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Abstract

Background—Previous human and animal studies have demonstrated the ability of exogenously
administered basic fibroblast growth factor (FGF2) to act as an antifibrotic agent in the skin.
Though the activity of FGF2 as an anti-scarring agent is well-established for fibrotic skin wounds,
the mechanisms by which FGF2 exerts these actions are not entirely understood. Canonical FGF2
signaling proceeds in part via FGFR/MAPK pathways in human dermal fibroblasts, and FGF2 has
been described to prevent or reverse the fibroblast-to-myofibroblast transition, which is driven by
TGFp signaling and understood to be an important step in the formation of a fibrotic scar /n vivo.
Thus, we set out to investigate the antagonistic effects of FGF2 on TGFp signaling as well as the
broader effects of MAPK inhibition on the TGFp-mediated induction of myofibroblast gene
expression.

Objective—To better understand the effects of FGF2 signaling pathways on myofibroblastic
gene expression and cell phenotypes.

Methods—Human dermal fibroblasts were cultured in vitro in the presence of FGF2, TGFp,
and/or MAPK inhibitors, and the effects of these agents were investigated by molecular biology
techniques including gRT-PCR, immunofluorescence, Western blot, and flow cytometry.

Results—FGF2 inhibited TGFB-mediated fibroblast activation, resulting in more rapidly
proliferating, spindle-shaped cells, compared to the more slowly proliferating, flatter TGFp-
treated cells. Treatment with FGF2 also attenuated TGFB-mediated increase in expression of
myofibroblast markers smooth muscle a-actin, calponin, transgelin, connective tissue growth
factor, ED-A fibronectin, and collagen I. FGF2-mediated antagonism of the TGFp-mediated
fibroblast-to-myofibroblast transition was reversed by small molecule inhibition of ERK or JNK,
and it was potentiated by inhibition of p38. MAPK inhibition was demonstrated to have
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qualitatively similar effects even in the absence of exogenous FGF2, and small molecule inhibition
of p38 MAPK was sufficient to attenuate TGFB-mediated fibroblast activation.

Conclusions—Inhibition of select MAPK signaling pathways can reverse or potentiate anti-
fibrotic FGF2 effects on human dermal fibroblasts, as well as exert their effects independently of
exogenous FGF2 supplementation.
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1. Introduction

Fibrosis is an undesirable result of wound healing and subsequent tissue repair that affects
myriad tissues in the body. Rather than replacing damaged tissue with functional
replacement, the fibrotic response results in deposition of a collagenous scar that preserves
barrier function but fails to recapitulate the native function and mechanical properties of the
tissue. As various tissue-specific diseases result in fibrotic outcomes, this suggests that
common cellular and molecular mechanisms, at least in part, underlie tissue fibrosis across
various organs [1]. One of the most important of these mechanisms is the presence and
activity of the myofibroblast, an activated fibroblast denoted by the presence of actin stress
fibers, contractile capability, and high levels of collagen production and deposition [2]. It has
recently been demonstrated that myofibroblasts arise from multiple different cell types in
vivo, including fibrocytes, mesenchymal stem cells, and smooth muscle cells [3]. However,
one of the most important paradigms in skin fibrosis, in particular, is the activation of
resident granulation tissue fibroblasts by transforming growth factor beta (TGFp) signaling.
Mechanical heterogeneity of the granulation tissue leads to the release of TGF-B1 from the
provisional extracellular matrix, leading to the differentiation of resident wound fibroblasts
into myofibroblasts (termed “fibroblast activation™) [4]. These myofibroblasts, with their
contractile potential and high levels of collagen deposition, are important to wound closure,
but if they persist aberrantly in the wound past the phase of wound resolution they contribute
to formation of a nonfunctional hypertrophic scar [5].

Fibroblast growth factor 2 (FGF2) is one of the most well-studied members of the fibroblast
growth factor superfamily, and it has been implicated in cellular processes and paradigms as
diverse as mitogenesis, differentiation, proliferative lifespan, survival, oncogenesis, and stem
cell self-renewal, among others [6-9]. FGF2 activates its target receptor tyrosine kinases, the
FGFRs, on the cell surface in order to activate numerous downstream pathways, including
several mitogen activated protein kinase (MAPK) pathways [10]. Importantly, it has been
determined that application of exogenous FGF2 has both accelerative and anti-fibrotic
effects in various types of skin wounds, reviewed extensively in [11]. This has been
demonstrated in humans for acute incisional wounds, avulsions, and burn wounds [12-14],
as well as in several animal models [15, 16]. The mechanisms and signaling pathways by
which FGF2 inhibits the fibrotic response have been investigated previously but remain
incompletely understood. Previously, our lab and others have described anti-fibrotic gene
expression paradigms in fibroblasts in response to FGF2 treatment, including
downregulation of inflammatory cytokines, upregulation of interstitial collagenases, and

J Dermatol Sci. Author manuscript; available in PMC 2018 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dolivo et al.

