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Regulation of connective tissue growth factor (CCN2/CTGF)
in gingival fibroblasts is unique and may provide therapeutic
opportunities to treat oral fibrotic diseases. RhoA was previ-
ously implicated in mediating the expression of CCN2/CTGF.
We now present evidence that Rho family GTPases Rac1 and
Cdc42 are the principal mediators of the transforming growth
factor-�1 (TGF�1)-stimulated expression of CCN2/CTGF in
primary human gingival fibroblasts. TGF�1 does not stimulate
RhoA activation in gingival fibroblasts, and the overexpression
of dominant-negative RhoA does not reduce CCN2/CTGF
expression in response to TGF�1. In contrast, the overexpres-
sion of dominant-negative forms of Cdc42 or Rac1 results in a
dramatic reduction of CCN2/CTGF protein levels. Lovastatin and
a geranylgeranyltransferase inhibitor reduce the TGF�1-stimu-
lated levelsofCCN2/CTGFproteinby�75and100%, respectively.
We previously demonstrated that JNK1 phosphorylation by
TGF�1 is also critical for TGF�1-induced CCN2/CTGF expres-
sion,andforskolinpartially reduces levelsofphosphorylatedJNK1.
Inhibition of geranylgeranyltransferase has no effect on levels of
JNK phosphorylation in response to TGF�1 suggesting Rho-
GTPases act independently of JNK1. The combination of lova-
statin and forskolin results in a greater inhibitory effect than each
agent alone and reduces CCN2/CTGFmRNA and protein expres-
sion by greater than 90%. This novel combination has additive
inhibitory effects on the TGF�1-stimulated expression of CCN2/
CTGF inhumangingival fibroblasts through the simultaneousdis-
ruption of Rho- and JNK1-mediated pathways, respectively. This
combinationof available therapeutic compoundsmay thereforebe
useful in designing treatment strategies for oral fibrotic conditions
in which gingival CCN2/CTGF is elevated.

Connective tissue growth factor belongs to the CCN family
of growth factors, designated CCN2 or CTGF (1–7). Trans-

forming growth factor � (TGF�)2 and lysophosphatidic acid
(LPA) stimulateCCN2/CTGFexpression in human fibroblastic
cells (6–9). CCN2/CTGF is responsible for mediating some of
the effects of TGF� and has been implicated in the onset and
progression of fibrosis in most human tissues (4, 6, 7, 10–28).
We previously reported that CCN2/CTGF is highly

expressed in tissues from patients with phenytoin-induced gin-
gival overgrowth and hereditary gingival fibromatosis (29–31).
Tissues derived from these patients contain a high level of
CCN2/CTGF expression and are more fibrotic compared with
other forms of drug-induced gingival overgrowth, which do not
overexpress CCN2/CTGF (31). We therefore consider CCN2/
CTGF to be a potential therapeutic target for designing treat-
ment alternatives against the onset and progression of pheny-
toin-induced and hereditary forms of gingival overgrowth.
Because patients taking the anti-convulsive agent, phenytoin,
may not be able to discontinue medication, the indicated treat-
ment for gingival overgrowth tissues is the repeated, painful
surgical excision of the fibrotic tissue. A less traumatic mode of
intervention is needed.
It has been reported that the re-growth of fibrotic gingival

tissues in these patients is rapid following surgery (32–34). The
standard surgical excision of gingival tissues in patients with
hereditary or phenytoin-induced gingival overgrowth results
in the recruitment of platelets and normal clotting factors
early in the post-surgical healing processes. A potential
mechanism for the rapid re-growth of gingival tissues is the
early recruitment of platelets to the wound. Platelets are rich
in LPA and also carry CCN2/CTGF protein (35–39). In this
study we investigate the mechanism of LPA and TGF-�1 stim-
ulation of CCN2/CTGF in primary cultures of gingival fibro-
blasts and identify additive effects and unique signaling path-
ways that mediate their effects.
Primary human gingival fibroblasts are unique in their resist-

ance to the inhibition of the TGF�1-induced expression of
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CCN2/CTGF by prostaglandin E2 (PGE2), whereas in primary
human renalmesangial cells and IMR90human lung fibroblasts
PGE2 potently blocks CCN2/CTGF expression stimulated by
TGF�1 (40). Although it has been demonstrated that renal
fibroblasts require activated RhoA to promote CCN2/CTGF
expression in response to LPA and TGF� (8, 9), the role of the
Rho family GTPases in mediating the TGF�1-stimulated
expression of CCN2/CTGF has yet to be determined in gingival
cells. Here we demonstrate that the Rho family GTPases Rac1
and Cdc42, and not RhoA, are essential mediators in the
TGF�1-stimulated expression of CCN2/CTGF in primary
human gingival fibroblasts. These findings demonstrate
another novel aspect of the cell/tissue-specific differences
between human fibroblastic cell types in regulating CCN2/
CTGF expression. Data presented provide potentially useful
information that may lead to the development of novel thera-
peutic strategies designed to minimize fibrosis caused by the
overexpression of CCN2/CTGF in forms of oral tissue
overgrowth.

EXPERIMENTAL PROCEDURES

Reagents—Forskolin, H89, and mevalonolactone were
obtained fromSigma. PGE2,mouse anti-actinmonoclonal anti-
body, Y27632, geranylgeranyltransferase inhibitor (GGTI), far-
nesyltransferase inhibitor (FTI), lovastatin-sodium and simvas-
tatin-sodium were obtained from Calbiochem; recombinant
adenovirus, adenoviral titer kit, and�-galactosidase staining kit
were from CellBiolabs; LPA was from Avanti Polar Lipids; the
exotoxin C3-ADP-ribosyltransferase ofClostridium botulinum
was from Cytoskeleton, Inc.; Chariot protein delivery reagent
was acquired from Active Motif; RNeasy mini-RNA purifica-
tion kits were purchased from Qiagen; TGF�1 was from
PeproTech; rabbit anti-human CCN2/CTGF polyclonal anti-
body was kindly provided by FibroGen Corp., South San Fran-
cisco, CA; LumiGLO chemiluminescent detection system, rab-
bit anti-mitogen-activated protein kinase (MAPK) antibodies
against phospho-stress-activated protein kinase/JNK (Thr-183,
Tyr-184; catalog number 9251), total stress-activated protein
kinase/JNK (catalog number 9252), and secondary anti-rabbit
horseradish peroxidase-conjugated antibodies were obtained
from Cell Signaling Inc.; Dulbecco’s modified Eagle’s medium,
phosphate-buffered saline, trypsin, nonessential amino acids,
and antibiotics (penicillin/streptomycin) were from Invitrogen;
all solutions, Taqman probes, and instruments for real time
qPCR were obtained from Applied Biosystems; 100-mm and
6-well cell culture plates were from Fisher; Restore Western
blot Stripping Solution and nuclear extraction kits were from
Pierce.
Cell Culture—Primary human gingival fibroblasts were

obtained from donors from the Clinical Research Center, Bos-
ton University Goldman School of Dental Medicine, as
described previously (41). Gingival fibroblasts from two differ-
ent adult donors were used, and data obtained were reproduc-
ible. Data shown are from one donor (HCT-11). Fibroblasts
from all tissues were grown in Dulbecco’s modified Eagle’s
medium supplemented with 0.1 mM nonessential amino acids,
10% fetal bovine serum, and 100 units/ml penicillin and 0.1
mg/ml streptomycin at 37 °C and 5% CO2 in a fully humidified

incubator in 100-mm cell culture dishes. Cells were grown to
80% confluence and then placed in serum-free medium con-
taining 0.1% bovine serum albumin for aminimumof 12 h prior
to treatment. Specified inhibitors were next added in serum-
free bovine serum albumin medium for 30 or 60 min prior to
the addition of TGF-�1 or vehicle. TGF-�1 treatments were
generally for either 4 h for RNA analyses or 6 h for protein
analyses, based on previous studies. Cells were not passed
beyond four passages.
Cultures of gingival fibroblasts were treated with simvasta-

