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Bahammam M, Black SA, Jr, Sume SS, Assaggaf MA, Faibish
M, Trackman PC. Requirement for active glycogen synthase ki-
nase-3� in TGF-�1 upregulation of connective tissue growth factor
(CCN2/CTGF) levels in human gingival fibroblasts. Am J Physiol Cell

Physiol 305: C581–C590, 2013. First published July 3, 2013;
doi:10.1152/ajpcell.00032.2013.—Connective tissue growth factor
(CCN2/CTGF) mediates transforming growth factor-� (TGF-�)-in-
duced fibrosis. Drug-induced gingival overgrowth is tissue specific.
Here the role of the phosphoinositol 3-kinase (PI3K) pathway in
mediating TGF-�1-stimulated CCN2/CTGF expression in primary
human adult gingival fibroblasts and human adult lung fibroblasts was
compared. Data indicate that PI3K inhibitors attenuate upregulation of
TGF-�1-induced CCN2/CTGF expression in human gingival fibroblasts
independent of reducing JNK MAP kinase activation. Pharmacologic
inhibitors and small interfering (si)RNA-mediated knockdown studies
indicate that calcium-dependent isoforms and an atypical isoform of
protein kinase C (PKC-�) do not mediate TGF-�1-stimulated CCN2/
CTGF expression in gingival fibroblasts. As glycogen synthase ki-
nase-3� (GSK-3�) can undergo phosphorylation by the PI3K/path-
way, the effects of GSK-3� inhibitor kenpaullone and siRNA knock-
down were investigated. Data in gingival fibroblasts indicate that
kenpaullone attenuates TGF-�1-mediated CCN2/CTGF expression.
Activation of the Wnt canonical pathways with Wnt3a, which inhibits
GSK-3�, similarly inhibits TGF-�1-stimulated CCN2/CTGF expres-
sion. In contrast, inhibition of GSK-3� by Wnt3a does not inhibit, but
modestly stimulates, CCN2/CTGF levels in primary human adult lung
fibroblasts and is �-catenin dependent, consistent with previous stud-
ies performed in other cell models. These data identify a novel
pathway in gingival fibroblasts in which inhibition of GSK-3� atten-
uates CCN2/CTGF expression. In adult lung fibroblasts inhibition of
GSK-3� modestly stimulates TGF-�1-regulated CCN2/CTGF expres-
sion. These studies have potential clinical relevance to the tissue
specificity of drug-induced gingival overgrowth.

CCN2; connective tissue growth factor; transforming growth factor;
gingival growth; GSK-3�

GINGIVAL OVERGROWTH IS a side-effect of certain medications
including the anticonvulsant phenytoin, dihydropyridine
calcium channel blockers such as nifedipine, and the immu-
nosuppressant cyclosporine A (25, 43, 55, 61). This condi-
tion results in speech impairment and interference with

mastication and jeopardizes effective oral hygiene leading
to increased levels of oral microbes, with potential systemic
consequences (10, 38). Strict oral plaque control and oral
hygiene can reduce the severity of gingival overgrowth
lesions (53), but this approach is recognized to have only
limited effectiveness (34). Surgical treatments are unsatis-
factory because repeated surgeries are required due to the
recurrence of gingival overgrowth (42). The cessation of
drug treatment can improve clinical outcomes but is not
always possible (44, 56). Thus there is a need to understand
the biological and molecular mechanisms that contribute to
this condition to develop alternative prevention and treat-
ment strategies.

Levels of transforming growth factor-�1 (TGF-�1) are
significantly elevated in the lamina propria of gingival
overgrowth compared with control tissues (54) and suggest
that TGF-�1 contributes to the pathogenesis of drug-induced
gingival overgrowth. Furthermore, TGF-�1 strongly induces
the expression of connective tissue growth factor (CCN2/
CTGF; Refs. 27, 47). Studies have also shown that TGF-�1

may initiate, but CCN2/CTGF sustains, the fibrotic response
in fibroblasts obtained from patients with scleroderma (27).
We have previously reported that gingival overgrowth le-
sions from patients taking phenytoin display an overexpres-
sion of CCN2/CTGF, in spite of the presence of inflamma-
tory mediators that downregulate CCN2/CTGF in other
tissues (28, 33, 64). Unique aspects of cAMP production
and MAP kinase and Rho signaling partially account for this
observation (5, 6). Therefore, CCN2/CTGF is an attractive
potential therapeutic target to prevent or treat oral fibrotic
disorders. Further work is required to understand tissue
specific signaling relationships in TGF-�1-stimulated
CCN2/CTGF expression with the goal of identifying poten-
tial pharmacologic targets.

While signaling through SMADs is vital for TGF-� regula-
tion of CCN2/CTGF (35, 68), we and others have shown that
additional signaling pathways act in parallel with Smads to
mediate tissue-specific TGF-� effects (5, 6), including the
phosphoinositol 3-kinase (PI3K)/AKT pathway (3, 18, 22, 40).
Here we investigate in gingival and lung fibroblasts respective
roles for PI3K, protein kinase C (PKC), and glycogen synthase
kinase-3� (GSK-3�) in mediating TGF-�1-stimulated CCN2/
CTGF expression.