Page 3

inhibition of pro-fibrotic integrin signaling [16-21]. Additionally, FGF2 has been
demonstrated under certain circumstances to antagonize TGFp signaling, including reports
in which FGF2 has demonstrated the potential to antagonize TGFB-mediated myofibroblast
phenotypes [15, 16, 18, 22-25]. Thus, since FGF2 is known to act directly on fibroblasts to
produce anti-fibrotic and anti-myofibroblastic effects, and since myofibroblasts are one of
the most important effectors of the fibrotic response in the skin, we set out to better
understand the effects of FGF2 as an antagonist to TGFp in human dermal fibroblasts, as
well as to understand the effects on these same phenotypes of inhibition of specific MAPK
pathways known to be activated by FGF2/FGFR signaling.

2. Materials and Methods

2.1 Antibodies

The primary antibodies used were the following: sc-32251 a-SMA, sc-8654-R Histone H3,
sc-8783 Collagen |, sc-47778 B-Actin, sc-59826 ED-A Fn, sc-365970 CTGF, sc-136987
Calponin (all from Santa Cruz Biotechnology), and VPA0O048KT SM22a (from Bio-Rad).
The secondary antibodies used were Alexafluor488-conjugated or Alexafluor568-conjugated
(Invitrogen) for immunofluorescence and HRP-conjugated for Western blotting (Bio-Rad).

2.2 Cell culture

CRL-2097 and CRL-2352 human dermal fibroblasts were obtained from ATCC, and
CT-1005 human dermal fibroblasts were obtained from the University of Massachusetts
Medical School tissue distribution program in Worcester, MA. All fibroblasts were cultured
in 1:1 DMEM:Ham’s F12 (Corning) supplemented with 4mM L-glutamine (Mediatech) and
10% Fetal Clone 111 (Hyclone) at 37°C, 5% O,, 5% CO,, and high humidity. When
indicated, cells were treated with 4ng/mL FGF2 (Cell Signaling Technology), 10ng/mL
TGF-p1 (Peprotech), 10uM U0126 (MEKZ1/2 inhibitor; Cell Signaling Technology), 10uM
SP600125 (JNK inhibitor; Santa Cruz Biotechnology), and/or 10uM SB202190 (p38 MAPK
inhibitor; Santa Cruz Biotechnology). Cells were processed for analysis on day 4.

2.3 Proliferation studies

CRL-2097 human dermal fibroblasts were plated in 60mm tissue culture plastic dishes at
15,000 cells/dish and cultured in the presence or absence of 4ng/mL FGF2 (Cell Signaling
Technology) and MAPK inhibitors as listed in 2.2 Media was changed every fourth day and
cells were passaged on every seventh day.

2.4 RNA isolation and gRT-PCR

RNA was isolated from snap-frozen cell pellets with the E.Z.N.A. DNA/RNA Isolation Kit
(Omega Bio-Tek) according to manufacturer’s instructions. RNA concentration was
analyzed using a Nanodrop 2000 spectrophotometer (Thermo Scientific). cDNA was
synthesized using SuperScript VILO Master Mix (ThermoFisher) according to
manufacturer’s instructions and stored at —20°C. PCR reactions were carried out using
established protocols using an AB 7500 (Applied Biosystems) with PowerUp SYBR Master
Mix (ThermoFisher), 5ng cDNA per reaction, and 500nM concentration per primer. Primer
sequences are listed in Table 1. Fold change was calculated using the AAC; method [26].
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2.5 SDS-PAGE and Western blotting

Cells were lysed using Laemmli sample buffer and lysate proteins and separated by SDS-
PAGE. Proteins were transferred to a polyvinylidene fluoride (PVDF) membrane (Millipore)
using a semi-dry transfer apparatus (GE Healthcare). The membrane was blocked with 5%
fat-free dry milk in TBS-T buffer (IxTBS+.1%Tween-20, pH=8.0) and incubated overnight
at 4°C in the primary antibody solution at a pre-determined, antibody-specific dilution into
1% fat-free dry milk in TBS-T. The membrane was washed and incubated in a species-
specific HRP-conjugated secondary antibody diluted 1:5000 into 1% fat-free dry milk in
TBS-T. Signal was visualized using a ChemiDoc XRS system (Bio-Rad) using SuperSignal
West Dura Extended Duration Substrate (ThermoFisher).