tin, lovastatin, GGTI, or FTI for 12 h prior to treatment with
TGF�1. Cultures were then incubated for an additional 6 h
prior to harvest of total cell layer protein to assess CCN2/CTGF
protein expression viaWestern blot. Mevalonolactone (Sigma)
hydrolysis to mevalonate salt was accomplished according to
protocols described previously (41). Briefly, mevalonolactone
was incubated in 0.1 N NaOH, pH 7.4, for 2 h at 50 °C. Aliquots
of 0.1 M mevalonate salt solution were then stored at �20 °C
until required. In experiments involving the C3 exotoxin of C.
botulinum, the C3-mediated inhibition of Rho-GTPases, gingi-
val fibroblast cultures were transfected with 5 �g/ml C3 using
the Chariot protein transfection reagent. Transfection com-
plexes were added to cultures and incubated for 12 h prior to
the introduction of TGF�1. Cultures were incubated for an
additional 6 h prior to harvest of total cell layer protein for
Western blot analysis.
Real Time Quantitative PCR (qPCR)—Total RNA was

obtained using RNeasy Midi columns (Qiagen) following the
manufacturer’s protocol. Total RNAwas isolated from fibro-
blast cell cultures and purified using RNeasymini-RNA puri-
fication kits (Qiagen). RNA obtained was run on a 1% agar-
ose gel to ensure RNA quality by analyzing for the presence
of 18 S and 28 S rRNA in proper relative proportions. RNA
was quantified via spectrophotometry, and 1 �g of RNA per
treatment condition was added to 30 �l of reverse transcrip-
tion reactions using random primers and the Applied Bio-
systems reverse transcription kit. Thermal cycler conditions
for reverse transcription were 25 °C for 10 min, 37 °C for 60
min, and 95 °C for 5 min, and cDNA was stored at �20 °C
prior to use in real time PCR. Four microliters of each reverse
transcription reactionwas used for 50-�l real timePCRs using the
traditional 96-well format. Taqman probes for human CCN2/
CTGF (catalog number Hs00170014_m1) and glyceraldehyde-3-
phosphate dehydrogenase (catalog number Hs99999905_m1)
wereused inreal timePCRanalyses.Real timePCRswere run inan
Applied Biosystems GeneAmp Prism 7700 system at thermal
cycler conditions of 50 °C for 2min, 95 °C for 10min, and60 °C for
1min for40cycles.Datawere analyzed using the 2���ctmethod,
and CCN2/CTGFmRNA levels were normalized to glyceralde-
hyde-3-phosphate dehydrogenase mRNA and no treatment
controls.
Western Blot Analysis—Fibroblast cell cultures were grown

as described above, and total cell layer protein was harvested by
dissolving cell layers in 500 �l of sample buffer containing 62.5
mM Tris, 10% glycerol, 2% SDS, and 5% �-mercaptoethanol per
100-mm culture dish. Samples were then boiled for 5 min and
stored at �80 °C. Samples were then subjected to 10% SDS-
PAGEandWestern blottingwith antibodies specific for protein
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of interest. Proteins were transferred to polyvinylidene difluo-
ride membrane overnight at 4 °C in blotting buffer containing
0.025 M Tris, 0.192 M glycine, and 20% methanol. Membranes
were blocked with 5% dry milk in TBST (20 mM Tris-HCl, pH
7.5, 150 mM NaCl, and 0.1% Tween) for 1 h followed by the
addition of specific primary rabbit antibody in blocking solu-
tion overnight at 4 °Cwithmild shaking.Membranes were then
washed with TBST 5 times for 10 min each. Membranes were
next incubated with secondary anti-rabbit horseradish peroxi-
dase-conjugated antibodies in 5% milk and TBST for 2 h at
room temperaturewithmild shaking.Membraneswerewashed
with TBST five times for 5min each. Chemiluminescent detec-
tion of bound horseradish peroxidase-conjugated secondary
antibodies was determined using the LumiGlo/peroxide (Cell
Signaling) and exposed to film. Membranes were subsequently
stripped using Restore Western Stripping Solution and
re-probed for loading controls as required. Densitometric anal-
ysis was performed using a Bio-Rad VersaDoc 3000 Imaging
System.
Extraction of Nuclear Proteins—Nuclei were collected, and

nuclear lysates were purified using the nuclear extract kit from
ActiveMotif with strict adherence to themanufacturer’s guide-
lines. Briefly, cultures of primary human gingival fibroblasts
were grown to near confluence and serum-starved for 12 h and
then treated with 10 �M LPA and/or 5 ng/ml TGF�1 for the
times indicated. Cells were washed twice with cold phosphate-
buffered saline containing the phosphatase mixture provided
and then scraped and collected in the same buffer. Detached
cells were spun at 500 rpm at 4 °C, and the supernatant was
discarded. Hypotonic buffer (1�) was added to the pellets and
incubated on ice for 15min. Detergent was added, and the cells
were vortexed for 10 s and then centrifuged for 30 s at 14,000�
g at 4 °C. Supernatant (cytosolic fraction) was saved, and Com-
plete Lysis Buffer was added to each pellet and vortexed for 10 s.
Samples were incubated at 4 °C for 30 min while rocking, vor-
texed for 30 s, and then centrifuged at 14,000 � g at 4 °C for 10
min. Supernatant (nuclear fraction) was saved and stored at
�80 °C.
Recombinant Adenovirus Dominant-negative Studies—Gin-

gival fibroblasts were grown in 12-well plates to 80% conflu-
ence. Adenovirus expressing �-galactosidase was used as the
control for assessment of the level of infection and gene expres-
sion in our cells. Different dominant-negative adenoviral con-
structs (1010 infectious units/ml) were introduced, and cultures
were grown for 48 h to permit expression of virus-encoded
genes. At this concentration we achieved 100% infection of gin-
gival fibroblast cultures as determined by�-galactosidase stain-
ing. Forty eight hours post-infection, TGF�1 was added, and
cultures were incubated for times indicated prior to harvest of
total cell layer protein for Western blot analysis. �-Galactosid-
ase staining and estimated viral titer was conducted according
to the manufacturer’s guidelines. Recombinant adenovirus
expressing the dominant-negative forms of the following were
used in our experiments and were purchased fromCell Biolabs,
Inc.; Cdc42 (N17, catalog number ADV-153), RhoA (N19, cat-
alog number ADV-156), Ras (N17, catalog number ADV-145),
and Rac1 (N17, catalog number ADV-150).

RhoAActivationAssay—Thepresence of activatedRhoAwas
determined in response to various stimuli using the EZ-detect
RhoA activation kit from Pierce. Briefly, 100-mm plates of gin-
gival fibroblasts were grown to 80% confluence and serum-
starved for 12 h. Two culture plates were then treated with the
indicated concentrations ofTGF�1, LPA, PGE2, or forskolin for
3 min. Cells were then lysed with 500 �l of lysis/binding/wash
buffer, and lysateswere transferred to a labeledmicrocentrifuge
tube and briefly vortexed. Lysates were incubated on ice for
5-min then microcentrifuged at 16,000 � g for 15 min at 4 °C.
Supernatants were stored on ice in a fresh microcentrifuge
tube. 400 �g of GST-Rhotekin-RBD was added to individual
spin columns, and 700 �l of sample lysate was added to each
column and briefly vortexed. Binding was permitted to con-
tinue for 1 h at 4 °C. Spin columns were then microcentrifuged
at 7,200� g for 30 s, and resin was washed three times with 400
�l of kit wash buffer. Fifty microliters of sample buffer (see
under “Western Blot Analysis”) was then added to each col-
umn, and samples were boiled for 5 min. Finally, columns were
microcentrifuged at 7,200 � g for 2 min, and flow-through was
stored at �20 °C and then subjected to 2% SDS-PAGE for anal-
ysis of activated/bound RhoA. Lysates treated with GTP�S or
GDP were used as positive and negative controls of RhoA acti-
vation, respectively.
C3/Chariot Transfection Study—Cell cultures of primary

gingival fibroblasts were grown to 80% confluence. Each cul-
ture was treated with the Chariot small protein transfection
reagent as described in the manufacturer’s guidelines
(Active Motif) combined with 5 �g of purified C3 exotrans-
ferase from C. botulinum (Cytoskeleton, Inc.). Negative and
positive (TGF�1 alone) control cultures were mock-trans-
fected with Chariot without the addition of C3. Cultures
were transfected using Chariot/C3 for 12 h in the presence of
serum-free medium. Culture media were then removed and
replaced with media supplemented with 5 ng/ml TGF�1 and
incubated for an additional 6 h prior to harvest of total cel-
lular protein to be used for Western blot analysis of CCN2/
CTGF protein expression.