Address for reprint requests and other correspondence: P. C. Trackman,
Boston Univ. Henry M. Goldman School of Dental Medicine, Dept. of
Periodontology and Oral Biology, 700 Albany St.; W-201 Boston, MA 02118
(e-mail: trackman@bu.edu).

Am J Physiol Cell Physiol 305: C581–C590, 2013.
First published July 3, 2013; doi:10.1152/ajpcell.00032.2013.

0363-6143/13 Copyright © 2013 the American Physiological Societyhttp://www.ajpcell.org C581

Downloaded from journals.physiology.org/journal/ajpcell (075.146.025.077) on April 16, 2020.

mailto:trackman@bu.edu


EXPERIMENTAL PROCEDURES

Cell culture. Primary human lung fibroblasts were purchased from
Lonza. Primary human gingival fibroblasts were grown from explants
obtained from three different adult donors without gingival over-
growth from the Clinical Research Center at Boston University Henry
M. Goldman School of Dental Medicine, and cells were not used
beyond passage 4 (26). Informed consent was obtained under an
approved Boston University Institutional Review Board protocol. All
cells were grown in DMEM supplemented with 0.1 mM nonessential
amino acids, 10% FBS, 100 U/ml penicillin, and 0.1 mg/ml strepto-
mycin at 37°C and 5% CO2 in a fully humidified incubator in six-well
plates. Cells were grown to 80% confluence and then placed in
serum-free medium containing 0.1% BSA for a minimum of 12 h
before treatment. Where indicated, specified inhibitors were added in
serum-free medium containing 0.1% BSA for 30 or 60 min before
treatment with 5 ng/ml TGF�1 or vehicle for 6 h (5). The PI3K
inhibitors (wortmannin and LY294002) and the JNK inhibitor
SP600125 were obtained from Sigma. PKC inhibitors used were the
broad-spectrum PKC inhibitor bisindolylmaleimide I (Bis I; 10 �M;
Calbiochem); Gö 6976, which selectively inhibits Ca2�-dependent
PKC isozymes such as PKC-� (0.1 �M; Calbiochem); and rottlerin,
which selectively inhibits PKC-� over other isoforms (10 �M; Cal-
biochem). These concentrations have previously been shown to be
effective in inhibiting the respective PKCs (17, 29). The GSK-3�
inhibitor kenpaullone was purchased from Calbiochem. Wnt3a was
purchased from R&D Systems. When performed, separation of nuclei
of gingival fibroblasts was performed using the NE-PER and Cyto-
plasmic Extraction Kit purchased from Pierce.

Western blot analysis. Total cell layer proteins were extracted with
200 �l sample buffer containing 62.5 mM Tris, 10% glycerol, 2%
SDS, and 5% �-mercaptoethanol. Samples were then boiled for 5 min
and stored at �80°C. Protein concentrations were determined using
the Nano Orange Kit (Molecular Probes). Samples were then sub-
jected to 10% SDS-PAGE and Western blotting with antibodies
specific for the protein of interest as we have previously described (5,
6). Membranes were subsequently stripped using Restore Western
Stripping Solution and reprobed for �-actin for loading control, as

required. Densitometric analyses were performed with a Bio-Rad

VersaDoc Imaging System equipped with Quantity One software.

Antibodies employed were goat polyclonal anti-CCN2/CTGF, IgG,

and secondary donkey anti-goat IgG horseradish peroxidase-conju-

gated antibody, and anti-lamin A/C mouse monoclonal antibody

(sc-7292) were obtained from Santa Cruz Biotechnology; phospho-

AKT/PKB (S473), total AKT/PKB, phospho-GSK-3� (S9), total

GSK-3�, total PKC-� (catalog no. 2058) antibodies, and secondary

anti-rabbit horseradish peroxidase-conjugated antibodies were from

Cell Signaling; and rabbit monoclonal anti-phospho-SMAD3 (S424 �

S425) antibody was obtained from Abcam (ab52903).

Transfection. Transfections were performed using the Amaxa

Nucleofector II (Lonza) electroporation device according to the man-

ufacturer’s instructions for small interfering (si)RNA and plasmid

transfections. Briefly, 1 � 106 primary human gingival fibroblasts or

adult human lung fibroblasts were suspended in 100 �l of Nucleofec-

tor solution and 1 or 2 �g of plasmid were then added and the solution

was mixed gently. For gingival fibroblasts, the Nucleofector solution

used was from the Nucleofector Kit for Primary Mammalian Fibro-

blasts (VPI-1002) with the V-13 or U-023 pulse setting. This condi-

tion resulted in a transfection efficiency of 87% without alterations in

cell morphology or diminished viability as determined in optimization

studies with a green fluorescent protein expression vector (Lonza). For

lung fibroblasts, the Nucleofector Kit R was used (Lonza VCA-1001)

with the U-03 pulse setting as optimized by Lonza and confirmed by

us with the green fluorescent protein expression plasmid. After puls-

ing, cells were pooled as necessary to provide sufficient cells for each

experiment and then immediately transferred into six-well plates

containing prewarmed culture medium. After 12 h, the medium was

changed to serum-free medium containing 0.1% BSA and allowed to

grow for another 12 h after which the cells were treated as indicated.

