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Prostaglandin E2 blocks transforming growth factor TGF
�1-induced CCN2/CTGF expression in lung and kidney fibro-
blasts. PGE2 levels are high in gingival tissues yet CCN2/CTGF
expression is elevated in fibrotic gingival overgrowth. Gingival
fibroblast expression of CCN2/CTGF in the presence of PGE2
led us to compare the regulation of CCN2/CTGF expression in
fibroblasts cultured from different tissues. Data demonstrate
that the TGF�1-induced expression of CCN2/CTGF in human
lung and renal mesangial cells is inhibited by 10 nM PGE2,
whereas human gingival fibroblasts are resistant. Ten nM PGE2
increases cAMP accumulation in lung but not gingival fibro-
blasts, which require 1 �M PGE2 to elevate cAMP. Micromolar
PGE2 only slightly reduces the TGF�1-stimulated CCN2/CTGF
levels in gingival cells. EP2 prostaglandin receptor activation
with butaprost blocks the TGF�1-stimulated expression of
CCN2/CTGF expression in lung, but not gingival, fibroblasts.
In lung fibroblasts, inhibition of the TGF�1-stimulated
CCN2/CTGF by PGE2, butaprost, or forskolin is due to p38,
ERK, and JNK MAP kinase inhibition that is cAMP-depend-
ent. Inhibition of any two MAPKs completely blocks CCN2/
CTGF expression stimulated by TGF�1. These data mimic
the inhibitory effects of 10 nM PGE2 and forskolin that were
dependent on PKA activity. In gingival fibroblasts, the sole
MAPK mediating the TGF�1-stimulated CCN2/CTGF
expression is JNK. Whereas forskolin reduces TGF�1-stimu-
lated expression of CCN2/CTGF by 35% and JNK activation
in gingival fibroblasts, micromolar PGE2-stimulated JNK in
gingival fibroblasts and opposes the inhibitory effects of
cAMP on CCN2/CTGF expression. Stimulation of the EP3
receptor with sulprostone results in a robust increase in JNK
activation in these cells. Taken together, data identify two
mechanisms by which TGF�1-stimulated CCN2/CTGF levels
in human gingival fibroblasts resist down-regulation by
PGE2: (i) cAMP cross-talk with MAPK pathways is limited in
gingival fibroblasts; (ii) PGE2 activation of the EP3 prostan-
oid receptor stimulates the activation of JNK.

Connective tissue growth factor (CTGF),2 or CCN2, is a
38-kDa secreted protein belonging to the CCN family of
growth factors, and its expression is induced in cultured
fibroblasts by TGF� (1–4). CCN2/CTGF has been shown to
promote the synthesis of various constituents of the extra-
cellular matrix (5–9) and its overexpression is associated with
the onset and progression of fibrosis in skin (scleroderma) (10,
11), kidney (12, 13), liver (14–18), brain (Alzheimer disease)
(19), lung (20, 21), human gingiva (22–24), vasculature (ather-
osclerosis) (25–27), pancreas (chronic pancreatitis) (28), diges-
tive system (inflammatory bowel disease) (29), and the eye
(lens) (30). In scleroderma lesions of the skin CCN2/CTGF is
overexpressed in the body of the lesion, whereas TGF� is
expressed in only the leading edges of the lesion and suggests
that TGF� initiates persistent CCN2/CTGF expression (10).
A similar mechanism may be involved in promoting gingival
overgrowth and fibrosis in response to the anti-convulsive
drug phenytoin (Dilantin�). Immunohistologic analyses
have revealed that CCN2/CTGF, and to a lesser degree
TGF�1, are overexpressed in gingival lesions in patients
experiencing phenytoin- (Dilantin) induced gingival over-
growth and fibrosis (22–24).
More recent quantitative real time PCR analysis of RNA iso-

lated from human gingival tissues indicate that CCN2/CTGF
mRNA expression is increased 6-fold in phenytoin-induced
gingival overgrowth tissues (24). We have found that TGF�1
strongly up-regulates CCN2/CTGF expression in cultured pri-
mary human gingival fibroblasts (22–24). Among drug-in-
duced gingival overgrowth lesions, those caused by phenytoin
are more fibrotic and contain little to no leukocytic infiltration
comparedwith lesions induced by cyclosporine-A or nifedipine
(22). Taken together with the notion that CCN2/CTGF can
itself enhance the production of extracellular matrix macro-
molecules, these data suggest that phenytoin-induced gingival
overgrowth results from the accumulation of fibrous constitu-
ents of the extracellular matrix that are likely stimulated by
TGF�1 and CCN2/CTGF.
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Published studies investigating the TGF�1-induced expres-
sion of CCN2/CTGF in human fetal lung fibroblasts (IMR90)
and normal rat kidney fibroblasts indicate that CTGF expres-
sion ishighly sensitive toPGE2-mediated inhibitionviaacAMP-
dependent mechanism (8, 31, 32). CCN2/CTGF overexpres-
sion occurs in gingival overgrowth tissues, in response to
phenytoin, where PGE2 levels are persistently high due to nor-
mal wounding and inflammation in the oral environment that
results from normal masticatory function (33, 34). We there-
fore conducted comparative analyses of human fibroblasts
from different tissues to investigate the effects of PGE2 on the
TGF�1-stimulated expression of CCN2/CTGF. We suspected
that gingival fibroblasts utilize unique signal transduction path-
ways to promote CCN2/CTGF expression in response to
TGF�1 that make these cells resistant to the inhibitory effects
of PGE2.

Mitogen-activated protein kinases (MAPK) pathways stimu-
lated by TGF�1 are involved in the tissue-specific expression of
CCN2/CTGF in human fibroblasts (35). Our findings demon-
strate that the tissue-specific effect of PGE2 on the TGF�1-
stimulated expression of CCN2/CTGF in human fibroblasts
depends primarily on the differences in cAMP-mediated inhi-
bition of MAPK signaling. These data support the need for
developing therapeutic approaches to regulate the TGF�1-in-
duced expression of CCN2/CTGF and fibrosis on the basis of
the tissue-specific signal transduction pathways.

EXPERIMENTAL PROCEDURES

Materials—SB203580, SP600125, PD98059, forskolin, KT5720,
and cAMPELISA kits were obtained fromSigma; RNeasymini-
RNA purification kits purchased from Qiagen; TGF�1 from
Peprotech; prostaglandin E2 and mouse anti-�-actin mono-
clonal antibody from Calbiochem; butaprost and sulprostone
from Cayman; rabbit anti-human CCN2/CTGF polyclonal
antibody was kindly provided by FibroGen Corporation, South
San Francisco, CA; U0126, LumiGLO chemiluminescent
detection system, rabbit anti-MAPK antibodies against phos-
pho-SAPK/JNK (Thr-183, Tyr-184; catalog number 9251),
total SAPK/JNK (catalog number 9252), phospho-ERK1/2
(p44/42) (Thr-202, Tyr-204; catalog number 9101), total
ERK1/2 (catalog number 9102), phospho-p38 (Thr-180, Tyr-
182; catalog number 9211), total p38 (catalog number 9212)
antibodies, and secondary anti-rabbit horseradish peroxidase-
conjugated antibodies were obtained from Cell Signaling. Dul-
becco’s modified Eagle’s medium, phosphate-buffered saline,
trypsin, non-essential amino acids, and antibiotics (penicillin/
streptomycin) from Invitrogen; all solutions, TaqMan probes,
and instruments for real time PCRwere obtained fromApplied
Biosystems; 100-mm and 6-well cell culture plates from Fisher;
Restore Western blot Stripping Solution from Pierce. Nuclear
extraction kits were obtained from Active Motif.
Cell Culture—IMR90 (human fetal lung) fibroblasts and pri-