RESULTS

Kinetics ofCCN2/CTGFmRNAandProteinExpressionDiffer in
Response to TGF�1 and LPA in Human Gingival Fibroblasts—
In human renal fibroblasts and mesangial cells, 10 �M LPA
induces CCN2/CTGFmRNA expression more than TGF�1 (8,
9, 42). Because the regulation of CCN2/CTGF differs between
human renal and gingival fibroblasts (40), we wished to deter-
mine and compare the kinetics of CCN2/CTGF expression in
response to TGF�1 and LPA in primary gingival fibroblasts.
Primary human gingival fibroblast cultures were grown to 80%
confluence and serum-starved for 12 h. Cultures were then
treatedwith either 5 ng/mlTGF�1 or 10�MLPA for 4 h prior to
harvest of total RNA or 6 h prior to harvest of total cell layer
protein.
Data indicate that the expression of both CCN2/CTGF

mRNA and protein increases gradually after treatment with
TGF�1 (Fig. 1, A and B). In contrast, stimulation with LPA
produced a rapid increase in CCN2/CTGF mRNA 2 h after
treatment, which rapidly returned to nearly unstimulated levels
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by 6 h (Fig. 1A). The LPA-induced expression of CCN2/CTGF
protein remained elevated 6 h after treatment (Fig. 1B). Inter-
estingly, the effect of the combined treatment of TGF�1 and
LPAappears to increaseCCN2/CTGFprotein levels above LPA
or TGF�1 alone (Fig. 1B).
TGF�1 and LPA Stimulate Similar Levels of JNK1 Phospho-

rylation in Human Gingival Fibroblasts—We previously dem-
onstrated that JNK1 phosphorylation induced by TGF�1 is
essential for maximal CCN2/CTGF expression (40). We
hypothesize that, like TGF�1, LPA might stimulate JNK1 acti-
vation. To test this, cultures of primary gingival fibroblastswere
grown to near confluence and serum-starved for 12 h. Cells
were then stimulated with either 5 ng/ml TGF�1 and/or 10 �M
LPA for 0–15 min. Western blot analysis of JNK1 phosphoryl-
ation indicates that LPA stimulates JNK1 (Fig. 2A), and densi-
tometric analyses demonstrate that the LPA-induced stimula-
tion of JNK1 activation is similar in intensity as that observed
following stimulation with TGF�1 (Fig. 2B). Because we had
observed an apparent additive effect of TGF�1 in combination
with LPA on CCN2/CTGF expression (Fig. 1B), we wished to
determine whether the levels of activated JNK1 were similarly
increased in response to co-stimulation. Data show no increase
in activated JNK1 beyond that observed in response to TGF�1
alone (Fig. 2C). This finding suggests that LPA stimulation of
CCN2/CTGF in gingival fibroblasts may be mediated by signal
transduction pathways in addition to JNK1 activation.
LPA Is a Weak Stimulator of Smad3 Nuclear Localization—

Activated Smad3 has been described previously as being
required for CCN2/CTGF expression (43, 44), consistent with

the finding that the CCN2/CTGF promoter contains Smad-
binding and TGF�1-response elements (6, 7, 45). The ability of
LPA to stimulate CCN2/CTGF expression led us to ask
whether or not LPA was capable of stimulating the activation
and nuclear localization of active Smad3. To test this, we first
wished to determine a time course for nuclear localization of
phosphorylated Smad3 in response to TGF�1 in gingival fibro-
blasts. Cultures of primary gingival fibroblasts were grown and
serum-starved overnight. Cells were then treated with 5 ng/ml
TGF�1 for the times indicated prior to collection and extrac-
tion of nuclei (Active Motif). The purity of the nuclear fraction
was determined by the lack of a detectable cytoplasmic marker
(�-tubulin) and the presence of a nuclear marker (lamin B) in
these preparations (Fig. 3A). Data indicate that the TGF�1-
stimulated nuclear localization of phospho-Smad3 progres-
sively increased with time of treatment (Fig. 3B). Interestingly,
data also show that LPA alone was also capable of stimulating
the nuclear localization of phospho-Smad3 (Fig. 3B). However,
levels of nuclear phospho-Smad3 observed in response to LPA,
at 60 min after treatment, were substantially lower than levels
observed in response to TGF�1 (Fig. 3C). These data suggest
that LPA stimulation of Smad3 nuclear localization could con-

FIGURE 1. The kinetics of the TGF�1- and LPA-stimulated expression of
CCN2/CTGF mRNA and protein levels differ in primary human gingival
fibroblasts. Near confluent cultures of primary gingival fibroblasts were
serum-starved for 12 h and then treated with 10 �M LPA, 5 ng/ml TGF�1, or
both for 2 or 6 h prior to harvest of total RNA or protein. A, real time qPCR
analysis of the fold change in CCN2/CTGF mRNA expression versus no
treatment control cultures. B, Western blot analysis of CCN2/CTGF protein
expression. Each experiment was conducted at least twice with identical
results. Data are represented as the mean � S.D. and statistical evaluation
per each experimental condition determined versus control, no treatment,
cultures. *, p � 0.001; **, p � 0.05; #, p � 0.01.

FIGURE 2. TGF�1 and LPA stimulate comparable levels of phospho-JNK1
in human gingival fibroblasts. Gingival fibroblast cultures serum-starved
for 12 h were treated with 10 �M LPA, 5 ng/ml TGF�1, or both for times
indicated prior to harvest of total cell layer protein. A, representative Western
blot of phosphorylated JNK1 in response to LPA or TGF�1. B, densitometric
analysis from three separate experiments showing no significant difference
between the TGF�1- and LPA-stimulated inductions of phosphorylated JNK1.
Data are represented as the mean � S.D. and statistical evaluation per each
experimental condition determined versus control, no treatment, cultures.
C, Western blot of JNK1 protein phosphorylation in response to TGF�1 alone
or in combination with LPA.
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tribute to the observed additive increase in CCN2/CTGF levels
seen in Fig. 1B.
Lovastatin, Geranylgeranyltransferase Inhibition, and Fors-

kolin Reduce CCN2/CTGF mRNA and Protein Levels and May
Suggest a Novel Potential Therapeutic Strategy—LPA is a
potent inducer of Rho family small GTPases (36, 37, 46).
Because LPA is capable of stimulating CCN2/CTGF expres-
sion, we consideredwhether Rho-GTPases could be essential in
the TGF�1-induced expression of CCN2/CTGF in gingival
fibroblasts. The cholesterol biosynthesis pathway plays a major
role in providing key isoprene units required by Rho family and
Ras GTPases. Transfer of these small lipid molecules to cytoso-
lic forms of small GTPases is accomplished by either gera-
nylgeranyltransferase (geranylgeranylation for Rho-GTPases)
or farnesyltransferase (for Ras). This lipid modification of the
cytosolic GTPase is a critical step in the GTPase localization to
the plasma cell membrane where they can be available for acti-
vation by external stimuli (47–51).
Similarly, HMG-CoA reductase inhibitors, or statins, block

the synthesis of cholesterol and its precursors by inhibiting an
initial and rate-limiting step in this pathway and the conversion
ofHMG-CoA tomevalonate that is required for the post-trans-
lationalmodification of Rho family andRasGTPases (47–51). If

Rho or Ras GTPases were involved in mediating the induction
of CCN2/CTGF expression with TGF�1, then the inhibition of
the lipid modification required for their activation at the cell
membrane should reduce CCN2/CTGF levels stimulated by
TGF�1.