For silencing studies, four siRNA sequences (Dharmacon), each

targeting a different sequence of the respective target mRNA, were

tested for optimal efficiency with a constant concentration of 215

pmol/100 �l per Amaxa transfection. At intervals following transfec-

tion (24, 48, and 72 h), silencing efficiency was tested by Western blot

analysis for the respective targets. The optimal sequence was then

Fig. 1. Inhibition of phosphoinositol 3-kinase (PI3K) diminishes transforming growth factor-�1 (TGF-�1)-induced connective tissue growth factor (CCN2/CTGF)
expression independent of JNK in human gingival fibroblasts. A: preconfluent human gingival fibroblast cultures were serum starved and then pretreated with 10 �M
JNK inhibitor (SP600125), 1 �M PI3K inhibitor wortmannin, or 50 �M LY294002 or both the JNK inhibitor and a PI3K inhibitor for 1 h followed by treatment with
5 ng/ml TGF-�1 for 6 h. Cell lysates were then collected and analyzed by Western blot using antibodies against CCN2/CTGF and �-actin for normalization. A:
representative blot and densitometric analyses of 3 replicates from cells derived from 1 subject for CCN2/CTGF and data are means � SD; n 	 3; *P 
 0.05.
B: representative blot and densitometry analyses of 3 replicates from cells derived from 1 subject for phosphorylated JNK and data are means � SD; n 	 3; *P 
 0.05.
For both A and B, respective data are representative of experiments performed with cells from 3 different subjects and each experiment was performed with 3 replicates,
all with the same outcomes.
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used at different concentrations (215, 100, and 50 pmol/100 �l
transfection) to determine the lowest concentration of siRNA needed
for silencing. For PKC-� (no. MQ-003524-01; Dharmacon) the se-
quences assayed in this manner were sequence #1: GAAAGAACGC-
UUCAACAUC, sequence #2: GUUGAUGUCUGUUCAGUAU, se-
quence #3: AGAAAUGCAUCGACAAGAU, and sequence #4:
AGAAGAAGCCGACCAUGUA; and for GSK-3� (no. MQ-003010-
03; Dharmacon) sequence #1: GAAGAAAGAUGAGGUCUAU, se-
quence #2: GAUGAGGUCUAUCUUAAUC, sequence #3: GGAC-
CCAAAUGUCAAACUA, and sequence #4: GAAGUCAGCUAUA-
CAGACA. For all of these experiments, the nontargeting siRNA
UAAGGCUAUGAAGAGAUAC (no. D-001210-02; Dharmacon)
was used as a negative control at equivalent respective concentrations.
For individual experimental results presented here, the optimal se-
quence and minimum concentrations to fully inhibit expression of the
target proteins were used following the same transfection procedure
described above. The sequences and concentrations employed for
knockdowns were, respectively, 215 pmol/100 �l of sequence #4 for
PKC-�; 215 pmol/100 �l of sequence #3 for GSK-3�, and 215
pmol/100 �l of the nontargeting control siRNA.

A constitutively active �-catenin (S33Y) expression vector was
kindly provided by Dr. Bert Vogelstein (Howard Hughes Medical
Institute and Sidney Kimmel Comprehensive Cancer Center, John
Hopkins Oncology Center; Ref. 48), and the empty vector (pCLneo)
was purchased from Promega. These vectors were propagated in
Escherichia coli DH5�, and isolated using a plasmid purification kit
(Qiagen) and employed for transient transfections as described above.

RESULTS

Inhibition of PI3K decreases the TGF-�1-induced expres-
sion of CCN2/CTGF in gingival fibroblasts independent of
JNK. We have previously reported that TGF-�1-induced ex-
pression of CCN2/CTGF in human gingival fibroblasts is
mediated primarily by JNK-MAP kinase activation and not
ERK1/2 or p38 MAP kinases (5). In human fetal lung fibro-
blasts, the PI3K inhibitors wortmannin and LY294002 were
each reported to inhibit TGF-�1-induced CCN2/CTGF expres-
sion mediated by downstream JNK MAP kinase activation
(63). Hence, we first investigated the effects of PI3K inhibition
on TGF-�1-stimulated CCN2/CTGF expression and JNK acti-
vating phosphorylation in human gingival fibroblasts. Gingival
fibroblast cultures were pretreated for 1 h with either 1 �M

wortmannin or 50 �M LY294002 (PI3K inhibitors), 10 �M
SP600125 (JNK inhibitor), or a PI3K inhibitor and the JNK
inhibitor together as indicated in EXPERIMENTAL PROCEDURES.
TGF-�1 was then added and harvested after 6 h for Western
blot analysis (5). The results show that PI3K inhibitor and JNK
inhibitor treatments each result in downregulation of CCN2/
CTGF expression, while the combination of both appears to
have an additive effect (Fig. 1A). PI3K inhibitors do not reduce
the activation of JNK in response to TGF-�1 (Fig. 1B). Data
indicate that PI3K contributes to TGF-�1-induced upregulation
of CCN2/CTGF but that JNK activation by TGF-�1 is not
inhibited by PI3K in human gingival fibroblasts. Wortmannin
does, however, inhibit AKT/PKB activating phosphorylation,
suggesting that effects of PI3K can be mediated by the typical
downstream PDK1/AKT activations in human gingival fibro-
blasts (data not shown).