mary human renal mesangial cells were purchased fromATCC
and Cambrex, respectively. Primary human gingival fibroblasts
were obtained from donors without gingival overgrowth from
the Clinical Research Center at Boston University Goldman
School of Dental Medicine as described previously (23). Gingi-
val cells from two different adult donors were used and data

obtained were fully reproducible. 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
mMnon-essential 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 containing 0.1% bovine serum albumin for
aminimumof 12 h prior to treatment. Specified inhibitors were
next added in serum-free bovine serum albuminmedium for 30
or 60 min prior to the addition of TGF�1 or vehicle. TGF�1
treatmentswere generally for either 4 h for RNAanalyses, or 6 h
for protein analyses, based on previous studies (23). Cells were
not passed beyond four passages.
Real Time PCR—Total RNAwas isolated from fibroblast cell

cultures and purified using RNeasy mini-RNA purification kits
(Qiagen). RNA obtained was run on a 1% agarose gel to ensure
RNA quality by analyzing for the presence of 18 and 28 S rRNA
in proper relative proportions. RNAwas quantified via spectro-
photometry and 1 �g of RNA per treatment condition was
added to 30 �l of reverse transcription reactions using random
primers and the Applied Biosystems Reverse Transcription kit.
Thermal cycler conditions for reverse transcription were 25 °C
for 10min, 37 °C for 60min, and 95 °C for 5min and cDNAwas
stored at �20 °C prior to use in real time PCR. Four microliters
of each reverse transcription reaction was used for 50 �l of real
time PCR using the traditional 96-well format. TaqMan probes
for CCN2/CTGF (catalog number Hs00170014_m1) and glyc-
eraldehyde-3-phosphate dehydrogenase (catalog number
Hs99999905_m1) were used in real time PCR analyses. Real
time PCR were run in an Applied Biosystems GeneAmp Prism
7700 System at thermal cycler conditions of 50 °C for 2 min,
95 °C for 10 min, and 60 °C for 1 min for 40 cycles. Data were
analyzed using the 2���ct method and CCN2/CTGF mRNA
levels were normalized to glyceraldehyde-3-phosphate dehy-
drogenase mRNA and no treatment controls (36).
Western Blot Analysis—Fibroblast cell cultures were grown

as described above and total protein 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 cul-
ture dish. Samples were then boiled for 5 min and stored at
�80 °C. Samples were then subjected to 10% SDS-PAGE and
Western blotting with antibodies specific for proteins of inter-
est. Proteins were transferred to polyvinylidene difluoride
membranes overnight at 4 °C in blotting buffer containing
0.025 M Tris, 0.192 M glycine, and 20% methanol. Membranes
were blocked with blocking solution containing 5% dry milk in
TBST (20mMTris-HCl, pH7.5, 150mMNaCl, and 0.1%Tween)
for 1 h in the presence of primary rabbit antibodies overnight at
4 °C with mild shaking. Membranes were then washed with
TBST 5 times for 10min each.Membranes were next subjected
to incubation in the presence of secondary, anti-rabbit horse-
radish peroxidase-conjugated antibodies in 5% milk and TBST
for 2 h at room temperature with mild shaking. Membranes
werewashedwithTBST5 times for 5min each. Chemilumines-
cent detection of bound horseradish peroxidase-conjugated
secondary antibodies was determined using the LumiGlo/per-
oxide and exposed to film. Membranes were subsequently
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stripped using Restore Western Stripping Solution and
re-probed for loading controls as required.
cAMP ELISA—ELISA kits for the detection of cAMP were

obtained from Sigma (catalog number CA200) and experi-
ments followed the manufacturer’s suggested guidelines.
Briefly, fibroblasts were cultured in 6-well plates and grown
until confluent and subsequently serum deprived for a mini-
mum of 12 h. Cells were then challenged with a low (10 nM) or
high (1�M) concentration of PGE2 for the times indicated in the
text. Culture lysates were then harvested using 150 �l of 0.1 N
HCl per well and maintained on ice until the assay was con-
ducted. Absorbance was measured at 550 nm and data were
analyzed via interpolation with standards using semi-logarith-
mic paper. A minimum of n � 5 for each experimental condi-
tion was performed.
Analysis of TGF�1-induced Smad Activation and Nuclear

Localization—Gingival fibroblast cultures were grown to near
confluence and serum starved for 12 h. Cultures were then pre-
incubated with 10 �M MAPK inhibitors PD98059, U0126,
SP600125, and SB203580 for 1 h.Mediawere then removed and
replaced with identical concentrations of MAPK inhibitor in
addition to 5 ng/ml TGF�1 and incubated for an additional 30
min. Total cell layer protein was harvested to determine the
effect of MAPK inhibition on Smad-3 phosphorylation/activa-
tion by TGF�1 using Western blot analysis. Nuclear extracts
were also obtained following the 30-min incubation in the pres-
ence of TGF�1 with or without challenge with the JNK inhibi-
tor SP600125 (10�M). Cells were lysed and nuclei obtained free
of cytosolic proteins according to the manufacturer’s instruc-
tions (Active Motif Nuclear Extraction Kit). Phosphorylated
Smad-3 levels were then determined in nuclear extracts via
Western blot normalized to lamin B.
Expression of Recombinant Adenovirus—Gingival fibroblasts

were grown in 12-well plates to 80% confluence. Adenovirus
expressing �-galactosidase was used as the control and
assessment of the level of infection and gene expression in
our cells. The dominant negative adenoviral construct for
JNK1 (Cell Biolabs, Inc., ADV-115) was introduced at a con-
centration of 1010 infectious units/ml and cultures were
grown for 48 h to permit expression. At this concentration of
virus we achieved �100% infection of gingival fibroblasts as
determined by �-galactosidase staining determined separately
with a�-galactosidase-expressing viral construct (Cell Biolabs).
Forty-eight hours post-infection, TGF�1 was added and cul-
tures were incubated for 6 h prior to harvest of total cell layer
protein for Western blot analysis of CCN2/CTGF protein.