Primary human gingival fibroblasts were grown to near con-
fluence and serum-starved, in the presence of 20 �M lovastatin,
for 12 h. Cultureswere then stimulatedwith 5 ng/mlTGF�1 for
6 h prior to harvest of total cell protein for Western blot analy-
ses. Data in Fig. 4A indicate that lovastatin is more potent at
inhibiting the TGF�1-induced expression of CCN2/CTGF
than simvastatin in human gingival fibroblasts. To demonstrate
that the inhibition of CCN2/CTGF by lovastatin was specific to
the cholesterol pathway, we wished to determine whether the
addition of exogenous mevalonate would rescue CCN2/CTGF
protein expression inhibited by lovastatin. Gingival fibroblast
cultureswere again grown and serum-starved in the presence of
lovastatin or lovastatin plus mevalonate for 12 h. Cells were
then stimulated for 6 h with TGF�1, and CCN2/CTGF protein
levels were assessed viaWestern blot. Fig. 4B demonstrates that
the addition of exogenous mevalonate completely rescues
CCN2/CTGF protein levels inhibited by lovastatin.
To confirm our hypothesis that Rho family GTPases are

required in the TGF�1-induced expression of CCN2/CTGF,
we utilized specific inhibitors of the GGTI and FTI and fol-
lowed CCN2/CTGF protein levels stimulated by TGF�1 by
Western blot. Gingival fibroblasts were grown and serum-
starved in the presence of either 20 �M GGTI or FTI. Data
indicate that complete inhibition of the TGF�1-induced
expression of CCN2/CTGF protein could be achieved by
inhibiting geranylgeranyltransferase, the pathway required
for the subsequent activation of Rho family GTPases (RhoA,
Rac, and Cdc42) (Fig. 4C). Inhibition of farnesyltransferase
(Ras) resulted in �25% reduction in CCN2/CTGF protein
levels (Fig. 4C).
Activation of the c-Jun N-terminal kinase 1 (JNK1) is essen-

tial for maximal expression of CCN2/CTGF in response to
TGF�1 in gingival fibroblasts (40). We hypothesized that Rho
family GTPases were required in mediating the TGF�1-in-
duced activation of JNK. Thus, we wished to determine
whether JNK phosphorylation by TGF�1 was a consequence of
stimulation by Rho-GTPases. Because GGTI was effective at
completely blocking CCN2/CTGF expression, we proposed
that GGTI would also strongly inhibit JNK phosphorylation
induced by TGF�1. Primary gingival fibroblast cultures were
grown and serum-starved in the presence or absence of 20 �M
GGTI for 12 h. Cultureswere then stimulatedwithTGF�1 for 5
or 10min prior to harvest of total cell layer protein forWestern
blot analysis of JNK1 phosphorylation. Surprisingly, data indi-
cate that treatment with GGTI had no effect on the TGF�1-
stimulated phosphorylation of JNK1 (Fig. 4D) suggesting that
Rho-GTPase activity is not required for the phosphorylation of
JNK1.Data indicate thatmultiple TGF-�1-stimulated signaling
pathwayswork in parallel to stimulateCCN2/CTGF expression
in gingival fibroblasts.
As noted, geranylgeranyltransferase inhibition blocks

CCN2/CTGF expression but has no effect on JNK1 activation
(Fig. 4, C and D). The diminished CCN2/CTGF levels in

FIGURE 3. LPA is significantly less effective than TGF�1 in stimulating the
nuclear localization of phosphorylated Smad3. Gingival fibroblasts were
serum-starved for 12 h and then treated with 5 ng/ml TGF�1 and/or 10 �M

LPA for times indicated. Nuclei were harvested and purified, and total nuclear
protein was retained for Western blot analysis of nuclear phospho-Smad3. A,
Western blot for �-tubulin (cytoplasmic marker) and lamin B (nuclear marker)
demonstrating that purified nuclear extracts used in these experiments were
free of cytoplasmic proteins. B, Western blot demonstrating nuclear levels of
phospho-Smad3 following treatment with TGF�1 for the times indicated. C,
Western blot of nuclear phospho-Smad3 in response to TGF�1 and LPA or
both. Each experiment was conducted at least twice with the same outcomes.
B and C, lamin B, a nuclear protein, was used as the loading control.
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response to inhibition of the cholesterol biosynthesis pathway
are therefore because of effects other than inhibiting JNK acti-
vation. We hypothesized that the combination of partial JNK
inhibition with forskolin (40), and the independent inhibitory
effects of lovastatin directed at Rho family GTPases, could
together more fully reduce CCN2/CTGF protein levels in
response to TGF�1 in gingival fibroblasts. To test this, gingival

cell cultures were treated with 10
�M forskolin alone or in combina-
tionwith 20�M lovastatin for 12 h in
serum-free media. Media were then
removed and replaced with serum-
free media containing TGF�1 in
combination with equivalent con-
centrations of forskolin, lovastatin,
or both. Cultures were incubated an
additional 4 h for real time PCR
analysis of CCN2/CTGF mRNA
expression or 6 h prior to harvest of
total cellular protein for Western
blot analysis of CCN2/CTGF pro-
tein. We found that each forskolin
and lovastatin produced a similar
reduction in CCN2/CTGF mRNA
expression, whereas the combina-
tion of forskolin and lovastatin
reduced CCN2/CTGF mRNA lev-
els to that observed in untreated
cultures (Fig. 4E). Likewise, the
combination of forskolin and lova-
statin reduced CCN2/CTGF pro-
tein expression induced by TGF�1
to basal levels (Fig. 4F). Because
both lovastatin and forskolin can be
employed clinically, these findings
may suggest a novel therapeutic
strategy to address oral fibrotic
conditions.
SimilarReductions ofCCN2/CTGF

Levels Can Be Achieved with Lower
Concentrations of Lovastatin—
According to previously published
data in renal and lung fibroblasts (9),
the IC50 values ofHMG-CoA reduc-
tase inhibitors simvastatin, lovasta-
tin, and pravastatin were found to
be �1, 3, and 500 �M, respectively.
In experiments to this point, we
have used 20 �M lovastatin to
observe the effects of this inhibitor
on CCN2/CTGF expression and a
short incubation period (12 h) prior
to stimulation with TGF�1. We
wished to determine whether lower
concentrations of lovastatin would
yield a similar reduction in CCN2/
CTGF protein levels. We also theo-
rized that a longer incubation time

(24 versus 12 h) might result in an enhanced inhibition of
CCN2/CTGF levels because it provided more time to deplete
cellular levels of lipid isoprene units required for GTPase acti-
vation. To test these hypotheses, gingival cell cultures were
grown and serum-starved for 12 h in the presence of 1, 5, 10, or
20 �M lovastatin. Media were then replaced with serum-free
media containing equivalent levels of lovastatin with TGF�1,

FIGURE 4. Lovastatin and forskolin work in concert to completely block the TGF�1-induced expression of
CCN2/CTGF in human gingival fibroblasts. A, Western blot of CCN2/CTGF protein levels in response to
treatment with 20 �M of either lovastatin or simvastatin. Cell cultures were pretreated with lovastatin or
simvastatin for 12 h. Media were then aspirated and replaced with media containing lovastatin or simvastatin
combined with 5 ng/ml TGF�1 and incubated for 6 h prior to harvest of total cell layer protein for Western blot
analysis of CCN2/CTGF. B, Western blot of CCN2/CTGF protein in response to 20 �M lovastatin and 20 �M

mevalonate. Cultures were pretreated with lovastatin for 12 h. Media were then aspirated and replaced with
media containing lovastatin plus 20 �M mevalonate and 5 ng/ml TGF�1. Cultures were incubated for an
additional 6 h prior to harvest of total cell layer protein for Western blot analysis of CCN2/CTGF. C, Western blot
of the TGF�1-stimulated expression of CCN2/CTGF and the effects of 20 �M GGTI or FTI inhibitors. Cultures
were pretreated with 20 �M GGTI or FTI for 12 h. Media were then aspirated, and GGTI or FTI was combined with
5 ng/ml TGF�1. Cultures were then incubated for 6 h prior to harvest of total cell layer protein for Western blot
analysis of CCN2/CTGF. D, Western blot of phosphorylated JNK1 levels in response to 5 ng/ml TGF�1 and 20 �M