Evaluation of PKC isoforms as effectors of PI3K. We next
investigated downstream effectors of the PI3K pathway in
mediating the TGF-�1 response. Previous studies have shown
that PKC mediates the profibrotic effect of TGF-� and expres-
sion of CCN2/CTGF in serosal fibroblasts (49). Moreover,
PI3K is an important activator of PKCs in a variety of cell

Table 1. Effect of protein kinase C inhibitors on
TGF-�1-stimulated CCN2/CTGF protein expression in
human gingival fibroblasts

Treatment

CCN2/CTGF Protein Level Compared

with Vehicle-Only Control Cultures

(Fold Change � SD)

5 ng/ml TGF-�1 17.80 � 0.85
Bis I (10 �M) � 5 ng/ml TGF-�1 2.71 � 0.89*
Gö 6976 (0.1 �M) � 5 ng/ml

TGF-�1 17.10 � 0.95
Rottlerin (10 �M) � 5 ng/ml TGF-�1 2.32 � 1.01*

Preconfluent human gingival fibroblast cultures were serum starved and then
treated for 1 h with 10 �M bisindolylmaleimide I (Bis I), 0.1 �M Gö 6976, 10
�M rottlerin, or control (vehicle) as indicated, followed by addition of 5 ng/ml
transforming growth factor-�1 (TGF-�1) or vehicle. After 6 h, cell lysates were
collected and analyzed by Western blot using antibodies against connective
tissue growth factor (CCN2/CTGF) and subsequently with �-actin antibodies
for normalization and quantitation as indicated in EXPERIMENTAL PROCEDURES.
Data are derived from cells from 9 independent cultures performed in 3
different experiments in cells derived from 1 subject (n 	 9; *P 
 0.05,
Students t-test compared with 5 ng/ml TGF-�1 treatment group).

Fig. 2. Protein kinase C (PKC)-� is not involved in TGF-�1-induced CCN2/
CTGF expression in human gingival fibroblasts. Human gingival fibroblast
cultures were transfected with either nontargeting small interfering (si)RNA
(lanes 1 and 2) or PKC-� siRNA (lanes 3 and 4; 215 pmol each) for 48 h
followed by stimulation with 5 ng/ml TGF-�1 (lanes 2 and 4). After 6 h, cell
lysates were collected and analyzed by Western blot using antibodies against
CCN2/CTGF. The same blot was stripped and probed with anti-PKC-�
antibody to confirm knockdown. Top: representative blots of experiments
performed twice for CCN2/CTGF (top), PKC-� (middle), and �-actin (bottom)
all from the same gel. Bottom: densitometric analysis of blots for mean
CCN2/CTGF band intensity normalized to �-actin � SD from 6 independent
cultures derived from 1 subject (n 	 6; bracket shows P � 0.05).
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types (14, 41, 52, 59). Gingival fibroblast cultures were pre-
treated for 1 h with different PKC inhibitors or DMSO (vehi-
cle) and treated with 5 ng/ml TGF-�1, and cell lysates were
analyzed as described above. Results show that 10 �M Bis I
and 10 �M rottlerin each inhibit TGF-�1-induced CCN2/
CTGF expression, while 0.1 �M Gö 6976, does not have any
inhibitory effect (Table 1). These data suggest that Ca2�-
dependent conventional PKCs are not involved in the induction
of CCN2/CTGF by TGF-�1 and atypical PKCs, such as
PKC-�, could possibly participate in CCN2/CTGF regulation
by TGF-�1.

To directly address the role of PKC-�, gingival fibroblasts
were next transfected with siRNA targeting PKC-� or nontar-
geting siRNA controls (see EXPERIMENTAL PROCEDURES). Cells
were then treated with 5 ng/ml TGF-�1 or vehicle, and cell
lysates were subjected Western blot analysis. The results show
that siRNA targeting PKC-� did not reduce the ability of
TGF-�1 to induce CCN2/CTGF expression (Fig. 2). Assay of
the blots with anti-PKC-� antibody confirmed that PKC-� was
efficiently silenced in cells transfected with PKC-� siRNA
compared with nontargeting siRNA (Fig. 2). These data indi-
cate that PKC-� is not involved in TGF-�1-induced CCN2/
CTGF expression in gingival fibroblasts.

GSK-3� and TGF-�1-induced CCN2/CTGF expression in
gingival fibroblasts. While challenge of gingival fibroblasts
with the PKC inhibitors Bis I and rottlerin inhibited TGF-�1-
induced CCN2/CTGF expression in gingival fibroblasts, si-
lencing studies did not yield similar results (Fig. 2). Concen-
trations of Bis I and rottlerin employed can also inhibit
GSK-3� (2, 17). Because GSK-3� is a known target of the
PI3K/AKT pathway (9), we hypothesized that active GSK-3�
could in some way mediate TGF-�1 regulation of CCN2/
CTGF. Gingival fibroblast cultures were pretreated with the
GSK-3� inhibitor kenpaullone or DMSO (vehicle) for 1 h (17),
followed by TGF-�1 and analyzed. Results show a potent
downregulation of TGF-�1-mediated CCN2/CTGF expression
by kenpaullone (Table 2). Data suggest that GSK-3� activity is

important in mediating TGF-�1-stimulated CCN2/CTGF levels
in human gingival fibroblasts.