2.6 Indirect flow cytometry

Cells were harvested with trypsin, washed twice in 1x Dulbecco’s phosphate-buffered saline
(DPBS), and fixed for 20 minutes in cold methanol. The cells were then washed in 1x
DPBS, followed by a 30 minute incubation in a primary antibody solution (1:200 dilution of
a-SMA antibody, Santa Cruz Biotechnology) in PBS+.05% Tween-20 (PBS-T). Cells were
then washed again and resuspended in a 1:500 dilution of secondary antibody solution in
PBS-T (Alexa Fluor 488-Conjugated goat anti-mouse 1gG, Invitrogen). Cell nuclei were
counterstained with propidium iodide. Samples were analyzed on an Accuri C6 Flow
Cytometer (BD Biosciences). Ten thousand events were collected per sample. Two
biological replicates of each treatment condition, including their negative controls, were
performed.

2.7 Immunofluorescence

3. Results

Cells were plated on glass coverslips for 4 days and cultured under various treatment
conditions. At the time of analysis, cells were fixed in 4% paraformaldehyde at room
temperature, and permeabilized with 0.1% Triton X-100 in 1xXPBS, before blocking with 5%
BSA in PBS-T. Cells were then incubated overnight at 4°C in primary antibody in PBS-T,
washed and incubated in a 1:500 dilution of Alexa Fluor-conjugated secondary antibody or
Alexa Fluor-conjugated Phalloidin, (Invitrogen). Cell nuclei were counterstained with
Hoechst 33342 and coverslips mounted onto glass slides using Prolong Gold (Life
Technologies) and stored at 4°C until imaging. Images were collected using an Axiovert
200M (Zeiss) using identical exposure times and settings between treatments.

3.1 FGF2 induces a proliferative response in CRL-2097 human neonatal foreskin

fibroblasts

FGF2 has been described by many groups to have myriad, pleiotropic effects on fibroblasts
ranging from proliferation to changes in cell morphology. We first verified that exogenous
addition of FGF2 would induce proliferation in CRL-2097 human neonatal foreskin
fibroblasts, which were chosen for their relatively high basal expression of myofibroblast
markers. CRL-2097 fibroblasts grown in the presence of 4ng/mL exogenous FGF2 induced
proliferation, indicated by a shift upwards in the growth curve of FGF2-treated fibroblasts
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compared to fibroblasts grown under control conditions over the course of 21 days in culture
(Fig. 1a). These data suggest that CRL-2097 human neonatal foreskin fibroblasts respond to
stimulation by FGF2 with a proliferative phenotype, and that this proliferative phenotype
can be maintained over an extended period in culture.

3.2 FGF2 stimulates proliferation and inhibits myofibroblastic morphology, in a manner
reversible by specific MAPK inhibition

We next set out to determine whether inhibition of canonical MAPKSs was sufficient to
inhibit the proliferative effect of FGF2 on fibroblasts in culture. We cultured fibroblasts in
the presence or absence of FGF2 and the presence or absence of a specific MAPK inhibitor
(U0126, SP600125, or SB202190 to inhibit ERK, JNK, or p38 signaling, respectively) and
evaluated the number of population doublings underwent by day 4 in culture (Fig. 1b).
Exogenous FGF2 induced proliferation in fibroblasts in a manner that could be reversed by
small molecule inhibition of either ERK or JNK, but not by inhibition of p38. Further,
addition of the combination of FGF2 and p38 inhibitor to the culture medium induced
proliferation to a greater degree than addition of exogenous FGF2 alone, suggesting that
these two molecules promote fibroblast proliferation in an additive manner.