GGTI. Cell cultures were pretreated with GGTI-supplemented media for 12 h. Media were then aspirated, and 20
�M GGTI was combined with 5 ng/ml TGF�1, and cells were harvested at intervals, as indicated. E, real time
qPCR analysis of CCN2/CTGF mRNA expression in response to challenge with 10 �M forskolin, 20 �M lovastatin,
or both. Cell cultures were pretreated with 20 �M lovastatin (12 h) or 10 �M forskolin (1 h). Media were then
aspirated and either lovastatin or forskolin was combined with 5 ng/ml TGF�1 and incubated for an additional
4 h prior to harvest of total mRNA for real time qPCR of CCN2/CTGF mRNA. In experiments combining lovastatin
and forskolin, cultures were pretreated with 20 �M lovastatin for 11 h. Medium was aspirated and replaced with
medium containing 20 �M lovastatin and 10 �M forskolin and incubated for 1 h. Culture medium was again
replaced with lovastatin and forskolin containing 5 ng/ml TGF�1. Cultures were incubated for an additional 4 h
prior to isolation of total RNA for real time qPCR analysis; *, p � 0.0001; **, p � 0.000005 compared with
TGF-�1-stimulated cells. F, Western blot analysis demonstrating the strong combined inhibitory effect of
lovastatin and forskolin on the TGF�1-induced expression of CCN2/CTGF protein. Cultures were treated as
described in E, but the final incubation time was 6 h prior to the harvest of total cell layer protein for Western
blot analysis of CCN2/CTGF. Each experiment was repeated at least twice with the same outcomes. Represent-
ative blots are shown. Real time qPCR experiments were conducted twice in triplicate, and data are repre-
sented as the mean � S.D. and statistical evaluation per each experimental condition determined versus
control, no treatment, cultures.
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and cultures were incubated for an additional 6 h. Total cellular
protein was harvested for Western blot analysis of CCN2/
CTGF protein expression. Data indicate that 10 �M lovastatin
produced a nearly identical level of inhibition of CCN2/CTGF
protein induced by TGF�1 as 20 �M lovastatin (Fig. 5A). Con-
centrations of lovastatin less than 10 �M were less effective at
reducing CCN2/CTGF protein levels (Fig. 5A). Moreover, cul-
tures challenged with 10 or 20 �M lovastatin for 12 or 24 h
demonstrate that the inhibitory effects of these concentrations
of lovastatin were not enhanced with longer treatment times
(Fig. 5B). Although the longer incubation may reduce CCN2/
CTGFprotein levels further, the difference between the 12- and

24-h incubation at either concentration of lovastatin was insig-
nificant (Fig. 5, B and C). Thus, these data demonstrate that 10
�M lovastatin is as effective as 20 �M lovastatin at reducing the
TGF�1-induced expression of CCN2/CTGF in human gingival
fibroblasts. It is interesting to note that challenge of cultured
gingival fibroblasts retain normal morphological, fibroblastic
appearance beyond 24 h of treatment with either concentration
of lovastatin.
C3 Exotoxin of C. botulinum Significantly Reduces CCN2/

CTGF Expression in Response to TGF�1—The Rho family
GTPases are implicated in the TGF�1-induced expression of
CCN2/CTGF in that the inhibition of geranylgeranylation leads
to the complete loss ofCCN2/CTGFprotein expressed and that
LPA can itself stimulate CCN2/CTGF expression. To more
thoroughly explore this possibility and confirm the hypothesis
that Rho-GTPases were critical in the TGF�1-stimulated
expression of CCN2/CTGF in gingival cells, we next used
recombinant C. botulinum C3. C3 has been described as a spe-
cific inhibitor of RhoA activity by ADP-ribosylation (52). How-
ever, there is also evidence that C3 can block the activity of
other Rho familyGTPases, in particular Rac (theRas-relatedC3
botulinum toxin substrate 1) (53).
To determine whether Rho-GTPases were involved in the

TGF�1-induced expression of CCN2/CTGF in primary gingi-
val fibroblasts, the purified form of the C3 exotransferase pro-
tein was introduced into gingival cells using the Chariot trans-
fection reagent. We have previously used the Chariot reagent
and have determined that it is effective at introducing proteins
directly into primary gingival fibroblasts (40). Gingival fibro-
blasts were then incubated for 12 h with 5 �g of C3 protein/
Chariot reagent. Media were then aspirated and replaced with
serum-free medium containing TGF�1. Cultures were incu-
bated for an additional 6 h prior to harvest of total protein for
Western blot analysis of CCN2/CTGF protein. Data indicate
that C3 strongly reduced the TGF�1-stimulated expression of
CCN2/CTGF protein in primary gingival fibroblasts (Fig. 6A).
These data provide further evidence of the importance of Rho-
GTPases in mediating the TGF�1-stimulated expression of
CCN2/CTGF in gingival fibroblasts.
Inhibition Studies with Y27632 or H89 Eliminates CCN2/

CTGF Expression without Affecting JNK Activation—The
inhibitor Y27632 is a potent inhibitor of the Rho-associated
coiled coil forming kinase (ROCK) (54, 55). Y27632 is described
as a “ROCK-specific” inhibitor in some studies and by some
manufacturers. Y27632 is, however, an evenmore potent inhib-
itor of PRK2 activity (54, 55). Another effector protein that
shares structural and sequence homology with ROCK is the
myotonic dystrophy kinase-related Cdc42-binding kinase
(MRCK) (56, 57), and it seems likely that this inhibitor could
inhibit the function ofMRCK, although the effect of Y27632 on
MRCK activity has not been documented. Each of these mole-
cules, ROCK, PRK2, and MRCK, are downstream effectors of
RhoA, RhoA/Rac, and Rac/Cdc42, respectively. We hypothe-
sized that if Rho familyGTPaseswere essential inmediating the
TGF�1-stimulated expression of CCN2/CTGF in gingival cells,
then Y27632 would diminish TGF�1-induced CCN2/CTGF
expression.

FIGURE 5. Lovastatin is equally potent at inhibiting the TGF�1-stimu-
lated expression of CCN2/CTGF at concentrations of 10 and 20 �M. Cul-
tures of primary human gingival fibroblasts were grown as described above.
Cells were then treated for 12 h with increasing concentrations of lovastatin
for 12 h or for 12 or 24 h with either 10 or 20 �M lovastatin. Culture media were
then aspirated and replaced with equivalent concentrations of lovastatin and
5 ng/ml TGF�1. Cells were incubated for an additional 6 h prior to harvest of
total cell layer protein. The effects of the duration of the inhibition with lova-
statin and the concentration on the TGF�1-induced (5 ng/ml) expression of
CCN2/CTGF protein were assessed using Western blot analysis. A, Western
blot showing the effects of different concentrations of lovastatin on the
TGF�1-induced expression of CCN2/CTGF protein. B, representative Western
blot of the effects of different concentrations of lovastatin and incubation
times on CCN2/CTGF protein. C, densitometric analysis of CCN2/CTGF protein
levels normalized to total �-actin. Statistical significance was determined
comparing lovastatin-treated lanes to those treated with TGF�1 alone (*, p �
0.0001). Experiments were repeated at least twice with the same findings.
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Primary gingival fibroblast cultures were grown and serum-
starved as described for previous experiments. Cultures were
then pretreated with 10 �M Y27632 for 1 h. Media were aspi-
rated and replaced with fresh medium containing Y27632 and
TGF�1. Cells were incubated for an additional 6 h, and total cell
proteinwas collected forWestern blot analysis of CCN2/CTGF
protein levels. Data demonstrate that inhibition with Y27632
completely blocks CCN2/CTGF protein expression induced by
TGF�1 in gingival fibroblasts (Fig. 6B), and the data suggest
that downstream effectors of Rho-GTPases may be viable tar-
gets for slowing the onset andprogression in vivo in pro-fibrotic
conditions such as phenytoin-induced gingival overgrowth and
hereditary gingival fibromatosis where CCN2/CTGF levels are
elevated. Becausewe had previously found that JNK1 activation
is critical in the TGF�1-induced expression of CCN2/CTGF in
gingival cells, we investigated the possibility that Y27632 may
affect this process. We found that Y27632 did not reduce levels
of phosphorylated JNK1 stimulated by TGF�1 (Fig. 6C).