To directly confirm these findings, we next performed gene
knockdown studies of GSK-3� in human gingival fibroblasts
using siRNA technology described in EXPERIMENTAL PROCE-
DURES. Silencing GSK-3� completely blocks the ability of
TGF-�1 to induce CCN2/CTGF expression (Fig. 3). GSK-3�
silencing was confirmed by Western blotting with anti-
GSK-3� antibodies (Fig. 3). Taken together with pharmaco-
logic inhibition of GSK-3� (Table 2), these data strongly
suggest that active GSK-3� significantly contributes to
TGF-�1 induction of CCN2/CTGF expression in human gin-
gival fibroblasts.

Wnt3a inhibits TGF-�1-induced expression of CCN2/CTGF
in human gingival fibroblasts. GSK-3� has a vital role in
canonical Wnt signaling. In the absence of Wnt ligands,
GSK-3� is constitutively active and phosphorylates �-catenin,
targeting it for ubiquitination and proteasomal degradation
(51). In the presence of Wnt ligands, GSK-3� activity is
inhibited and �-catenin escapes degradation (45). Hence, the
inhibition of GSK-3� kinase activity is an essential component
of an active canonical Wnt/�-catenin pathway. We utilized
Wnt3a stimulation as an independent means to inhibit GSK-3�

Table 2. Effect of GSK-3� inhibitor on TGF-�1-stimulated
CCN2/CTGF protein levels in human gingival fibroblast
cell cultures

Treatment

CCN2/CTGF Protein Level Compared

with Vehicle-Only Control Cultures

(Fold Change � SD)

Subject 1

5 ng/ml TGF-�1 20.50 � 2.71
Kenpaullone (10 �M) � 5 ng/ml

TGF-�1 2.28 � 1.13*
Subject 2

5 ng/ml TGF-�1 40.1 � 0.06
Kenpaullone (10 �M) � 5 ng/ml

TGF-�1 17.8 �0.12*

Preconfluent human gingival fibroblast cultures were grown in serum-free
medium for 12 h and then pretreated for 1 h with 10 �M kenpaullone or
vehicle, followed by addition of 5 ng/ml TGF-�1 or vehicle. GSK-3�, glyco-
gen synthase kinase-3�. After 6 h, cell lysates were collected and analyzed by
Western blot using antibodies against CCN2/CTGF and �-actin for normal-
ization by densitometry as described in EXPERIMENTAL PROCEDURES. Data are
derived from cells from 9 independent cultures derived from subject 1 (n 	 9)
performed in 3 independent experiments and 3 independent cultures from
subject 2 (n 	 3); *P 
 0.05, Students t-test compared with 5 ng/ml
TGF-�1-treated group.

Fig. 3. Glycogen synthase kinase-3� (GSK-3�) mediates TGF-�1-induced
CCN2/CTGF expression in human gingival fibroblasts. Human gingival fibro-
blast cultures were transfected with either GSK-3� siRNA or nontargeting
siRNA (215 pmol) for 48 h before stimulation with 5 ng/ml TGF-�1. After 6
h, cell lysates were collected and analyzed by Western blot using antibodies
against CCN2/CTGF. The same blot was stripped and probed with anti-
GSK-3� antibody to confirm knockdown. Top: representative blot of experi-
ments performed twice. Bottom: densitometric analysis of blots depicting mean
band intensity normalized to �-actin � SD of six independent cultures derived
from 1 subject (n 	 6, *P 
 0.05, Students t-test). Lane 1, nontargeting
siRNA; lane 2, nontargeting siRNA plus TGF-�1; lane 3, GSK-3� siRNA;
lane 4, GSK-3� siRNA plus TGF-�1.
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in gingival fibroblasts and lung fibroblasts to test its effects on
TGF-�1-mediated CCN2/CTGF expression.

Gingival fibroblast and human lung fibroblast cultures were
pretreated with or without 150 ng/ml Wnt3a for 1 h followed
by treatment with 5 ng/ml TGF-�1 for 6 h. Cell lysates were
collected and analyzed by Western blot for CCN2/CTGF
protein levels. Results show that Wnt3a treatment inhibits
TGF-�1-mediated CCN2/CTGF expression by 35% in gingival
fibroblasts (Fig. 4A), consistent with data obtained with phar-
macologic GSK-3� inhibitors and silencing (Table 2 and Fig.
3). This observation is in sharp contrast to results obtained in
human adult lung cells in which Wnt3a does not downregulate
CCN2/CTGF but modestly upregulates TGF-�1-stimulated
CCN2/CTGF levels (Fig. 4B). Data in lung cells (Fig. 4B) are

consistent with published studies performed in a variety of
other non-oral mesenchymal cells and in tissues in which
canonical Wnt signaling increases upregulates CCN2/CTGF
and fibrosis (1, 4, 12, 19, 67).