We noticed that addition of exogenous FGF2 to the culture medium tended to revert the
phenotype of CRL-2097 neonatal foreskin fibroblasts, of which many appear
myofibroblastic in nature under normal culture conditions, to a smaller size and more
spindle-like shape. Thus, we set out to uncover whether inhibition of specific MAPK
pathways was sufficient to reverse this FGF2-mediated change in cell phenotype. Cells were
cultured under the same conditions as were used for the proliferation assay, with the
inclusion of a TGFp positive control (which is known to induce and maintain
myofibroblastic phenotypes), and then stained with fluorophore-conjugated phalloidin in
order to visualize cell size and shape (Fig. 1c). Images were purposely overexposed in order
to visualize the shape of cells cultured under all treatment conditions, as FGF2 substantially
downregulates both filamentous smooth muscle a-actin (a-SMA) (Fig. 2) and p-actin (Fig.
4b). As expected, treatment with FGF2 reverted CRL-2097 fibroblasts to a thinner, more
spindle-like shape with fewer prominent filamentous actin stress fibers. In a similar pattern
to the proliferation data, small molecule inhibition of ERK or JNK, but not of p38, each
reversed the effects of FGF2 on cell morphology and reverted the cell shape to more closely
match that of the TGFp-treated myofibroblastic control. These data suggest that FGF2-
mediated stimulation of proliferation and spindle-like, stress fiber-negative fibroblast
phenotypes can be reversed by inhibition of ERK or JNK but not by inhibition of p38.

3.3 FGF2 attenuates TGFp-mediated induction of alpha a actin

The stereotypical marker of the myofibroblast phenotype is the presence of filamentous actin
stress fibers enriched in smooth muscle alpha actin. Thus, we wished to determine whether
FGF2 was able to inhibit TGFB-mediated expression of a-SMA in CRL-2097 fibroblasts.
Analysis of gene expression on RNA extracted from fibroblasts cultured in the presence or
absence of FGF2 and TGFP demonstrated that FGF2 attenuated TGFp-mediated induction
of ACTAZ, the transcript encoding a-SMA (Fig. 2a). Concordantly, Western blot analysis of
protein isolated from the same cell lysates demonstrated that FGF2 was able to substantially
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attenuate TGFB-mediated expression of a-SMA protein (Fig. 2b). Indirect flow cytometry
was performed in order to better determine a-SMA expression at the population level across
the different treatment groups. FGF2 treatment substantially reduced both the percentage of
a-SMA-positive cells (Fig. 2c) and the amount of a-SMA protein present per cell (Fig. 2d).
This observation was further validated by immunofluorescence. Immunofluorescent staining
revealed that, while some CRL-2097 fibroblasts expressed detectable baseline levels of a-
SMA, treatment with TGFp induced expression of a-SMA to greater levels, in a manner that
could be inhibited substantially by co-treatment with exogenous FGF2 (Fig. 2e). Taken
together, these data suggest that FGF2 downregulates a-SMA expression at both the
transcript and protein levels.

3.4 FGF2 attenuates TGFp-mediated expression of cytoplasmic myofibroblast markers
across multiple fibroblast cell lines

We next wished to evaluate whether the robust inhibition by FGF2 of TGFp-mediated a.-
SMA expression was specific to expression of a-SMA, or whether this effect was applicable
to myofibroblast phenotypes more generally. We examined expression of the transcripts
CNN1, TAGLN, and CCNZ, encoding three other canonical myofibroblast markers
(calponin, SM22a., and CTGF, respectively) (Fig. 3a—c). In a manner similar to that which
was seen for ACTAZ, FGF2 attenuated TGFp-mediated expression of each of these
myofibroblast markers. Similarly, by Western blot analysis, we determined that FGF2 was
able to attenuate TGFp-mediated protein expression of a-SMA, as determined previously, as
well as of calponin and SM22a. (Fig. 3d). The presence of two immunoreactive CTGF
bands likely corresponds to the presence of isoforms both with and without glycosylation
modifications, a finding which has been described previously [27]. Both of these bands
appear to be induced to a similar degree by TGFp in a manner able to be partially inhibited
by FGF2. In order to verify that FGF2-mediated antagonism of fibroblast activation was not
specific to this particular cell line, we performed Western blot analysis to investigate the
ability of FGF2 to antagonize TGFp-mediated expression of myofibroblast proteins in two
other primary human dermal fibroblast cell lines (Fig. 3e). In both cases, FGF2 substantially
attenuated the ability of exogenous TGFp to induce expression of myofibroblast markers a.-
SMA, calponin, and SM22a.. Taken together, these data suggest that FGF2 has the ability to
antagonize myofibroblast phenotypes and gene expression patterns in a variety of human
dermal fibroblast cell lines.

