK1/2,
p-ERK1/2, total ERK1/2, p-p38-MAPK, total p38-MAPK, p-JNK, total JNK, p-Akt,
and total Akt were evaluated by immunoblotting. GAPDH was used as a load-
ing control. Representative data obtained from the incubation with 10 ng/ml
TGF-�1 are shown. B, knockdown efficiency for Smad2 and Smad3 was eval-
uated by immunoblotting. Smad2 and Smad3 were knocked down by treat-
ing Detroit 551 cells with siRNAs to Smad2 or Smad3. As for controls, the cells
were transfected with control non-silencing siRNA (Control siRNA). GAPDH
was used as a loading control. Representative data for two siRNAs are shown.
C–E, effects of siRNA knockdown of Smad2 or Smad3 on HAS1 (C), HAS2 (D),
and HYBID (E) mRNA expression in response to TGF-�1. The expression levels
of HAS1, HAS2, and HYBID mRNAs in Smad2 or Smad3 knocked-down cells
treated without (Control) or with 1 ng/ml TGF-�1 for 8 h were measured by
quantitative real-time PCR. Values are expressed as the mean � S.D. (n � 3)
and shown as -fold increases in mRNA expression relative to control
siRNA-treated cells in the absence of TGF-�1. Dunnett’s test was used for
statistical analysis. Representative data for two siRNAs are shown. *, p � 0.05.
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produced only high molecular weight [3H]HA under both con-
trol and TGF-�1, bFGF, EGF, or PDGF-BB-stimulated condi-
tions (Fig. 5C). These data demonstrate that the expression
level of HYBID is a determinant for size distribution of newly
synthesized HA in Detroit 551 cells under stimulation with the
growth factors.

Differential Regulation of HAS1/2 and HYBID Gene Expres-
sion by TGF-�1 through the Smad3, MAPK, or PI3K-Akt Path-
ways in Detroit 551 Cells—Because TGF-�1 was found to be a
key inducer of high molecular weight HA synthesis by inversely
regulating HAS1/2 and HYBID expression in Detroit 551 cells,
we then investigated the signaling pathways for TGF-�1-medi-
ated HAS1/2 and HYBID expression. As shown in Fig. 6A, we
observed phosphorylation of Smad2 and Smad3 (the Smad2/3
signaling), MEK1/2, ERK1/2, p38-MAPK, and JNK (the MAPK
signaling), and Akt (the PI3K-Akt signaling) in response to

TGF-�1. When Smad2 or Smad3 expression was knocked
down using siRNAs (Fig. 6B), TGF-�1-stimulated expression of
HAS1 was partially, but significantly, reduced by Smad3 knock-
down (Fig. 6C), but there was no significant effect on HAS2 (Fig.
6D) or HYBID (Fig. 6E) expression. We also examined involve-
ment of the MAPK and the PI3K-Akt signaling pathways using
pharmacological inhibitors. MEK inhibition (PD98059) and
p38-MAPK inhibition (SB203580) greatly inhibited the TGF-
�1-mediated up-regulation of HAS1 (Fig. 7A) and HAS2 (Fig.
7B), and JNK inhibitor (JNK inhibitor II) also showed a slight
effect (Fig. 7, A and B). None of these inhibitors, however,
exhibited apparent effects on the TGF-�1-mediated down-reg-
ulation of HYBID (Fig. 7C). On the other hand, Akt inhibition
(Akt inhibitor V) partially attenuated the down-regulation of
HYBID by TGF-�1 (Fig. 7D), and similar observations were
obtained with knockdown experiments of Akt using siRNAs