RESULTS

Tissue-specific Inhibition of the TGF�1-stimulated Expres-
sion of CCN2/CTGF by PGE2—Human gingival tissues persis-
tently contain relatively high levels of PGE2 as a consequence of
normal levels of inflammation in the oral environment and nor-
mal masticatory function (33, 34). PGE2 has been shown to
block the TGF�1-stimulated expression of CCN2/CTGF in
lung and kidney fibroblastic cells (31, 32). However, we have
demonstrated that CCN2/CTGF is expressed at high levels in
phenytoin-induced gingival overgrowth lesions in human
patients (22, 23). We therefore investigated the ability of PGE2

to inhibit TGF�1-stimulated CCN2/CTGF expression in gingi-
val fibroblasts. Primary fibroblast cell cultures fromhuman gin-
giva, and control lung (IMR90) and primary kidney mesangial
fibroblastic cells were grown and pre-treated with PGE2 for 1 h
followed by the addition of 5 ng/ml TGF�1 as described under
“Experimental Procedures” to determine the effects of PGE2 on
the TGF�1-induced expression of CCN2/CTGF as a function
of the tissue of origin. Data demonstrate that TGF�1 increases
CCN2/CTGF expression in cultures of primary human gingival
fibroblasts, renal mesangial cells, and lung fibroblasts. Pre-
treatmentwith 10 nMPGE2 completely blocks the expression of
CCN2/CTGF mRNA (Fig. 1A) and protein levels (Fig. 1B) in
human renal mesangial cells and IMR90 (lung) fibroblasts. In
contrast, CCN2/CTGF mRNA expression induced by TGF�1
in human gingival fibroblasts is not reduced by challenge with
10 nM PGE2 and only slightly reduced in response to 1�MPGE2
(Fig. 1A). The receptor-independent activator of adenylate
cyclase, forskolin, was next utilized to investigate a role for ele-
vated cAMP in the absence of PGE2 receptor stimulation. For-
skolin completely blocked CCN2/CTGF mRNA expression in
response to TGF�1 in human lung and renal mesangial cell
cultures (Fig. 1A). Gingival fibroblast cultures, however, were
found to be more resistant to the inhibitory effects of forskolin
although forskolin did more potently reduce CCN2/CTGF
mRNA expression than did 1 �M PGE2 (Fig. 1A). Western blot
analysis for CCN2/CTGF protein in the different fibroblastic
cultures confirmed that gingival fibroblasts are resistant to the
inhibitory effects of PGE2 (Fig. 1B). The differing degrees of
susceptibility, or resistance, to inhibition with PGE2 suggest
that unique signaling mechanisms occur in human gingival
fibroblasts. Thus, we focused our investigation on human gin-
gival fibroblasts and the human lung fibroblasts to further
explore these tissue-specific mechanisms of regulating the
TGF�1-induced expression of CCN2/CTGF by PGE2.
Forskolin andPGE2AreWeak Inhibitors of CCN2/CTGFPro-

tein Expression in Human Gingival Fibroblasts—Human gingi-
val fibroblast cultures are resistant to the inhibitory effects of
nanomolar concentrations of PGE2 on CCN2/CTGF protein
expression (Fig. 1B), but 1 �M PGE2 and 10 �M forskolin
resulted in a weak inhibition of CCN2/CTGF mRNA expres-
sion in gingival fibroblasts (Fig. 1A).We next determined if this
inhibition also occurred at the level of CCN2/CTGF protein
expression. Gingival fibroblast cultureswere pretreatedwith 10
nM PGE2, 1 �M PGE2, or 10 �M forskolin for 30 min. Cells were
then fed with media supplemented with 5 ng/ml TGF�1 and
PGE2, or forskolin, and cultures were incubated for another 6 h
prior to harvesting total cell layer protein forWestern blot anal-
ysis. A representative Western blot demonstrates that 10 nM
PGE2 had no effect on the TGF�1-stimulated expression of
CCN2/CTGF protein in gingival fibroblast cultures as
expected, whereas treatment with 1 �M PGE2 or forskolin
resulted in a slight reduction of CCN2/CTGF protein (Fig. 2A).
Densitometry analyses of three separate Western blots from
different experiments demonstrate that 1 �M PGE2 results in a
10–13% reduction in theTGF�1-induced expression of CCN2/
CTGF protein, whereas forskolin more potently reduced
CCN2/CTGF protein by 30–34% (Fig. 2B). Data confirm that
gingival fibroblasts are resistant to down-regulation of TGF�1-
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stimulated CCN2/CTGF protein levels by PGE2, and that for-
skolin is a weak inhibitor.
Stimulation of the EP2ProstanoidReceptor Blocks the Expres-

sion of CCN2/CTGF in Human Lung but Not in Gingival
Fibroblasts—Published reports have shown that PGE2 blocks
CCN2/CTGF expression in human lung (IMR90) and normal
rat kidney fibroblasts by a cAMP-mediatedmechanism (31, 32).
Of four PGE2 receptors that have been characterized, EP1–EP4,
EP2, and EP4 are G�s-coupled receptors capable of directly
stimulating adenylate cyclase activity and the accumulation of
cAMP (37, 38). Direct evidence for EP2 receptor involvement in
mediating the inhibitory effects of PGE2 have been reported
(39). The EP3 prostanoid receptor is capable of either stimulat-
ing or inhibiting cAMP production depending on the predom-
inant isoform expressed in a particular tissue or cell type (40).
We therefore conducted experiments to determine the effects
of the direct stimulation of specific PGE2 receptors EP2 and
EP3, to determine which receptor isoforms were responsible

for promoting the inhibitory effects
of PGE2 on CCN2/CTGF expres-
sion. Cultures of human lung and
gingival fibroblasts were pretreated
with the EP2- or EP3-specific ago-
nists, butaprost and sulprostone,
respectively, for 30 min prior to
stimulation with TGF�1. The direct
stimulation of the EP2 receptorwith
butaprost resulted in the complete
inhibition of the TGF�1-stimulated
expression of CCN2/CTGF mRNA
(Fig. 3A) and protein (Fig. 3B) in cul-
tures of lung fibroblasts, as
expected. In gingival fibroblasts, we
observed only a decrease of 50% in
CCN2/CTGF mRNA expression in
response to EP2 stimulation (Fig.
3A) and no reduction in CCN2/
CTGF protein levels (Fig. 3C). Stim-
ulation of EP3 with sulprostone did
not have any significant effect on
CCN2/CTGF mRNA expression in
lung fibroblasts, but appeared to
slightly increase CCN2/CTGF pro-
tein in gingival fibroblasts (Fig. 3,
A–C). These data suggest that
cAMP accumulation in response to
the stimulation of the EP2 prostan-
oid receptor is responsible for the
specific inhibition of CCN2/CTGF
expression in human lung fibro-
blasts and is consistent with pub-
lished studies (32). By contrast, gin-
gival fibroblasts are resistant to the
inhibitory effects of EP2 activation
(Fig. 3C).
PGE2-induced cAMP Accumula-

tion Is Greater in Human Lung
Fibroblasts Than in Gingival Fibro-

blasts—Two of the four known PGE2 receptor subtypes are
capable of stimulating adenylate cyclase activity and the pro-
duction of cAMPuponbinding PGE2 (37, 38).Wehypothesized
that cAMP production and/or accumulation could be higher in
cells with a greater susceptibility to the inhibitory effects of
PGE2 on CCN2/CTGF expression (lung fibroblasts versus gin-
gival fibroblasts). Cultures of both human lung and gingival
fibroblasts were treated for various times with either low (10
nM) or high (1 �M) concentrations of PGE2, and cAMP accu-
mulation was determined by ELISA. Data demonstrate that 10
nM PGE2 was sufficient to produce a strong and transient
increase of cAMP in lung fibroblast cultures withmaximal pro-
duction 5 min after treatment, with cAMP levels gradually
returning to basal levels by 60min (Fig. 4). The only statistically
significant (*, p� 0.001) increase in cAMP in gingival fibroblast
cultures in response to 10 nM PGE2 occurred 30min after treat-
ment (Fig. 4) and was less than 5% of the increase in cAMP
observed in cultures of human lung fibroblasts. Lung fibroblast