Regulation of GSK-3� inhibitory phosphorylation by Wnt3a
and TGF-�1. GSK-3� activity is inhibited by phosphorylation
at serine 9. Blocking or reducing phosphorylation at serine 9
would, therefore, be expected to increase GSK-3� activity.
Thus we next investigated whether TGF-�1 could itself en-
hance GSK-3� activity by inhibiting the basal level of phos-
phorylation at serine 9 in gingival fibroblasts, thereby increas-
ing GSK-3� activity leading to increased CCN2/CTGF levels.
To test this notion, preconfluent gingival fibroblast cultures
were grown in serum free medium for 12 h. Cultures were

Fig. 4. Wnt3a attenuates TGF�1-induced expression of
CCN2/CTGF in human gingival fibroblasts but upregu-
lates CCN2/CTGF in lung fibroblasts. Preconfluent hu-
man gingival fibroblast cultures (A) or adult human
primary lung cells (B) were grown in serum-free me-
dium for 12 h and then pretreated for 1 h with 150 ng/ml
Wnt3a followed by addition of 5 ng/ml TGF�1. After 6
h, cell lysates were collected and analyzed by Western
blot using antibodies against CCN2/CTGF. Top: repre-
sentative blot from 1 subject of experiments performed
with 3 independent transfections in gingival fibroblasts
and twice with adult human primary fibroblasts. Bottom:
densitometric analysis of blots depicting mean band
intensity normalized to �-actin � SD of the 3 indepen-
dent transfections 1 subject each (n 	 3; *P 
 0.05,
Students t-test). These experiments were performed a
total of 3 times from an additional 2 subjects with the
same outcome of Wnt3a inhibition of TGF-� stimulated
CCN2/CTGF levels in gingival fibroblasts, and a mod-
est stimulation by Wnt3a in lung cells. Lanes shown in
each panel are from the same experiment and gel.

Fig. 5. Wnt3a increases GSK-3� serine 9
phosphorylation at 30 min in human gingival
fibroblasts (A), whereas TGF-�1 does not
reduce the degree of GSK-3� phosphoryla-
tion on serine 9 (B). Preconfluent human
gingival fibroblast cultures were serum-
starved and then were treated with or with-
out 150 ng/ml Wnt3a (A) or 5 ng/ml TGF-�1

(B) for different time intervals. Cell lysates
were then collected for Western blot analysis
of GSK-3� phosphorylation at serine 9. Top:
representative blots of experiments per-
formed 3 times. Bottom: densitometric anal-
ysis of blots depicting mean band intensity
normalized to �-actin � SD from 9 indepen-
dent cultures derived from 1 subject (n 	 9;
*P 
 0.05, Students t-test).
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treated with or without 5 ng/ml TGF-�1 or 150 ng/ml Wnt3a
for different time points up to 30 min. Cells were subsequently
subjected to Western blot analysis for GSK-3� phosphorylated
at serine 9. The results show that there is significantly in-
creased inhibitory phosphorylation at serine 9 after 30 min of
Wnt3a treatment as expected (Fig. 5A). However, no decrease
in serine 9 inhibitory phosphorylation in response to TGF-�1

was found in human gingival fibroblasts (Fig. 5B). Data indi-
cate that TGF-�1 does not reduce the inhibitory phosphoryla-
tion of GSK-3� at serine 9 and hence does not promote
CCN2/CTGF expression by this mechanism in gingival fibro-
blasts. Wnt3a-induced phosphorylation of GSK-3� serine 9,
however, further supports the finding that in gingival fibro-
blasts, GSK-3� inhibition attenuates, rather than stimulates,
TGF-�1 upregulation of CCN2/CTGF levels.

Constitutively active �-catenin (S33Y) inhibits TGF-�1-in-
duced CCN2/CTGF expression in adult human gingival fibro-
blasts in contrast to lung cells. Wnt3a leads to GSK-3�
inhibition by phosphorylation at serine 9 that ultimately con-
tributes to active �-catenin accumulation and activation of
TCF/LEF dependent transcription (46, 57, 66). We next tested
whether �-catenin could in some way mediate the Wnt3a/
GSK-3� inhibitory effects on TGF-�1 signaling in human
gingival fibroblasts. An expression plasmid for constitutively
active �-catenin (S33Y) was transfected into human gingival
fibroblasts, and empty vector (pCl-neo) served as a control (see

EXPERIMENTAL PROCEDURES). After transfection (36 h), cells were

serum-starved for 12 h and then treated with 5 ng/ml TGF-�1 or

vehicle, and CCN2/CTGF levels were assessed. Data (Fig. 6A)

indicate that gingival cells transfected with constitutively ac-

tive �-catenin (S33Y) showed 50% attenuation of TGF-�1-

stimulated CCN2/CTGF expression; no significant effects on

TGF-�1-stimulated CCN2/CTGF expression were seen in lung

cells. Figure 6B shows data combined from three separate

gingival fibroblast donors compared with lung fibroblasts. Data

further support the notion that �-catenin mediates Wnt3a

inhibition of TGF-�1 stimulated CCN2/CTGF expression in

gingival fibroblasts.

We next asked whether Wnt3a could inhibit SMAD3 acti-

vating phosphorylations as an index of global attenuation of

TGF-� signaling. This was accomplished by treating cells with

150 ng/ml Wnt3a for 1 h, followed by 5 ng/ml TGF-�1 for 30

min and isolation and extraction of cell nuclei. Extracts were

then subjected to Western blots for phosphorylated SMAD3

with the nuclear protein lamin A employed as the loading

control. Data in Fig. 7 show that Wnt3a did not regulate the

relative amount of nuclear phosphorylated SMAD3 in human

gingival fibroblasts. This finding is consistent with the notion

that tissue-specific regulations of TGF-� signaling are medi-

ated by pathways which are independent of SMAD activation

(5, 24).