H89 is commonly used as a PKA inhibitor. However, this
compound is more effective than Y27632 at blocking ROCK
activity and is actually more effective in inhibiting ROCK activ-

ity than it is at reducing the activity
of PKA (54, 55). With this knowl-
edge we wished to determine
whether H89 was as effective as
Y27632 at reducing CCN2/CTGF
expression. We found that, like
Y27632, H89 completely blocked
CCN2/CTGF protein levels (Fig.
6B).Moreover,H89 hadno substan-
tial effect on the TGF�1-stimulated
activation of JNK1 (Fig. 6D). It is
important to note that other PKA
inhibitors, the PKA inhibitory pep-
tide (data not shown) or KT5720
(40), did not reduce the TGF�1-
stimulated expression of CCN2/
CTGF in gingival cells.
RhoA Activation Is Induced by

LPA but Not TGF�1 inHumanGin-
gival Fibroblasts—LPA is a strong
inducer of RhoA activation in fibro-
blastic cells. Previous reports indi-
cate that in renal fibroblasts RhoA
activity mediates CCN2/CTGF ex-
pression in response to stimula-
tion with both LPA and TGF�1 (8,
9, 42). We hypothesized, therefore,
that both LPA and TGF�1 stimula-
tion could result in RhoA activation
in gingival fibroblasts. Gingival
fibroblasts were grown to near con-
fluence and serum-starved for 12 h
prior to stimulation with 5 ng/ml
TGF�1, 10 �M LPA, 1 �M PGE2 or
10 �M forskolin for 3 min. Cells
were lysed, and the assay was con-
ducted using reagents supplied in an

EZ-Detect Rho activation assay kit from Pierce capable of
detecting activated RhoA, RhoB, and RhoC.Our data show that
LPA, and not TGF�1, was capable of inducing RhoA activation
in primary gingival fibroblasts (Fig. 6E) and suggest that the
TGF�1-stimulated expression of CCN2/CTGF was mediated
bymembers of the Rho-GTPase family other than RhoA, RhoB,
or RhoC.
Inhibition of Rac1 Eliminates CCN2/CTGF Expression

Induced byTGF�1without Effecting JNKActivation—Asnoted,
inhibition of the post-translationalmodification of cytoplasmic
Rho-GTPases with GGTI inhibited CCN2/CTGF protein
expression induced by TGF�1 (Fig. 4C). With the knowledge
that TGF�1 was not stimulating RhoA activation (Fig. 6E), we
wished to determine whether another Rho family GTPase, Rac,
was involved in mediating this pathway. We therefore used an
inhibitor of Rac1 guanine exchange factors Trio and Tiam1 to
block Rac activity. This inhibitor, NSC23766, has no effect on
inhibiting the activities of RhoAorCdc42 (58). Primary gingival
fibroblasts were grown and serum-starved for 12 h prior to
treatment with 100 �M Rac1 inhibitor for 1 h. Culture medium
was then removed and replaced with fresh media containing

FIGURE 6. The TGF�1-stimulated expression of CCN2/CTGF is inhibited in gingival cells transfected with
the C3 exotransferase of C. botulinum. Gingival fibroblast cultures were grown to near confluence and then
placed in serum-free media containing the Chariot small protein transfection reagent and 5 �g of C3 protein.
Cultures were incubated for 2 h, and media were replaced with fresh, serum-free media and incubated for 10 h.
5 ng/ml TGF�1 was then added to cultures with or without C3 and incubated for an additional 6 h prior to
harvest of total cell protein. A, representative Western blot demonstrating the inhibition of C3 on the TGF�1-
induced expression of CCN2/CTGF. The ROCK-specific inhibitor Y27632 blocks elevations in CCN2/CTGF pro-
tein levels stimulated by TGF�1 without reducing levels of phosphorylated JNK1. B, Western blot of CCN2/
CTGF protein showing the inhibitors Y27632 and H89 block the TGF�1-induced expression of CCN2/CTGF in
gingival cells. Serum-starved cultures of gingival fibroblasts were pretreated with 10 �M of either Y27632 or
H89 for 1 h prior to the addition of 5 ng/ml TGF�1. After a subsequent 6-h incubation, total protein was
collected for Western blot analyses of CCN2/CTGF protein. Western blot of phosphorylated JNK1 showing that
the inhibition of CCN2/CTGF by Y27632 (C) or H89 (D) was not because of the reduction of JNK1 activation.
Cultures were pretreated with either 10 �M Y27632 or H89 for 1 h. Medium was then replaced with fresh
medium containing an equivalent concentration of inhibitor and 5 ng/ml TGF�1 and incubated for times
indicated prior to harvest of total protein for analysis of phosphorylated JNK. Each experiment was conducted
at least twice with the same results. E, LPA, not TGF�1, stimulates the activation of RhoA in primary human
gingival fibroblasts. Gingival fibroblasts were serum-starved and then treated with either 5 ng/ml TGF�1, 10
�M LPA, 1 �M PGE2, or 10 �M forskolin for 3 min. One set of cultures was treated with the combination of TGF�1
and LPA. Cells were collected for pulldown assay for activated RhoA. GDP and GTP�S were used as negative and
positive controls, respectively.
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100 �M Rac1 inhibitor and 5 ng/ml TGF�1. Cultures were then
grown for an additional 6 h prior to harvest of total protein for
Western blot analysis of CCN2/CTGF protein. Similar to the
effect of inhibitors Y27632 or GGTI, the Rac1 inhibitor pre-
vented CCN2/CTGF protein expression in response to TGF�1
treatment (Fig. 7A). These data further implicate Rho-GTPases
other than RhoA in increasing CCN2/CTGF expression in gin-
gival fibroblasts treated with TGF�1.
We had previously demonstrated that the activation of JNK1

by TGF�1 was essential for maximal expression of CCN2/
CTGF mRNA and protein (40). Because there is substantial
evidence that suggests a potential for Rac involvement in the
stimulation of JNK1 activation in some cell types, we next
examined the effect of the Rac1 inhibitor on the activation of
JNK1 induced by TGF�1 in our gingival cells. We found that
the inhibition of Rac1 with NSC23766 had no effect on the
TGF�1-stimulated phosphorylation of JNK1 (Fig. 7B). These
data, together with our finding that the inhibition of gera-
nylgeranyltransferase had no effect on JNK1 phosphorylation
(Fig. 4D), strongly suggest that JNK1 is stimulated by TGF�1
independent of Rho-GTPase involvement.
Overexpression of Dominant-negative Cdc42 or Rac1, but Not

RhoA, Dramatically Inhibits CCN2/CTGF Expression Induced
by TGF�1—Thus far our data collected with regard to the reg-
ulation of CCN2/CTGF expression by Rho-GTPases has been
based on pharmacological inhibitors. To examine more fully
the role of different small GTPases in stimulating CCN2/CTGF
expression, we chose to utilize recombinant adenovirus
expressing dominant-negative forms of RhoA, Rac1, Cdc42,
andRas. The optimal level of virus to achieve nearly 100% infec-
tion of gingival fibroblasts in our cultures was determined using
recombinant adenovirus expressing the �-galactosidase gene
(Fig. 8A). Identical concentrations of virus containing all other
genes were used in subsequent assays. Gingival fibroblast cul-
tures were infected with dominant-negative adenovirus for
48 h. Culture medium was then replaced with fresh medium
containing 5 ng/ml TGF�1. Following another 6-h incubation,

cells were harvested forWestern blot analysis for CCN2/CTGF
protein.
These data indicate that the expression of dominant-nega-

tive Cdc42 or Rac1 blocks CCN2/CTGF expression stimulated
by TGF�1 in primary human gingival fibroblasts. Moreover,

FIGURE 7. Inhibition of Rac1 activation leads to the complete loss of
TGF�1-induced CCN2/CTGF expression without interfering with JNK1
phosphorylation. Gingival fibroblasts were serum-starved and then pre-
treated with 100 �M Rac1 inhibitor for 1 h. Cultures were then treated with 5
ng/ml TGF�1 for 6 h prior to harvest of total cellular protein Western blot of
CCN2/CTGF protein expression (A) or for times indicated for assessment of
phosphorylation of JNK1 by Western blot (B). The experiment was performed
twice with the same results.