FIGURE 1. Gingival fibroblasts are resistant to PGE2 down-regulation of TGF�1-stimulated CCN2/CTGF
levels. Cultured fibroblasts derived from different human tissues were treated with 10 nM PGE2 or 10 �M

forskolin for 30 min prior to the addition of 5 ng/ml TGF�1 and CCN2/CTGF mRNA and protein levels were
determined by real time PCR or Western blot analysis following a 4- or 6-h incubation, respectively. CCN2/CTGF
mRNA expression in response to 1 �M PGE2 was also evaluated in gingival fibroblasts. A, real time PCR analysis
of RNA isolated from cultured human IMR90 lung, renal, and gingival fibroblastic cells. Data are measured as
the mean � S.D. Analyses were conducted using triplicate cultures and experiments were repeated at least
three times with identical results. CCN2/CTGF mRNA expression was normalized to glyceraldehyde-3-phos-
phate dehydrogenase mRNA and compared with no treatment control cultures for the evaluation of statisti-
cally significant changes (*, p � 0.0005, **, p � 0.005, # p � 0.0001). B, Western blot analysis of the inhibition of
the TGF�1-induced expression of CCN2/CTGF protein by PGE2 in human gingival fibroblasts, lung fibroblasts,
and renal mesangial cells. Total �-actin was used as a gel-loading control. Each analysis was conducted at least
twice with identical results.
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cultures treated with 1�MPGE2 exhibited a sustained accumu-
lation of cAMPbeyond 60min following treatment. In contrast,
cAMP levels in gingival fibroblasts were increased only tran-
siently in response to 1�MPGE2withmaximal accumulation at
30 min with levels rapidly returning to basal levels by 60 min
post-treatment (Fig. 4). The receptor-independent activator of
adenylate cyclase, forskolin (10 �M), yielded a significant but
somewhat less robust increase in cAMP than did 1 �M PGE2 in
cultures of lung and gingival fibroblasts as measured at 30 min
post-treatment (Fig. 4).
Tissue-specific MAPK Signaling Requirements for TGF�1-

stimulated CTGF Expression—TGF�1 has been shown to stim-
ulate the activation of MAPKs, p38, ERK, and JNK (35). We
hypothesized that the observed tissue-specific regulation of
the TGF�1-mediated expression of CCN2/CTGF may
involve the differential activation of MAPK signaling cas-

cades. We therefore challenged
cultures of both human lung and
gingival fibroblasts with inhibitors
of individual MAPKs to determine
the MAPK signaling requirements
for the TGF�1-stimulated expres-
sion of CCN2/CTGF mRNA and
protein. Cultures were pretreated
with the indicated inhibitors for
60 min and media was replaced
with fresh medium containing 5
ng/ml TGF�1 and inhibitor, and
then incubated for 4 or 6 h as indi-
cated under “Experimental Proce-
dures.” The inhibition of JNK with
10 �M SP600125 resulted in a dra-
matic decrease in CCN2/CTGF
mRNA (Fig. 5A) and protein (Fig.
5B) expression in gingival fibro-
blasts, whereas challenge with 10
�M SB203580 (p38 inhibitor),
U0126, or PD98059 (ERK1/2 inhib-
itors) was without significant effect.
By contrast, the presence of any
MAPK inhibitor in cultures of
human lung fibroblasts significantly
reduced CCN2/CTGF mRNA (Fig.
5C) and protein expression (Fig.
5D). Densitometric analysis from
four separate experiments demon-
strates that the inhibition of JNK
with 10 �M SP600125 was signifi-
cant and reduced CCN2/CTGF
protein expression in response to
TGF�1 by 60% in gingival fibro-
blasts (Fig. 5E). Data demonstrate
that differentMAPK signaling path-
ways are required to promote opti-
mal expression of CCN2/CTGF
mRNA in response to TGF�1 in
human lung and gingival fibroblasts.
Control experiments demonstrated

that treatment of MAPK inhibitors without TGF�1 did not
elevate CCN2/CTGF expression (data not shown).
Dominant Negative JNK1 Inhibits TGF�1-stimulated CCN2/

CTGF Expression—Inhibition of JNK with SP600125 resulted
in a significant reduction of CCN2/CTGF mRNA and protein
expression induced by TGF�1 in gingival fibroblasts. To inde-
pendently confirm that these results were not due to nonspe-
cific effects of this pharmacologic inhibitor, we infected gingi-
val fibroblast cultures with recombinant adenovirus expression
dominant negative JNK1 (DN-JNK1). Gingival fibroblast cul-
tureswere infected and treated as described under “Experimen-
tal Procedures.” Fig. 6A demonstrates that the overexpression
of DN-JNK1 protein is achieved following infection with the
recombinant adenovirus. Gingival fibroblast cultures express-
ing DN-JNK1 showed a significant reduction in CCN2/CTGF
expression upon stimulation with TGF�1 compared with con-

FIGURE 2. Weak down-regulation of CCN2/CTGF protein by 1 �M PGE2 and forskolin in human gingival
cells. Human gingival fibroblast cultures were treated with 10 nM PGE2, 1 �M PGE2, or 10 �M forskolin 30 min
prior to the addition of 5 ng/ml TGF�1. Total protein was collected 6 h later and CCN2/CTGF protein expression
was determined via Western blot analysis. A, Western blots showing CCN2/CTGF protein expression in human
gingival fibroblasts in response to micromolar concentrations of PGE2 or forskolin and 5 ng/ml TGF�1.
B, densitometric analysis of CCN2/CTGF protein expression in gingival fibroblasts from three separate experi-
ments. Data are represented as the mean � S.D. and statistical evaluation per each experimental condition
determined (*, p � 0.005; **, p � 0.0005) versus cultures stimulated with TGF�1 alone.
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FIGURE 3. EP2 and EP3 prostaglandin receptor agonist regulation of TGF�1-stimulated CCN2/CTGF. Fibroblast cultures were pretreated for 30 min with
an agonist of either EP2 or EP3 prostanoid receptors, butaprost and sulprostone, respectively, prior to the addition of 5 ng/ml TGF�1. Cultures were incubated
for an additional 4 h prior to harvest of total RNA for real time PCR analysis or 6 h prior to harvest of total protein for Western blot. A, real time PCR analysis
demonstrating that CCN2/CTGF mRNA expression is completely inhibited by EP2, but not EP3, receptor stimulation in human lung fibroblasts (**, p � 0.005).
Stimulation of the EP2 prostanoid receptor with butaprost only partially reduced CCN2/CTGF mRNA in human gingival fibroblasts (*, p � 0.01). Data represent
the mean � S.D. from at least three separate experiments, each performed in triplicate. CCN2/CTGF mRNA was normalized to glyceraldehyde-3-phosphate
dehydrogenase mRNA expression. B, Western blot for CCN2/CTGF protein levels normalized to �-actin showing that the TGF�1-stimulated expression of
CCN2/CTGF protein was completely blocked by the activation of EP2 but not EP3 in human lung fibroblasts, and (C) the activation of the EP3, but not the EP2,
prostanoid receptor slightly increased the TGF�1-induced expression of CCN2/CTGF protein in human gingival fibroblasts. Western blot analyses were
conducted at least twice with identical results.
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trol cultures infected with adenovirus expressing �-galactosid-
ase (Fig. 6, B and C).
TGF�1 Activation and Nuclear Localization of Smad-3 Is