Fig. 6. Constitutively active �-catenin (S33Y) in-
hibits TGF-�1-induced CCN2/CTGF expression in
adult human gingival fibroblasts but not in human
adult lung cells. A: human gingival fibroblast cul-
tures or human adult lung fibroblast cultures were
transfected by electroporation with either 1 �g of a
constitutively active mutant plasmid expressing
�-catenin (S33Y) or empty control vector (pCl-neo)
for 48 h before stimulation with 5 ng/ml TGF-�1.
After 6 h, cell lysates were collected and analyzed
by Western blot using antibodies against CCN2/
CTGF. Top: 1 representative blot each of 3 experi-
ments performed with cells from 3 different gingival
tissue donors and 3 experiments performed with
primary lung fibroblasts obtained commercially,
while the graphs show densitometry data from cells
derived from 1 gingival tissue donor performed with
3 replicates (means � SD; *P 
 0.05). B: percent-
age of CCN2/CTGF expression in constitutively
active �-catenin expressing cells compared with
empty vector in gingiva and lung cells in data from
all 3 subjects combined expressed as means � SE
(n 	 3; *P 
 0.05, Students t-test), showing that
active �-catenin inhibits CCN2/CTGF expression
only in gingival fibroblasts and not lung fibroblasts.

C586 GSK-3� AND CCN2/CTGF EXPRESSION IN GINGIVA

AJP-Cell Physiol • doi:10.1152/ajpcell.00032.2013 • www.ajpcell.org
Downloaded from journals.physiology.org/journal/ajpcell (075.146.025.077) on April 16, 2020.



DISCUSSION

A goal of TGF-�1 signal transduction studies in human
gingival fibroblasts is to understand tissue-specific signaling
pathways that have the potential to serve as therapeutic targets
in the treatment or prevention of human oral fibrotic conditions
including gingival overgrowth. Because PI3K and downstream
effectors have been associated with fibrosis in other tissues,
here we chose to investigate roles for PI3K-, PKC- and GSK-
3�-mediated pathways in the regulation of CCN2/CTGF in
human gingival fibroblasts compared with human lung fibro-
blasts.

PKC isoforms regulate events leading to the deposition of
collagen and regulate fibrosis in various tissues including
cardiac, renal, and pulmonary tissues (13, 23, 30, 62). Our data
that employed pharmacological and gene-specific knockdown
technologies indicate that PKCs do not appear to play any role
in mediating the upregulation of CCN2/CTGF in human gin-
gival fibroblasts by contrast to reports in fibroblasts from other
tissues (7, 12, 39). Most important, our data demonstrate
unique aspects of TGF-�1-induced cell signaling and PI3K
effectors in the control of CCN2/CTGF expression by gingival
fibroblasts.

GSK-3� exerts a broad regulatory influence on cellular
functions such as cell metabolism, protein synthesis, cell pro-
liferation, cell differentiation, cell motility, and apoptosis (20,
21, 23, 65). The use of pharmacological inhibitors selective for
GSK-3�, as well as gene-specific knockdown of GSK-3�
using siRNA, resulted in inhibition of TGF-�1-mediated ef-

fects in gingival fibroblasts and suggest that the activity of
GSK-3� contributes to the expression of CCN2/CTGF induced
by TGF-�1. We employed Wnt3a as an independent inhibitor
of GSK-3� activity that similarly inhibited TGF-�1-mediated
CCN2/CTGF expression in gingival fibroblasts. These effects
of GSK-3� inhibition are opposite to findings in NIH3T3
fibroblasts, muscle cells, and mesenchymal stem cells where
activation of the Wnt pathway leads to the increased expression
of CCN2/CTGF (7, 12, 39). Consistent with these studies, but
in sharp contrast, our data performed with gingival fibroblasts
under the same conditions show that treatment of adult human
lung fibroblasts with Wnt3a resulted in a modest upregulation
of CCN2/CTGF. In combination with TGF-�1, Wnt3a has a
positive effect on CCN2/CTGF expression in lung fibroblasts,
rather than an inhibitory effect seen in adult human gingival
fibroblasts. This emphasizes that gingival fibroblasts respond
differently to stimuli compared with other tissue fibroblasts.

GSK-3� is normally constitutively active in cells and is
primarily regulated through inhibitory phosphorylation at ser-
ine 9 (16, 20). If active GSK-3� is vital for the regulation of
CCN2/CTGF by TGF-�1, it is possible that TGF-�1 itself
could further activate basal GSK-3� activity by decreasing
serine 9 phosphorylation. While Wnt3a treatment increased
GSK-3� phosphorylation, TGF-�1 did not decrease GSK-3�
phosphorylation at serine 9.