FIGURE 7. Contribution of the MAPK and PI3K-Akt signaling pathways to the regulation of TGF-�1-mediated HAS1, HAS2, and HYBID mRNA expres-
sion. A–C, effects of inhibitors to MEK, p38-MAPK, and JNK on HAS1, HAS2, or HYBID mRNA expression in response to TGF-�1. Detroit 551 cells were incubated
for 1 h in the absence (DMSO) or presence of 3 or 10 �M PD98059 (MEK inhibitor), 1 or 3 �M SB203580 (p38-MAPK inhibitor), and 1 or 3 �M JNK inhibitor II
followed by additional incubation for 8 h without (Control) or with 1 ng/ml TGF-�1. The expression levels of HAS1, HAS2, and HYBID mRNAs were measured by
quantitative real-time PCR. Values are expressed as the mean � S.D. (n � 3) and shown as -fold increases in mRNA expression relative to DMSO-treated cells in
the absence of TGF-�1. Dunnett’s test was used for statistical analysis. ***, p � 0.001. D, effect of Akt inhibitor V on HYBID mRNA expression. Cells were treated
for 1 h with 10 or 20 �M Akt inhibitor V followed by additional incubation for 8 h without (Control) or with 1 ng/ml TGF-�1, and the HYBID mRNA expression was
measured as described above. **, p � 0.01; *, p � 0.05. E, knockdown efficiency for Akt. Akt was knocked down by treating Detroit 551 cells with siRNAs to Akt1,
Akt2, and Akt3. For controls, the cells were transfected with control non-silencing siRNA (control siRNA). �-Actin was used as a loading control. F, effect of siRNA
knockdown of Akt on HYBID mRNA expression in response to TGF-�1. The expression levels of HYBID mRNA in Akt knocked-down cells treated without (Control)
or with 1 ng/ml TGF-�1 for 8 h were measured by quantitative real-time PCR. Values are expressed as the mean � S.D. (n � 3) and shown as -fold increases in
mRNA expression relative to control siRNA-treated cells in the absence of TGF-�1. Student’s t test was used for statistical analysis. ***, p � 0.001.
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(Fig. 7, E and F). These results suggest that the TGF-�1-medi-
ated gene expression of HAS1/2 and HYBID in Detroit 551 cells
is regulated by distinct signaling pathways; the up-regulation of
HAS1/2 expression is largely mediated via the Smad3, ERK1/2,
and/or p38-MAPK pathways, and the PI3K-Akt signaling path-
way is, at least in part, involved in the down-regulation of
HYBID.

Correlation of TGF-� Receptor type I and II Expression with
HAS2 and HYBID Expression in Normal Human Skin—Because
the levels of TGF-�1 receptors determine the response of cells
to TGF-�1 (21, 22), we further assessed whether the expression
levels of the HAS1/2 and HYBID genes correlate with expres-
sion of the receptors for TGF-�1 (TGFBR1 and TGFBR2) in
human skin. By a microarray analysis of biopsy samples of nor-
mal skin (n � 24), the expression of TGFBR1 and TGFBR2
positively correlated with the HAS2 expression (r � 0.5064, p �
0.0116 and r � 0.4159, p � 0.0433, respectively) and inversely
with the HYBID expression (r � 	0.4403, p � 0.0313 and r �
	0.5629, p � 0.0042, respectively) (Fig. 8). On the other hand,
analysis of the correlation between the expression of HAS1 and
TGFBR1 or TGFBR2 was impossible because of the low level
expression of HAS1. Positive correlations of TGFBR1 and
TGFBR2 were also obtained for COL1A1 (collagen type I, �-1)
(r � 0.5548, p � 0.0049 and r � 0.4325, p � 0.0348, respec-

tively), COL1A2 (collagen type I, �-2) (r � 0.5807, p � 0.0029
and r � 0.4726, p � 0.0197, respectively), COL3A1 (collagen
type III, �-1) (r � 0.6553, p � 0.0005 and r � 0.5029, p � 0.0123,
respectively), and FN1 (fibronectin 1) (r � 0.5629, p � 0.0042
and r � 0.4648, p � 0.0221, respectively) genes (Fig. 8), all of
which are known to be up-regulated in cultured human skin
fibroblasts in response to TGF-�1 (23).

Production of Lower Molecular Weight HA by OA and RA
Synovial Fibroblasts under Stimulation with TGF-�1—To
study the possible role of TGF-�1 in HA metabolism by syno-
vial fibroblasts, we examined production and degradation of
HA and expression of the HAS and HYBID genes by treating
normal and arthritic (OA and RA) synovial fibroblasts with
TGF-�1. In agreement with previous findings (17–19), TGF-�1
increased the amount of HA in the culture media of normal,
OA, and RA synovial fibroblasts (Fig. 9A). This was associated
with up-regulation of HAS1 and HAS2 expression (Fig. 9, B and
C), although HAS3 expression was negligible under this condi-
tion (data not shown). On the other hand, TGF-�1 exerted little
effect on HA depolymerization in normal, OA, and RA synovial
fibroblasts (Fig. 10A). The HYBID expression levels appeared to
be higher in OA and RA synovial fibroblasts compared with
normal synovial fibroblasts (Fig. 10, B and C), and TGF-�1-
induced suppression of HYBID expression in synovial fibro-