Independent of JNK Activation—Smad-3 has been shown in
Smad-3 knock-out studies to be a critical component of
TGF�1-stimulated CCN2/CTGF expression and the progres-
sion of fibrosis in the lungs, kidneys, and skin (41–43). Inter-
estingly, one study has suggested that Smad-3 phosphorylation
by JNK facilitates both its activation by the TGF� receptor
complex and its nuclear accumulation (44). We therefore
wished to determine whether the decreased expression of
CCN2/CTGF by JNK inhibition was the consequence of inter-
ference with TGF�1-mediated inhibition of Smad-3 activation
or nuclear accumulation. Our data suggest that the JNK inhib-
itor SP600125 (10 or 20 �M) caused no reduction in TGF�1-
mediated phosphorylation of Smad-3 (Fig. 7A) or the nuclear
localization of phosphorylated Smad-3 (Fig. 7B).
cAMP Inhibition of MAPK Signaling Is Tissue-specific—Inhi-

bition of anyMAPK significantly reduces CCN2/CTGFmRNA
and/or protein levels in response to TGF�1 in human lung
fibroblasts. We hypothesize that cAMP accumulation may
inhibit one ormoreMAPKs in these cells andmay be themech-
anism through which lung cells exhibit CCN2/CTGF down-
regulation in response to PGE2. We further suspected that
PGE2 and cAMP would not affect MAPK signaling in gingival
fibroblasts. The receptor-independent stimulator of adenylate
cyclases, forskolin, was next used to examine the inhibitory
effect(s) of cAMP on the TGF�1-induced activation of MAPKs
in the absence of PGE2 receptor activation. Pretreatment of

fibroblast cultures for 30 min with
10�M forskolin prior to the addition
of TGF�1 significantly reduced the
TGF�1-induced phosphorylation of
JNK in gingival fibroblasts but had
little effect on the phosphorylation
of p38 or ERK1/2 (Fig. 8A). In
human lung (IMR90) fibroblasts,
however, forskolin greatly reduced
JNK, p38, and ERK1/2 phosphoryl-
ation (Fig. 8B). These data suggest
that the cAMP-mediated inhibition
of all three MAPKs accounts for the
observed sensitivity to the inhibi-
tory effects of PGE2 on CCN2/
CTGF expression in IMR90 (lung)
fibroblasts. The small reduction of
CCN2/CTGF observed at 1 �M
PGE2 levels in gingival fibroblasts
may depend on the cAMP-medi-
ated inhibition of JNK.
JNK/p38 or JNK/ERK Inhibition

Blocks CCN2/CTGF Protein Ex-
pression in Human Lung Fibro-
blasts—Forskolin, via the receptor-
independent accumulationof cAMP,
inhibits the activation of eachmajor
MAPK family member in IMR90
lung fibroblasts. Whereas the inhi-

bition of any one MAPK family member results in a significant
decrease in CCN2/CTGF expression induced by TGF�1 in
human lung fibroblasts, it is likely that the combined inhibition
of MAPKs by cAMP could result in the complete inhibition
observed upon challenge with low concentrations of PGE2. It
follows, therefore, that the inhibition ofMAPK familymembers
with combinations of pharmacological inhibitors would com-
pletely block the TGF�1-stimulated expression of CCN2/
CTGF protein in cultures of lung fibroblasts. Cultures were
pretreated for 1 h with different combinations of two MAPK
inhibitors (10 �M). Media was subsequently replaced with
media containing the identical composition and concentration
of MAPK inhibitors and 5 ng/ml TGF�1. Cultures were incu-
bated for an additional 6 h prior to harvest of cell layer protein
forWestern blot analysis. Data show that the total inhibition of
the TGF�1-induced expression of the CCN2/CTGF protein
resulted from the combination of the JNK inhibitor, SP600125,
and either p38, with 10 �M SB203580, or ERK, with 10 �M
U0126 (Fig. 9). These data confirm our findings that the activa-
tion of more than one MAPK is required in human lung fibro-
blasts for the maximal stimulation of CCN2/CTGF expression
by TGF�1 in IMR90 lung fibroblasts (Fig. 9), and that PGE2/
cAMP inhibits CCN2/CTGF expression by inhibiting more
than one MAPK pathway in these lung cells.
Inhibition of CCN2/CTGF Expression by PGE2/Forskolin

Depends on PKA in Human Lung Fibroblasts—Because cAMP
levels are dramatically increased in lung versus gingival fibro-
blasts, we suspected that the inhibition of CCN2/CTGF expres-
sion by PGE2 in lung cells may be due to high cAMP levels. A

FIGURE 4. PGE2-stimulated cAMP production by human lung and gingival fibroblasts. Fibroblast cultures
were treated with 10 nM PGE2, 1 �M PGE2, or 10 �M forskolin for the times indicated. Cyclic AMP levels were
assessed using cAMP ELISA as described under “Experimental Procedures” and normalized against total cell
layer protein as determined by the Bradford assay. Each experimental condition was performed multiple times
(n � 5). Data are expressed as the mean � S.D. Statistically significant increases in cAMP are based on compar-
ison with control versus treated cultures of the same cell type. In lung but not gingival fibroblast cultures, 1 �M

PGE2 stimulated a significant increase compared with stimulation with 10 �M forskolin (*, p � 0.005; **, p �
0.02; # p � 0.00001; �� p � 0.001).
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direct consequence of increased cAMP is the subsequent acti-
vation of protein kinaseA (PKA).We thereforewished to deter-
mine whether the observed inhibitory effect of PGE2 and for-
skolin on CCN2/CTGF expression required PKA activity.
Several inhibitors of PKA are available, but not all are entirely
specific. For example, H89 inhibits ROCK even more potently
than it inhibits PKA, whereas KT5720 has not been demon-
strated to inhibit the activity of ROCK (45). ROCK has been
shown to mediate TGF�1 regulation of CCN2/CTGF in some
cells (46). Thus, cultures of human lung and gingival fibroblasts
were pretreated with 1 �M KT5720 for 1 h. Media were then
removed and replaced with fresh media containing 1 �M
KT5720 and concentrations of PGE2 as indicated. After a
30-min incubation, cells were refed with the indicated concen-
trations of KT5720, PGE2, and 5 ng/ml TGF-�1 and incubated
for 6 h prior to harvest and analysis of cell layer protein. Data

show that the inhibition of PKA by KT5720 prevents the com-
plete inhibition of CCN2/CTGF expression by 10 nM PGE2 in
cultures of human lung fibroblasts (Fig. 10A), and the modest
inhibition by 1�M PGE2 in gingival fibroblasts (Fig. 10B). Thus,
in both lung and gingival fibroblasts, the PGE2-mediated inhi-
bition of the TGF�1-stimulated expression of CCN2/CTGF is
mediated by activated PKA.
PGE2 Activates JNK via the EP3 Prostaglandin Receptor in