GSK-3� activity is required for TGF-�1-mediated CCN2/
CTGF in human gingival fibroblasts. Constitutively active
�-catenin inhibits TGF-�1-stimulated CCN2/CTGF levels in
gingival fibroblasts (Fig. 6), indicating that the effects of
Wnt3a on CCN2/CTGF are dependent on GSK-3� in gingival
fibroblasts. GSK-3� typically catalyzes inhibitory phosphory-
lations (50, 65). One target of GSK-3� is the cAMP response
element-binding protein (CREB; Ref. 60). GSK-3� phosphor-
ylation of CREB requires previous activating phosphorylation
of CREB on Ser133 by the cAMP-dependent PKA. The effect
of secondary GSK-3� phosphorylation of CREB on Ser129 is
to inhibit CREB binding to cis-acting elements in promoter
regions of target genes, thereby preventing its ability to acti-
vate transcription (8, 32). We have previously shown that the
direct activation of cAMP/PKA pathway by forskolin that
activates CREB results in inhibition of CCN2/CTGF expres-
sion in lung and kidney fibroblasts (5), while this effect is weak
in gingival fibroblasts. Interestingly, the cAMP response to
forskolin and prostaglandins is very weak in gingival fibro-

Fig. 8. Model for GSK-3� activity for optimal expression of CCN2/CTGF in
human gingival fibroblasts. The model proposes that active CREB(Ser133)

represses CCN2/CTGF expression, while subsequent GSK-3� phosphoryla-
tion to CREB(Ser133,Ser129) releases CREB-dependent repression of CCN2/
CTGF expression. Thus inhibition of GSK-3� would reduce CCN2/CTGF
expression, as is observed in human gingival fibroblast cultures.

Fig. 7. Wnt3a has no effect on phosphorylation of Smad3 in n 	 3, -induced
expression of CCN2/CTGF in human gingival fibroblasts. Preconfluent pri-
mary human gingival fibroblast cultures were grown in serum free medium for
12 h and then pretreated for 1 h with 150 ng/ml Wnt3a followed by addition
of 5 ng/ml n 	 3,. After 30 min, nuclei were collected, extracted, and then
analyzed by Western blot using antibodies against phospho-SMAD3 and lamin
A. One representative blot is shown from 1 experiment performed with 3
replicates. Graph shows the effect of Wnt3a on TGF-�1-stimulated levels of
P-Smad3 normalized to lamin A. Data are expressed as fold change of
P-Smad3 of TGF�1 stimulated cells to vehicle control � SD; n 	 3; *P 	
0.34, Students t-test. This experiment was repeated with cells from a 2nd
subject with the same outcome.
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blasts compared with lung cells (5). Therefore, we propose a
working model in which different ratios of the levels of
GSK-3� to PKA can provide a mechanism by which inhibition
of GSK-3� could have the observed differential effects in
gingival fibroblasts compared with lung (Fig. 8). Assuming
that active CREB represses CCN2/CTGF transcription and
active GSK-3� relieves this repression, a high GSK-3�-to-
PKA ratio would result in potential decreased CCN2/CTGF
levels if GSK-3� phosphorylation were inhibited (gingiva, Fig.
3), while inhibition of GSK-3� in the context of high PKA/
GSK-3b would have little consequence for CCN2/CTGF ex-
pression. In this model, increased CCN2/CTGF levels seen in
Wnt3a-stimulated lung cells (Fig. 4 and Refs. 7, 12, 39) would
be related to other transcriptional effects of �-catenin. Gener-
ally supporting this model is our observation that although the
cAMP/PKA pathway in gingival fibroblasts is muted compared
with lung cells (5), TGF-�1 stimulates a transient phosphory-
lation of Ser133 of CREB (data not shown). Clearly, at this
time, transcriptional repressors other than CREB, which could
be inactivated by inhibitory phosphorylations by GSK-3�,
must also be considered in the context of tissue-specific regu-
lation of CCN2/CTGF. This and similar models clearly require
an analysis of transcriptional regulation of CCN2/CTGF in
gingival and other tissue fibroblasts.

Our primary objective was to study intracellular signaling
pathways controlling TGF-�1 regulation of CCN2/CTGF in
gingival fibroblasts with an aim to identify unique pathways
that drive drug-induced gingival overgrowth lesions where
both TGF-�1 and CCN2/CTGF are involved. Here we have
identified a novel role for active GSK-3� in permitting TGF-
�1-induced CCN2/CTGF expression in gingival fibroblasts.
The potential importance of GSK-3� in the pathogenesis of
different diseases has led to much interest in identifying selec-
tive pharmacologic inhibitors of GSK-3� that may be of
therapeutic usefulness (11, 58). Certain derivatives of paul-
lones (37), maleimide (15), lithium (58), and indirubin (36)
have been identified as potent and selective inhibitors of
GSK-3�. Hence, it appears that important new therapeutic
agents may be available and could be considered as potential
therapeutic or preventative agents of oral fibrosis, either alone
or in combination with other agents (5, 6). This finding adds to
our previous studies pointing to forskolin and statins as poten-
tial therapeutic agents to address oral fibrosis that were simi-
larly based on analyses of cell signaling pathways in gingival
fibroblasts (5, 6). Although systemic use of GSK-3� inhibitors
to treat neurodegenerative diseases, bipolar disorders and in-
flammation are being considered, concerns regarding negative
effects on cardiac tissues and promotion of tumors may limit
these uses (65). Oral tissues, however, are unique in that they
are easily accessed, and one can envision formulations in
which inhibitors could be applied locally without systemic
complications.
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