FIGURE 8. Correlation of TGFBR1 and TGFBR2 gene expression levels with HAS2, HYBID, COL1A1, COL1A2, COL3A1, and FN1 gene expression levels in
normal human skin. Levels of TGFBR1, TGFBR2, HAS2, HYBID, COL1A1, COL1A2, COL3A1, and FN1 mRNAs in the normal human skin tissues (n � 24) were
measured by microarray gene analysis. Correlations were examined by Pearson’s correlation coefficient analysis. A probability of p � 0.05 was considered
significant. r � correlation coefficient; **, p � 0.01; *, p � 0.05.
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blasts was minimal, i.e. up to the levels of 60% of the original
(Fig. 10, B and C). Unlike skin fibroblasts, Akt was not phos-
phorylated in response to TGF-�1 in RA synovial fibroblasts
(Fig. 10D), and ranolazine, which is known to activate PI3K-Akt
(24), significantly enhanced TGF-�1-induced suppression of
HYBID expression in RA synovial fibroblasts (Fig. 10E).
Accordingly, newly produced HA was composed of high molec-
ular weight HA in normal synovial fibroblasts treated with
TGF-�1, but OA and RA synovial fibroblasts produced large
amounts of lower molecular weight HA in response to TGF-�1
(Fig. 10F). To more directly show the involvement of HYBID in
HA degradation during production of HA by synovial fibro-
blasts, we knocked down HYBID expression in OA and RA
synovial fibroblasts by siRNA. As shown in Fig. 11, knockdown
of HYBID resulted in the production of high molecular weight
[3H]HA in the absence (Fig. 11, A and B, Control) or presence of
TGF-�1. These results strongly suggest that TGF-�1 stimula-
tion leads to the accumulation of intermediate-sized HA by
increasing the expression of HAS1/2 with only a slight decrease
in HYBID expression in arthritic synovial fibroblasts.

Discussion

In the present study to the best of our knowledge we have
demonstrated for the first time that although TGF-�1, bFGF,

EGF, and PDGF-BB enhance total amount of HA by stimula-
tion of HAS-mediated HA synthesis in normal human skin
fibroblasts, distribution patterns of molecular sizes of newly
synthesized HA are different depending on the growth factors
used for treatment. Among them, TGF-�1 was the most effec-
tive stimulator for high molecular weight HA production by
up-regulation of HAS1/2 genes and down-regulation of HYBID
gene. We also found that the effect of TGF-�1 on the HYBID
down-regulation differs between normal skin fibroblasts and
arthritic synovial fibroblasts.

TGF-�1, bFGF, EGF, and PDGF-BB are reported to promote
HA synthesis through enhanced HAS expression in human skin
fibroblasts (12–15). In the present study we confirmed the data
by showing that they increase HA production by overexpres-
sion of HAS1 and/or HAS2 genes in three different normal skin
fibroblasts (Detroit 551, HS27, and NHDF-Ad cells) and further
disclosed that in contrast to TGF-�1-mediated production
of high molecular mass HA (�1000 kDa), bFGF, EGF, or
PDGF-BB treatment results in accumulation of mainly inter-
mediate-sized HA (10 –100 kDa) in Detroit 551 cells. Stimula-
tion of HAS1 and HAS2 gene expression and almost complete
inhibition of HYBID expression by TGF-�1 accorded well with
accumulation of high molecular weight HA in Detroit 551 cells.

FIGURE 9. Up-regulation of HAS-mediated HA synthesis by TGF-�1 in synovial fibroblasts from a normal subject and OA and RA patients. A, HA content
in the culture media of normal, OA, and RA synovial fibroblasts stimulated with TGF-�1. Cells were cultured in the absence (Control) or presence of 1 or 10 ng/ml
TGF-�1 for 24 or 48 h. HA concentrations in conditioned media were quantified by ELISA. Values represent the mean � S.D. (n � 3). Dunnett’s test was used for
statistical analysis. ***, p � 0.001; **, p � 0.01; *, p � 0.05. B and C, the expression levels of HAS1 (B) and HAS2 (C) mRNAs in cells treated without (Control) or with
1 or 10 ng/ml TGF-�1 for 8 or 24 h. mRNA levels were measured by quantitative real-time PCR. Values are expressed as the mean � S.D. (n � 3) and shown as
-fold increases in mRNA expression relative to normal 8 h control cells. Dunnett’s test was used for statistical analysis. ***, p � 0.001; **, p � 0.01; *, p � 0.05.
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On the other hand, bFGF, EGF, and PDGF-BB enhanced HAS2
gene expression, but the suppression of HYBID expression was
modest by bFGF and EGF and only minimum by PDGF-BB. In
addition, we demonstrated that siRNA-mediated knockdown
of HYBID in Detroit 551 cells results in production of only high
molecular weight HA in the absence and the presence of TGF-

�1, bFGF, EGF, or PDGF-BB. Accordingly, it is likely that the
expression levels of HYBID determine the molecular sizes of
newly produced HA under stimulation with these growth
factors.