Human Gingival Fibroblasts—Whereas we observed elevated
cAMP levels in gingival fibroblasts in response to 1 �M PGE2
and 10 �M forskolin (Fig. 4), we found that the inhibition of the
TGF�1-induced expression of CCN2/CTGF protein was
greater in response to forskolin (10 �M) than 1 �M PGE2 in
these cells (Fig. 2B). We hypothesized that although increased
cAMP can inhibit the activation of JNK, PGE2 may counteract
this inhibition through the PGE2 receptor-stimulated phospho-

FIGURE 5. MAP kinase inhibitors and effects on TGF�1-stimulated CCN2/CTGF production. Cultured human lung and gingival fibroblasts were treated
with MAPK inhibitors for 1 h and media was then replaced with fresh MAPK inhibitor and 5 ng/ml TGF�1. CCN2/CTGF mRNA and protein expression levels were
determined by real time PCR or Western blot analysis following a 4- or 6-h incubation, respectively, following the introduction of TGF�1. Real time PCR and
Western blot analyses in cultures of gingival fibroblasts (A and B), or IMR90 lung fibroblasts (C and D), are shown, respectively. Each experimental condition was
conducted in triplicate and each experiment conducted twice with identical results. E, densitometric analysis from four separate experiments was conducted
to determine the extent of inhibition on gingival CCN2/CTGF protein expression by the JNK inhibitor SP600125 (*, p � 0.05; #, p � 0.01; **, p � 0.005).
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rylation of JNK. Cultures of gingival fibroblasts were treated
with either TGF�1 (control) or 1 �M PGE2 to determine the
effect of PGE2 on the activation of JNK. We found that 1 �M
PGE2 alone activates JNK in these cells but this stimulation was
less than that induced by TGF�1 alone (Fig. 11A). To further
characterize the mechanism through which PGE2 stimulates
the activation of JNK, we treated gingival fibroblast cultures
with agonists for the EP2 or EP3 prostanoid receptor, butaprost
or sulprostone, respectively. Stimulation of EP3 with sulpros-
tone resulted in a robust increase in phosphorylated JNK (Fig.
11B). The stimulation of gingival fibroblasts with the EP2 ago-

nist butaprost or forskolin, both of which are capable of stimu-
lating the accumulation of cAMP, resulted in only a small
increase in the phosphorylation of JNK (Fig. 11B).We conclude
that a contributing mechanism by which gingival fibroblasts
resist the inhibitory effects of PGE2, and cAMP, on the TGF�1-
induced expression of CCN2/CTGF is the stimulation of JNK
activation through the activity of the EP3 receptor.
EP3 Prostanoid Receptor Stimulation Increases CCN2/

CTGF Independent of TGF�1—The dramatic increase in
JNK activation induced by stimulation of the EP3 receptor
led us to hypothesize that EP3 receptor activity could lead to
CCN2/CTGF expression independent of TGF�1. This would
be significant in gingival tissues as these tissues are persis-
tently in contact with elevated levels of PGE2 in vivo. In
addition, the phenytoin-induced increase in PGE2 biosyn-
thesis that occurs in gingival fibroblasts (57–59) may perpet-
uate the fibrotic response induced by CCN2/CTGF via EP3
stimulation. Cultures were serum starved, and treated with 1
�M sulprostone for 4 h prior to harvest of total RNA or 6 h
prior to harvest of cell layer protein. Real time PCR and
Western blot analysis of CCN2/CTGF mRNA and protein
revealed that the stimulation of EP3 with its specific agonist
sulprostone results in a �1.6-fold increase in CCN2/CTGF
mRNA (Fig. 12A) and protein (Fig. 12, B and C) in gingival
fibroblast cultures compared with no treatment control
cultures.
EP3 Prostanoid Receptor Stimulation Partially Rescues Fors-

kolin-inhibited CCN2/CTGF Expression—We have shown that
the receptor-independent activator of adenylate cyclase, for-
skolin, results in a more robust inhibition of CCN2/CTGF
expression in contrast to PGE2 (Figs. 1A and 2) and that forsko-
lin specifically interferes with the activation of JNK by TGF�1
(Fig. 8A). Because the activation of the EP3 receptor of PGE2
stimulates JNK activation independent of TGF�1, we surmise
that this activation is a contributing mechanism by which gin-
gival cells resist the inhibitory effects of PGE2 on CCN2/CTGF
expression induced by TGF�1. We wished to determine
whether the targeted activation of EP3 could overcome the
inhibitory effects of forskolin on CCN2/CTGF expression
through the EP3-mediated activation of JNK. To test this, cul-
tures were serum starved, and pretreated for 1 h with forskolin
alone or in combination with sulprostone. Media was then
replaced with fresh medium containing identical concentra-
tion(s) of forskolin/sulprostone and 5 ng/ml TGF�1 and incu-
bated for an additional 6 h prior to harvest of cell layer protein.
Our data indicate that the stimulation of EP3 partially restored
the TGF�1-induced expression of CCN2/CTGF inhibited by
forskolin (Fig. 13).
The net result in gingival fibroblasts is that PGE2-dependent

elevations of cAMP and subsequent activation of PKA have
only a small inhibitory effect on TGF�1-stimulated CCN2/
CTGF levels compared with the effects of PGE2 on stimulating
cAMP/PKA in lung fibroblasts. At the same time, PGE2 stimu-
lates JNK and CCN2/CTGF expression in gingival fibroblasts
via the EP3 prostaglandin receptor, further contributing to per-
sistent expression ofCCN2/CTGF (Fig. 14). By contrast, in lung
cells, PGE2 causes a robust increase in cAMP that inhibits all

FIGURE 6. The overexpression of dominant-negative JNK1 blocks CCN2/
CTGF expression. Gingival fibroblasts infected with recombinant adenovi-
rus as described under “Experimental Procedures.” Infection with recombi-
nant adenovirus resulted in nearly 100% infection efficiency and expression
of �-galactosidase (data not shown). With an identical viral load of recom-
binant adenovirus expressing a dominant-negative (DN) form of JNK1
(p46), infected cultures showed an increase in the expression of JNK1
2–2.5-fold greater compared with uninfected cultures as determined
using Western blot (A), normalized to total JNK2. Gingival fibroblast cul-
tures infected with DN-JNK1 expressing adenovirus resulted in a signifi-
cant decrease in the TGF�1-induced expression of CCN2/CTGF (B and C)
(*, p � 0.0005). No significant difference in CCN2/CTGF protein levels was
determined between Ad-�-galactosidase-infected control cultures and
cultures infected with adenovirus expressing DN-JNK1 and treated with
TGF�1. Three separate experiments are represented by these data.
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three major MAP kinases and blocks CCN2/CTGF expression
via a PKA-dependent mechanism.