FIGURE 8. Overexpression of dominant-negative Rac1 or Cdc42, and not
RhoA, leads to the near complete loss of CCN2/CTGF expression induced
by TGF�1 in gingival cells. Gingival cell cultures were infected with recom-
binant adenovirus (Ad) expressing dominant-negative forms of either Rac1,
RhoA, Ras, or Cdc42 and incubated for 48 h. Cells were then fed with media
containing 5 ng/ml TGF�1. Cultures were incubated for an additional 6 h, and
total cell layer protein was harvested for Western blot analysis of CCN2/CTGF
protein levels. A, levels of recombinant adenovirus expressing �-galactosid-
ase were used to optimize viral load in primary gingival fibroblasts. Near 100%
infection of cells in culture was achieved with no obvious alteration in cell
morphology. The same titer of each dominant-negative (DN) virus was used
to infect cultures. B, representative Western blot of CCN2/CTGF protein levels
in response to the overexpression of dominant-negative GTPases. C, densito-
metric analysis of Western blot data obtained from three separate experi-
ments. Bars represent the mean CCN2/CTGF protein levels normalized to total
�-actin, �S.D., and statistical evaluation per each experimental condition
determined versus control, Ad-�-galactosidase-infected (Ad-�-Gal) cultures
(*, p � 0.001; **, p � 0.05; ***, p � 0.0005).
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the expression of the dominant-negative form of RhoA had no
significant effect onCCN2/CTGFprotein levels (Fig. 8B). It was
interesting to note that infection with the recombinant adeno-
virus expressing the dominant-negative form of Ras led to a
statistically significant reduction in CCN2/CTGF expression,
although not as dramatic as with Cdc42 or Rac1 (Fig. 8B). Den-
sitometric analysis of CCN2/CTGF normalized to total �-actin
is shown in Fig. 8C. Interestingly, we have found that the over-
expression of recombinant, dominant-negative Cdc42 or Rac1
does not significantly alter levels of phosphorylated JNK1 in
response to TGF�1 (data not shown).

DISCUSSION

Platelets are critical components involved in the initial clotting
mechanism at a wound site. Platelets are rich in LPA and CCN2/
CTGF protein (35, 39). Moreover, both LPA and TGF� are com-
ponents of the normal wound healing processes, and both are
potent inducers of CCN2/CTGF expression by fibroblastic cells
(8). Early exposure to platelet-derived LPA and CCN2/CTGF, in
combination with the latent production of TGF� at the wound
site, may work in concert to drive the production of extracellular
matrix macromolecules and stimulate tissue remodeling.
The kinetics of LPA compared with TGF�-induced expres-

sion of CCN2/CTGF mRNA in primary cultures of gingival
fibroblasts differs from that reported for immortalized human
renal fibroblasts. In renal fibroblasts, LPA appeared to be more
potent than TGF� in stimulating CCN2/CTGFmRNA expres-

sion (8). In contrast, primary gingi-
val fibroblasts treated with identical
concentrations of LPA stimulated a
rapid yet transient induction of
CCN2/CTGF expression in gingival
cells, whereas TGF�1 promotes a
stronger, longer lasting elevation in
CCN2/CTGF mRNA and protein.
Moreover, LPA and TGF�1 to-
gether appear to produce an addi-
tive effect in promoting CCN2/
CTGF expression in cultures of
primary gingival fibroblasts. Thus,
upon the introduction of TGF� to
the wound site, CCN2/CTGF
expression induced by both LPA
and TGF�1 would be expected to
enhance levels of various extracellu-
lar matrix macromolecules. Gingi-
val cells may therefore begin to
produce CCN2/CTGF and protein-
ase-activated receptors components
very early after wounding following
surgical excision of gingival tissues
andmay represent a consequence of
the aggregation and activation of
platelets and increased local levels
of LPA. Therefore, these data may
provide a novel insight into the tem-
poral effects of LPA and/or TGF�1
in the healing processes in gingival

tissues. Blood- and platelet-derived LPA and TGF�1may stim-
ulate gingival CCN2/CTGF production and the rapid regrowth
of gingival tissues that is observed following conventional gingi-
vectomy surgery. Based on our studies in vitro, it is interesting to
speculate that procedures such as electrocauterization or laser
cauterization may be preferential to the traditional surgical exci-
sion of fibrotic gingival overgrowth tissues.We suggest that these
techniques may serve to slow the re-initiation of fibrous over-
growth inducedby the recruitmentofplatelets and the stimulation
of the expression of extracellular matrix macromolecules indi-
rectly by limitingCCN2/CTGF induction by gingival cells via LPA
and directly by the recruitment of extra-gingival CCN2/CTGF
carried on platelets.
The LPA- and TGF�1-induced expression of CCN2/CTGF

involves the activation of similar critical signaling molecules,
including JNK1 (40) and Smad3. This study shows that LPA and
TGF�1 each stimulate the phosphorylation of JNK1 to a similar
degree,whereas LPA is a less effective inducer of Smad3nuclear
localization compared with TGF�1. The observed weak Smad3
nuclear localization caused by LPA in gingival fibroblasts may
account for this tissue-specific response to LPA regulation of
CCN/CTGF levels compared with published studies in kidney
cells (8). Please see Fig. 9 for a summary of our current under-
standing of signaling in gingival fibroblasts.
Arresting the platelet-driven increase in CCN2/CTGF levels

by nonsurgical methodologies may not be sufficient to com-
pletely block the gingival overgrowth associated with the over-

FIGURE 9. Several signaling pathways work together in the TGF�1-induced expression of CCN2/CTGF in
primary human gingival fibroblasts. Cdc42, Rac1, and Ras are small GTPases involved in the TGF�1-stimulated
expression of CCN2/CTGF whose activity relies upon the availability of products of the cholesterol biosynthesis
pathway. Proposed stimulation of protease secretion in response to stimulation with TGF�1 may result in the
activation of protease-activated receptors and ultimately lead to the activation of Ras to prolong CCN2/CTGF
expression in these cells (hypothetical pathway indicated by broken arrows). TGF�1 and LPA both stimulate CCN2/
CTGF expression in gingival cells with TGF�1 being the more potent inducer. Both TGF�1 and LPA stimulate the
activating phosphorylation of JNK1 and nuclear localization of phosphorylated Smad3. JNK1 does not, however,
enhance Smad3 nuclear localization in gingival fibroblasts but is required for TGF�1 stimulation of CCN2/CTGF
expression (40). LPA induces only a weak nuclear localization of Smad3. Data support that although LPA stimulates
signaling pathways also stimulated by TGF�1, LPA and TGF�1 each uniquely stimulate a subset of complementary
parallel signaling events that result in additive up-regulation of CCN2/CTGF levels in gingival fibroblasts.
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expression of CCN2/CTGF.Although platelets containing LPA
and CCN2/CTGF protein may help stimulate an early rapid
pro-fibrotic gingival overgrowth in susceptible post-surgical
patients, the prolonged stimulation of CCN2/CTGF expression
by TGF�1 in gingival fibroblasts could be involved in perpetu-
ating this response. This is true in scleroderma lesions of the
skin in which CCN2/CTGF levels are also high. In studies of
CCN2/CTGF and TGF� mRNA expression in scleroderma
lesions, TGF� mRNA was found to be relegated to the leading
edges of the lesion and not in the body of the lesion. Conversely,
CCN2/CTGF mRNA was highly expressed predominantly
within the lesion. Together, these data suggest that TGF� pro-
vides the impetus that drives the formation and progression of
scleroderma lesions through the subsequent overexpression of
CCN2/CTGF (12, 59–61). We therefore designed our studies
to determine the specific signaling requirements of TGF�1
required for stimulating CCN2/CTGF expression in primary
gingival fibroblasts, which may lead to the persistence and
expansion of gingival overgrowth lesions.
LPA is also a strong activator of Rho family GTPases. The