All these growth factors are implicated in skin wound healing
(25, 26), which is composed of continuous and overlapping pro-

FIGURE 10. Effect of TGF-�1 on HYBID-mediated HA depolymerization and the size distribution of HA synthesized by synovial fibroblasts from a
normal subject, and OA and RA patients. A, HA depolymerization by synovial fibroblasts treated with TGF-�1. Cells treated without (Control; open circle) or
with 1 (gray triangle) or 10 (closed circle) ng/ml TGF-�1 were cultured with [3H]HA for 48 h, and HA fragments in the culture media were examined by
size-exclusion chromatography. B and C, the expression levels of HYBID mRNA (B) and protein (C) in cells treated without (Control) or with 1 or 10 ng/ml TGF-�1.
mRNA levels at 8 and 24 h and protein expression at 24 h after the treatment were measured by quantitative real-time PCR and immunoblotting, respectively.
Values are expressed as the mean � S.D. (n � 3) and shown as -fold increases in mRNA expression relative to normal 8 h control cells. Dunnett’s test was used
for statistical analysis. ***, p � 0.001. D, phosphorylation of Akt in response to TGF-�1. Detroit 551 skin fibroblasts and RA synovial fibroblasts were incubated
in the absence or presence of 1 or 10 ng/ml TGF-�1 for 10 min. Levels of p-Akt and total Akt were evaluated by immunoblotting. Representative data obtained
from the incubation with 10 ng/ml TGF-�1 are shown. E, effect of PI3K-Akt activation on HYBID mRNA expression in response to TGF-�1. RA synovial fibroblasts
were incubated for 1 h in the absence or presence of 200 �M ranolazine dihydrochloride followed by additional incubation for 8 h without (Control) or with 1
ng/ml TGF-�1. The expression level of HYBID mRNA was measured by quantitative real-time PCR. Values are expressed as the mean � S.D. (n � 3) and shown
as -fold increases in mRNA expression relative to control cells in the absence of TGF-�1. Student’s t test was used for statistical analysis. ***, p � 0.001. F, newly
produced HA. Cells were metabolically labeled with 10 �Ci/ml [3H]glucosamine in the absence (Control; open circle) or presence of 1 (gray triangle) or 10 (closed
circle) ng/ml TGF-�1 for 48 h. The radiolabeled HA was isolated from the conditioned media and subjected to size-exclusion chromatography.
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cesses of inflammatory, proliferative, and remodeling phases
(27). PDGF-BB, which is secreted from platelets present within
blood coagula formed in the fresh wound, acts as a stimulator
for recruitment of dermal fibroblasts and leukocytes into the
wound site in the early stage of the inflammatory phase (25, 26).
In the proliferative phase, bFGF and EGF play key roles in
angiogenesis in the dermal granulation tissue and re-epithelial-
ization by stimulating proliferation and migration of endothe-
lial cells and epidermal keratinocytes, respectively (25, 26).
Because biological functions of HA are dependent on the
molecular sizes (28, 29) and smaller-sized HA is known to pro-
mote inflammatory and angiogenic reactions and migration of
dermal fibroblasts and keratinocytes (28 –32), accumulation of
intermediate-sized HA elaborated by the actions of PDGF-BB,
bFGF, and EGF in wound tissue may be a condition facilitating
the inflammatory reactions, granulation tissue formation, and
re-epithelialization, all of which occur in these phases. On the
other hand, TGF-�1, one of the major growth factors in the
proliferative and remodeling phases, promotes proliferation of
fibroblasts, their differentiation into myofibroblasts, and extra-
cellular matrix production (25–27). TGF-�1-mediated produc-
tion of high molecular weight HA may suppress angiogenesis
(29) and provide more solid extracellular matrix structures
composed of high molecular weight HA and collagens, the tis-
sue microenvironment suitable for remodeling phase.