DISCUSSION

This study provides direct evidence that human gingival
fibroblasts are resistant to PGE2 down-regulation of TGF�1-
stimulated CCN2/CTGF levels, and that this resistance is tis-
sue-specific. The mechanisms of resistance include a relative
lack of inhibition ofMAP kinase pathways by cAMP in gingival
fibroblasts, and a simultaneous stimulation of JNKactivation by
PGE2/EP3 receptor activation. Moreover, in contrast to lung
fibroblasts, we show that TGF�1 stimulation of CCN2/CTGF
levels in gingival cells is mediated primarily by JNK activation
and not by p38 or ERK1/2. Moreover, neither the canonical
TGF�1 receptor-induced activation of Smad3 nor the nuclear
localization of activated Smad3 are hindered by JNK MAPK.
Elevated CCN2/CTGF levels contribute to fibrosis (47). These
findings, therefore, are of potential clinical importance as they
begin to identify pathways and mechanism(s) through which
CCN2/CTGF levels are maintained in fibrotic gingival tissues
in the presence of PGE2. The experimental approach of directly
comparing the role of the three major MAP kinase pathways in
mediating and maintaining CCN2/CTGF levels has, in addi-
tion, provided new insights into CCN2/CTGF regulation in
lung fibroblasts. For example, we report that lung cells are
highly efficient at increasing cAMP levels in response to PGE2,
and that all three MAP kinases are inhibited in these cells in a
cAMP/PKA-mediated mechanism. We show for the first time
that the cAMP/PKA-dependent inhibition of all three MAP
kinases, in turn, results in potent down-regulation of TGF-�1-
stimulated CCN2/CTGF levels in lung fibroblasts.
It is well recognized that TGF�1-dependent signal transduc-

tion pathways include activation of Smads (48, 49). Activation of

Smad3 in particular is necessary but not sufficient for TGF�1
stimulation of CCN2/CTGF production in normal fibroblasts
(50, 51). It is understood that some effects of TGF�1 are tissue

FIGURE 7. JNK inhibition does not inhibit TGF�1-induced Smad-3 activa-
tion or nuclear localization. Treatment of gingival fibroblast cultures with
10 �M MAPK inhibitors, or 20 �M of the JNK inhibitor SP600125, had no effect
on the TGF�1-induced phosphorylation of Smad-3 (A). Inhibition of JNK activ-
ity with 10 �M SP600125 did not inhibit the nuclear localization of Smad-3
stimulated by TGF�1 (B). Experiments were conducted twice with identical
results.

FIGURE 8. Effect of forskolin on TGF�1-stimulated MAPK activation.
Fibroblast cultures were treated with 5 ng/ml TGF�1 for the times indi-
cated and total cellular protein was harvested for Western blot analysis of
the phosphorylation status of MAPKs (JNK, ERK, and p38). Forskolin (10
�M) was added to some cultures for 30 min prior to the addition of TGF�1
to determine the effect of forskolin on MAPK activation. Forskolin-medi-
ated inhibition of MAPK activation in human gingival fibroblasts (A) and
human lung fibroblasts (B) is shown. Each experiment was performed at
least twice with identical results. P-MAPK, phosphorylated MAPK; T-MAPK,
total MAPK.

FIGURE 9. Effect of pairs of MAP kinase inhibitors on TGF�1-stimulated
CCN2/CTGF levels. Cultures of IMR90 lung fibroblasts were pretreated with
different combinations of MAPK inhibitors for 1 h, or 10 nM PGE2 for 30 min,
prior to the addition of 5 ng/ml TGF�1. Cultures were then incubated for an
additional 6 h with fresh medium containing fresh MAPK inhibitor or PGE2
and TGF�1 prior to harvest of total cellular protein for Western blot analysis of
CCN2/CTGF protein. Experiments were conducted twice with identical
results.
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or cell type-specific, and that TGF�1-stimulated signal trans-
duction pathways that are independent of primary Smad acti-
vation occur (52).
Specific and differential activation of MAP kinase pathways

can mediate cell type or tissue-specific effects of TGF�1 (35).
Thus, the present study has focused on the presence or absence
of cross-talk between PGE2-stimulated pathways and TGF�1
stimulation of the threemajorMAP kinase pathways. As cAMP
is a major mediator of PGE2 effects, we investigated the rela-
tionship between TGF�1 stimulation of CCN2/CTGF produc-
tion in the context of MAP kinase activation, and effects of
PGE2 and cAMP production. Direct comparative analyses of
lung and gingival cells were highly informative and confirmed
that tissue-specific effects are in fact mediated by differences in
the relationships between these pathways.
There are few previous examples of cAMP cross-talk with

MAPkinase pathways. A consistent finding is that cAMP inhib-
its activation of ERK or p38 MAP kinases (53–55). No effect of

FIGURE 10. PKA dependence of PGE2 regulation of TGF�1-stimulated
CCN2/CTGF. Cells were pretreated with 1 �M KT5720 for 1 h. Medium was
aspirated and replaced with fresh medium containing KT5720 and the indi-
cated concentrations of PGE2 and incubated for 30 min. Medium was again
removed and replaced with medium containing KT5720, PGE2, and 5 ng/ml
TGF�1. After a 6-h incubation, total cell layer protein was harvested for West-
ern blot analysis for CCN2/CTGF protein. A, the complete inhibition of CCN2/
CTGF protein expression is rescued by PKA inhibition in human lung fibro-
blasts. B, the modest inhibition of CCN2/CTGF expression by PGE2 is relieved
by the presence of the PKA inhibitor in human gingival fibroblasts. Experi-
ments were conducted twice with similar results.

FIGURE 11. Regulation of JNK activation by TGF�1, PGE2, EP-receptor
agonists and forskolin. A, human gingival fibroblast cultures were treated
with 1 �M PGE2 or 5 ng/ml TGF�1 for the times indicated and total cellular
protein harvested for Western blot analysis of JNK phosphorylation. B, West-
ern blot for phosphorylated (P) and total (T) JNK showing that treatment of
gingival fibroblasts with a specific agonist of the EP3 receptor (sulprostone)
resulted in a strong stimulation of JNK. Experiments were conducted twice
with identical results.

FIGURE 12. EP3 stimulation increases CCN2/CTGF expression independ-
ent of TGF�1. Cultures of gingival fibroblasts treated with the EP3 agonist
sulprostone that stimulates CCN2/CTGF mRNA expression as determined by
real time PCR analysis (A). Western blot analysis of CCN2/CTGF protein levels
demonstrate a similar increase in CCN2/CTGF protein in response to stimula-
tion with sulprostone (B and C) (*, p � 0.05). Data collected are representative
from three separate experiments.