LPA- or TGF�1-stimulated expression of CCN2/CTGF in cul-
tures of immortalized human renal fibroblasts was previously
reported to require the activation of the Rho family GTPase,
RhoA. Although our lab had previously demonstrated that gin-
gival fibroblasts are unique in their ability to resist the inhibi-
tory effects of PGE2 on the TGF�1-stimulated expression of
CCN2/CTGF (40), we now report that human gingival fibro-
blasts are also unique in that Cdc42 and Rac1, but not RhoA,
represent the essential Rho family GTPases mediating the
TGF�1-induced expression of CCN2/CTGF in primary human
gingival fibroblasts.
Individual Rho family GTPases have different effects on the

cytoskeleton. RhoA activation stimulates the formation of
stress fibers and focal adhesions (62), and Rac activity leads to
the formation of lamellipodia and membrane ruffles (63), and
Cdc42 promotes the formation of filopodia (64). ROCK-II has
been shown tomediate the effects of activated RhoA (65). How-
ever, the downstream effectors of Cdc42 and Rac1 required for
transducing cytoskeletal alterations largely remain unidenti-
fied. Our finding of the requirement of Cdc42 and Rac1 in the
TGF�1-stimulated expression underscores the importance of
identifying the downstream effectors of Cdc42 and Rac1 that
maymediate CCN2/CTGF expression in response to TGF�1 in
gingival cells.
The role of Ras in the TGF�1-induced expression of CCN2/

CTGF is intriguing. Although the inhibition of Ras with either
the inhibitor of farnesylation (FTI) or the overexpression of
dominant-negative Ras (Fig. 8,B andC) does not inhibit CCN2/
CTGF protein levels to the extent as do inhibitors of Cdc42 or
Rac1 (GGTI or dominant-negative forms) (Fig. 4C and Fig. 8C),
Ras is clearly involved in some aspect of CCN2/CTGF regula-
tion. A possible mechanism could be that Ras may be activated
secondarily to the initial cellular response to TGF�1. This
would imply that other factors may be expressed and secreted
by gingival fibroblasts with the capacity for stimulating Ras. It is
conceivable that the secretion of CCN2/CTGF protein by gin-
gival cells could act in a paracrine manner to stimulate Ras-
mediated pathways and perpetuate the expression of CCN2/

CTGF in these cells. One possibility includes the activation of
proteinase-activated receptors. Thrombin, for instance, pro-
duced as a consequence of TGF�1 stimulation could stimulate
CCN2/CTGF expression through the action of proteinase-ac-
tivated receptors and potentially Ras-mediated pathways. The
ability of thrombin to stimulate the synthesis of pro-collagen in
fibroblasts and smooth muscle cells (66, 67) and Cyr61/CCN1
and CCN2/CTGF (68) in human fetal lung cells has been
reported. If thrombin expression and secretion are induced in
gingival cells byTGF�1, it could serve to recruit platelets (69) to
the gingival tissues. As we mentioned before, the platelets car-
rying LPA and CCN2/CTGF could then further enhance
and/or perpetuate the fibrotic response.
Several potential mediators exist that may link Cdc42 and/or

Rac1 to their cytoskeletal effects. These includeMRCK,WASP
(Wiskott-Aldrich syndrome protein), and PRK2/PKN2 (pro-
tein kinase C-related kinase 2). Unfortunately, there are many
obstacles experimentally in clearly defining the roles of these
molecules in GTPase signaling networks. For instance, ROCK
is described as a RhoA/B/C-specific effector that is susceptible
to inhibition by a commonly used “ROCK-II-specific” inhibitor
Y27632. Yet it has been reported that PRK2 is inhibited more
potently by Y27632 than ROCK-II (54, 55) and that both PRK2
and MRCK are potential downstream effectors of Cdc42/Rac1
(56, 70). Moreover, MRCK contains a high level of homology
with ROCK (56), and PRK2 contains coiled coil domains as do
MRCK and ROCK (71). Thus, like PRK2 and ROCK-II, MRCK
may also be susceptible to inhibition by Y27632. However, this
has not yet been determined. It remains to be seen as to which
effector(s) is (are) responsible for regulating CCN2/CTGF
expression stimulated by TGF�1 and Cdc42/Rac1. Investiga-
tions are currently in progress to explore these possibilities
summarized in Fig. 9.
Inhibition of the cholesterol pathwaywithHMG-CoA reduc-

tase inhibitors (statins) has been shown to reduce the expres-
sion of CCN2/CTGF mRNA in IMR90 (human lung) fibro-
blasts, fibroblasts derived from patients with idiopathic
pulmonary fibrosis, and immortalized human renal fibroblasts
in response to LPA and/or TGF� (8, 72). In primary gingival
fibroblasts, we found that challenge with 10 or 20 �M lovastatin
was equally potent at down-regulating CCN2/CTGF protein
levels. The inhibitory effect of lovastatin on the TGF�1-in-
duced expression of CCN2/CTGFwas rapid, and no significant
difference was observed if cells were treated for 12 or 24 h.
Inhibition of specific transferase enzymes essential in the acti-
vation of cytosolic Rho-GTPases yielded an even stronger inhi-
bition of CCN2/CTGF. Isoprene transferase inhibitors such as
GGTI are highly toxic anddonot represent useful clinical appli-
cations (73). The inhibition of TGF� signaling with antibodies
against TGF� or its receptors for use in clinical applications
could also have numerous adverse consequences. In contrast,
HMG-CoA reductase inhibitors, statins, represent a valuable
alternative to reducing the expression of genes reliant on
GTPase signaling. These drugs are primarily used to reduce
high cholesterol levels in patients with hypercholesterolemia.
The use of these drugs in treating fibrotic conditions associated
with the overexpression ofCCN2/CTGFmaybe useful andmay
provide a relatively harmless, yet effective, treatment modality
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for patients with phenytoin-induced gingival overgrowth
and/or hereditary gingival fibromatosis.
Forskolin is a compound derived from the plant Coleus fors-

kohlii that belongs to themint and lavender family. Forskolin is
a direct stimulator of adenylate cyclase and promotes the
increase in cAMP and activation of the cAMP-responsive ele-
ment-binding protein. This herbal derivative is a common
dietary supplement with few documented side effects. We
previously showed that 10 �M forskolin reduced JNK1
phosphorylation stimulated by TGF�1, through a process
mediated by PKA, and reduced CCN2/CTGF mRNA and pro-
tein levels 30–50% in gingival fibroblasts (40). Blocking the
activation step for cytosolic Rho-GTPases with GGTI, which
completely inhibits CCN2/CTGF expression by interfering
with Cdc42 and Rac1, has no effect on JNK1 phosphorylation
induced by TGF�1 (Fig. 4D). Our finding that the combination
of lovastatin with forskolin resulted in an enhanced inhibition
on CCN2/CTGF mRNA and protein levels suggests that this
combination produces additive inhibitory effects through their
directed inhibition of different pathways, each independently
essential for CCN2/CTGF expression in response to stimula-
tion with TGF�1. Statins in combination with forskolin may
have enhanced therapeutic potential than statins alone by the
targeted inhibition multiple pathways essential in stimulating
CCN2/CTGF expression in gingival cells. Taken together,
results from analyses of parallel signal transduction pathways
that together mediate CCN2/CTGF regulation in gingival
fibroblasts point to possible new therapeutic strategies to
address fibrosis in gingiva and perhaps in other tissues as well.
Preliminary data in dermal fibroblasts suggest that some path-
ways identified in gingival fibroblasts may also mediate CCN2/
CTGF expression in skin.
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