Previous studies suggested that the Smad3, ERK, and p38-
MAPK pathways are implicated in HAS1 induction by TGF-�1

in fibroblasts (16, 19). Our data have demonstrated that the
TGF-�1-stimulated HAS1 expression is via the Smad3,
ERK1/2, and p38-MAPK pathways in Detroit 551 cells and also
that the HAS2 expression by TGF-�1 is dependent on the
ERK1/2 and p38-MAPK pathways. These data indicate that
TGF-�1-mediated induction of HAS1 and HAS2 expression
shares the ERK1/2 and p38-MAPK pathways. In contrast, the
TGF-�1-mediated down-regulation of HYBID was not can-
celed by knockdown of Smad2/3 or inhibition of ERK1/2, p38-
MAPK, and JNK but partly recovered by the Akt inhibitor or
siRNAs for Akt1/2/3. Thus, the TGF-�1-mediated expression
of the HAS1/2 and HYBID genes appeared to be controlled
through different intracellular signaling pathways, i.e. the
Smad3 and/or MAPK pathways for HAS1/2 and the PI3K-Akt
pathway for HYBID. Importantly, the present study on the nor-
mal human skin tissues demonstrated that the expression levels
of the TGF-�1 receptors (TGFBR1 and TGFBR2) are positively
and negatively correlated with those of HAS2 and HYBID,
respectively. These data seem to reflect the results of the inverse
regulation of HAS2 and HYBID expression by TGF-�1 obtained
by the experiments using cultured skin fibroblasts. Altogether,
the TGF-�1/TGF-�1 receptor axis may function for mainte-
nance of extracellular matrix homeostasis through the two dif-
ferent pathways in human normal skin.

One of the interesting findings in the present study is that
TGF-�1 did not efficiently down-regulate the HYBID expres-
sion in arthritic synovial fibroblasts, resulting in accumulation

FIGURE 11. Size distribution of newly produced HA by HYBID knocked-down OA and RA synovial fibroblasts stimulated with TGF-�1. A and B, control
(open circle) or HYBID (closed circle) siRNA-treated OA (A) and RA (B) synovial fibroblasts were metabolically labeled with 10 �Ci/ml [3H]glucosamine in the
absence or 10 ng/ml TGF-�1 for 48 h. The radiolabeled HA was isolated from the conditioned media and subjected to size-exclusion chromatography. Bottom,
immunoblotting for HYBID and GAPDH (a loading control). Shown are expression levels of HYBID protein in control or HYBID siRNA-treated cells stimulated
without (Control) or with 10 ng/ml TGF-�1 at 24 h after the stimulation.
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of intermediate-sized HA. This contrasts to the reaction of nor-
mal skin fibroblasts to TGF-�1. It is possible to speculate that
insufficient effect of TGF-�1 on HYBID down-regulation in
arthritic synovial fibroblasts is due to different expression levels
of TGF-�1 receptors in skin and synovial fibroblasts. However,
another plausible explanation might be epigenetic regulation of
the HYBID gene expression. In human breast cancers, a link
between hypomethylation of the regulatory region of the
HYBID gene and up-regulation of HYBID has been reported
(33). Genomic hypomethylation is known to contribute to RA,
and the expression of matrix-degrading proteinases including
matrix metalloproteinases-1 and -14 is increased by hypometh-
ylation in RA synovial fibroblasts (34). Thus, the epigenetic
modifications of OA and RA synovial fibroblasts may be
involved in the overexpression of HYBID and inefficient down-
regulation by TGF-�1, although future studies are definitely
needed to demonstrate the hypothesis.

High molecular weight HA is essential to maintain the vis-
coelasticity and lubrication of the synovial fluid in joints, but
molecular sizes of HA are decreased in synovial fluids from OA
and RA patients (3, 4). TGF-�1 is present at high levels in syno-
vial fluids of OA and RA patients (17) and expected to act as an
anabolic factor for HA production. However, our data provide
evidence that the stimulation of arthritic synovial fibroblasts by
TGF-�1 fails in generation and accumulation of high molecular
weight HA because of insufficient down-regulation of HYBID.
These findings suggest that the strategies to modulate TGF-�1
activity and/or expression have limitations to maintain high
molecular weight HA in arthritic conditions. Therefore, to bet-
ter control the quality of HA in synovial fluids, new remedies to
efficiently down-regulate HYBID expression or inhibit the
HYBID-mediated HA degradation should be developed by
future studies.

In summary, we have investigated the regulation of HAS-
mediated synthesis and HYBID-mediated degradation of HA in
normal skin fibroblasts under stimulation with TGF-�1, bFGF,
EGF, and PDGF-BB and provided evidence that distribution
patterns of molecular sizes of newly produced HA, but not
amounts of produced HA, are substantially different depending
on the HYBID expression levels modulated by the growth
factors. In addition, TGF-�1-mediated down-regulation of
HYBID was cell type-specific. The different molecular sizes of
newly synthesized HA under stimulation with the growth fac-
tors may be related to molecular size-dependent HA functions
under physiological and pathological conditions.
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