CCN2/CTGF Persistence in Fibrotic Human Gingiva

15426 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 282 • NUMBER 21 • MAY 25, 2007

 by guest on A
pril 22, 2020

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

http://www.jbc.org/


cAMP on Smad activation has been
observed so far (56). To our knowl-
edge, the present study is the first
report that cAMP can inhibit the
activation of JNK. It is interesting
that in gingival fibroblasts, JNK is
the primary MAP kinase inhibited
by forskolin/cAMP, and that ERK
and p38 are largely unaffected,
whereas in lung cells all three MAP
kinases are inhibited by forskolin
treatment. Moreover, this inhibi-
tion is functional with respect to
CCN2/CTGF regulation, as we have
shown by MAP kinase inhibitor
studies in lung cells that all three
MAP kinases contribute to TGF�1-
stimulated CCN2/CTGF produc-
tion. Only the combined inhibition
of JNK and either p38 or ERK results
in the complete inhibition of the
TGF�1-induced expression of
CCN2/CTGF in lung fibroblasts.
This finding is somewhat similar to
findings in a recent study using
human lung HFL-1 fibroblasts in
which JNK was found to be the pri-
mary MAP kinase mediating
TGF�1-stimulated increases in
CCN2/CTGF (57). As TGF�1 con-
centrations were not identical
between the current study and the
previous study, it is likely that this or
other differences in treatment con-
ditions could account for inconsis-
tencies between the two studies. It is

notable that our comparisons between lung, kidney, and gingi-
val fibroblastic cells were all performed under identical experi-
mental conditions, and, therefore, permit direct investigation
of tissue-specific differences in signal transduction pathways.
PGE2 exerts its effects on cells through binding and activat-

ing receptors EP1–4. EP2 and EP4 have been most often asso-
ciatedwith elevating cAMP levels in target cells (37). The role of
EP2 appears to bemore essential inmaintaining cAMPproduc-
tion because it has been suggested that EP4may be desensitized
through its subsequent phosphorylation by PKA activated in
response to elevated cAMP, whereas EP2 is not (58, 59). Our
studies in lung cells indicate that the direct stimulation of the
EP2 receptor with its specific agonist butaprost completely
blocked CCN2/CTGF expression andmimics the effects of for-
skolin and PGE2 itself. In gingival fibroblasts, however, EP2
stimulation resulted in only a small reduction of CCN2/CTGF
expression, as did forskolin. Interestingly, stimulation of the
EP3 receptor with its agonist, sulprostone, in combination
with TGF�1 resulted in a slight increase in CCN2/CTGF
protein in gingival fibroblasts compared with cultures
treated with TGF�1 alone. Stimulation of EP3 receptor pres-
ent at trace levels in Rat-1 cells could possibly also account

FIGURE 13. EP3 stimulation partially rescues CCN2/CTGF expression inhibited by forskolin. Gingival fibro-
blast cultures treated with forskolin, or a combination of forskolin and the EP3 agonist sulprostone, demon-
strate that stimulation of the EP3 receptor partially rescues the TGF�1-induced expression of CCN2/CTGF
inhibited by forskolin, representative Western blot (A) and densitometric analysis from Western blots from
three separate experiments (B) (*, p � 0.05; **, p � 0.00005).

FIGURE 14. Regulation of CCN2/CTGF expression in human gingival fibro-
blasts. In human gingival fibroblasts, the sole MAPK requirement for TGF�1
to promote optimal CCN2/CTGF expression is JNK. Whereas receptor-inde-
pendent cAMP elevating agents reduce JNK activation induced by TGF�1, the
stimulation of the EP3 prostanoid receptor by PGE2 overcomes this inhibition
by stimulating JNK activation to promote CCN2/CTGF expression in these
cells.
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for the increased level of CCN2/CTGF seen previously in
Rat-1 fibroblasts (32).
It is interesting that gingival fibroblasts and lung fibroblasts

differ so markedly in the ability to generate cAMP in response
to PGE2. This diminished ability of gingival fibroblasts to pro-
duce cAMP in response to PGE2 is likely to contribute to the
observed resistance of gingival fibroblasts to the effects of PGE2
becausemany of these effects aremediated by cAMP activation
of PKA. At this point it is unclear by which molecular mecha-
nisms the difference in cAMP accumulation occur. Preliminary
analyses of EP1–4 receptor protein levels in gingival fibroblasts
and lung fibroblasts do not show significant differences (data
not shown), suggesting that differential expression of these
receptors does not account for the difference in sensitivity to
PGE2. It is more likely, therefore, that differences exist in the
relative activity or levels of adenylyl cyclases, phosphodiester-
ases, or that a tissue-specific feedbackmechanism is involved in
regulating the activity of adenylyl cyclases or phosphodiester-
ases, respectively. As forskolin, a stimulator of adenylyl cyclase
activity, does stimulate significant levels of cAMP in gingival
fibroblasts, it seems likely that these cellsmay limit cAMPaccu-
mulation by producing elevated levels of phosphodiesterases.
These questions are currently under investigation. It is impor-
tant to recognize that data presented indicates that gingival
fibroblast CCN2/CTGF is relatively insensitive to cAMP eleva-
tions. Treatment of gingival fibroblasts with 1 �M PGE2, which
resulted in elevated cAMP levels, did not result in the potent
down-regulation of TGF�1-stimulated CCN2/CTGF expres-
sion that was observed in lung cell cultures. This suggests that
additional mechanisms occur in gingival fibroblasts that confer
resistance to the inhibitory effects of elevated cAMP levels in
gingival fibroblasts, and we have identified these pathways in
the present study.
Pro-inflammatory processes exacerbate phenytoin-induced

gingival overgrowth (60). Pro-inflammatory cytokines includ-
ing tumor necrosis factor � and interleukin-1� increase PGE2
production in gingival fibroblasts, and these effects are further
stimulated by phenytoin (61–63). We suspect that in the pres-
ence of phenytoin and inflammatory cytokines, increased PGE2
production by gingival fibroblasts could prime cells for the
increased expression of CCN2/CTGF by activating JNK via the
EP3 prostanoid receptor. Exposure to TGF�1 would then fur-
ther induce CCN2/CTGF expression and promote the progres-
sion of fibrosis as is observed in patients with phenytoin-in-
duced gingival overgrowth (64). The reliance on one MAPK
signaling pathway (JNK) in gingival fibroblasts in promoting
CCN2/CTGF expression by TGF�1 and the ability of PGE2 to
stimulate JNK activation, in combination with the limited
cAMPproduction in these cells, appear to provide gingival cells
a tissue-specific mechanism by which they can maintain
CCN2/CTGF expression and balance of extracellular matrix
accumulation with turnover under normal physiologic condi-
tions. These same mechanisms may also serve to allow the gin-
giva-specific, pathologic accumulation of excess extracellular
matrix in the presence of phenytoin by conferring resistance to
down-regulation of CCN2/CTGF by inflammatory mediators
including PGE2. Moreover, excess PGE2 may serve to perpetu-
ate the fibrotic response in gingival cells to phenytoin because

we have demonstrated that the targeted stimulation of the EP3
receptor alone stimulates CCN2/CTGF expression. In sum-
mary, our data identify two mechanisms by which the TGF�1-
stimulated expression of CCN2/CTGF in human gingival fibro-
blasts are resistant to the down-regulation by PGE2; (i) cAMP
cross-talk with MAPK pathways is limited in gingival fibro-
blasts and (ii) PGE2 activation of the EP3 prostanoid receptor
stimulates the activation of JNK and limits cAMP-dependent
down-regulation of the TGF�1-induced, JNK-dependent
expression of CCN2/CTGF.
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