3.5 FGF2 attenuates TGFp-mediated expression of cytoskeletal and ECM-associated
myofibroblast markers

Aside from the aforementioned markers, we also investigated whether FGF2 was able to
attenuate TGFB-mediated changes in the cytoskeleton and extracellular matrix of fibroblasts.
We determined by gRT-PCR (Fig. 4a), Western blot (Fig. 4b), and immunofluorescence (Fig.
4c) that FGF2 attenuates TGFB-mediated expression of the myofibroblast-specific ED-A
splice variant of fibronectin, an extracellular matrix protein that has been causally implicated
in the myofibroblast activation and the development of tissue fibrosis [28-31]. We also
demonstrated that culture in the presence of exogenous FGF2 was sufficient to attenuate the
TGFp-mediated expression of type | collagen, a major fibrillar collagen deposited in scar
tissue. Additionally, we determined by Western blot that FGF2 also is able to attenuate
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TGFp-mediated increase in p-actin (Fig. 4b), which is consistent with changes in cellular

phenotype observed previously by phalloidin staining (Fig. 1c). Taken together, these data
suggest that the ability of FGF2 to attenuate TGFp-mediated fibroblast activation is
generalizable beyond mere downregulation of a-SMA and results in attenuation of several
important, functional markers of the myofibroblast phenotype, including the attenuation of
deposition of ECM molecules that are causally implicated in fibrotic pathology.

3.6 FGF2-mediated attenuation of myofibroblast phenotypes is antagonized by inhibition of
ERK and JNK

Since FGF2 acts canonically via FGFRs and subsequent activation of various MAPK
pathways, and since we had previously determined that MAPK inhibition was sufficient to
attenuate FGF2-mediated mitogenic activity, we next asked whether inhibition of any of
these MAPK pathways could override the antagonism of FGF2 towards expression of some
of the myofibroblast markers investigated previously (a-SMA, calponin, and SM22a.). For
each of these proteins, a qualitatively similar inhibition pattern was seen: FGF2 resulted in a
downregulation of expression of each of these markers, which was reversed by inhibition of
either ERK or JNK, but not reversed by inhibition of p38 (Fig. 5a). This same pattern was
observed by immunofluorescent visualization of a-SMA protein, as well as deposition of
collagen I and ED-A fibronectin in cells undergoing the same treatments (Fig. 5b), further
validating the MAPK inhibitory effects observed in the Western blots. These data suggest
that inhibition of ERK or JNK, individually, is sufficient to antagonize and override the
antifibrotic effects of FGF2 on human fibroblasts, but that the inhibition of p38 is not.

3.7 MAPK inhibitors exert their pro-fibrotic or anti-fibrotic effects in the absence of FGF2

signaling

Since FGF2 was able to diminish fibroblast activation in human fibroblasts not only in the
presence of exogenous TGFp but also in its absence, we next investigated whether the
effects of MAPK inhibitors on fibroblast activation could act independently of FGF2
signaling as well. Small molecule inhibition of ERK and JNK both notably increased the
expression of, and inhibition of p38 decreased the expression of, the canonical myofibroblast
marker a-SMA by Western blot, even in the absence of exogenous FGF2 or TGFp
supplementation (Fig. 6a). This finding was verified by immunofluorescence, and
qualitatively similar patterns were observed for calponin (Fig. 6b). We also determined by
phalloidin staining that fibroblasts cultured in the presence of inhibitors of ERK and JNK
both demonstrated a more myofibroblastic morphology, while fibroblasts cultured in the
presence of p38 inhibitor appeared more elongated and fibroblastic, and tended to lack
visible actin stress fibers (Fig. 6b). These data suggest that MAPK inhibitors have the
potential to promote or inhibit fibroblast activation even in the absence of exogenous
supplementation with FGF2 or TGFp.

3.8 Inhibition of p38 MAPK is sufficient to attenuate TGFp-mediated fibroblast activation in
the absence of exogenous FGF2

Since p38 inhibition appeared to be sufficient to antagonize expression of myofibroblast
markers and development of myofibroblast-like morphology in human dermal fibroblasts
(Fig. 6), we next examined whether p38 inhibition would also be sufficient to antagonize
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TGFp-mediated fibroblast activation in the absence of exogenous FGF2 supplementation.
Co-treatment with p38 inhibitor was sufficient to inhibit TGFp-mediated fibroblast
activation, as evidenced by a decrease in expression of a-SMA, calponin, and SM22a by
Western blot (Figure 7a). Additionally, this same trend was observed by
immunofluorescence, including the ability of p38 inhibition to attenuate TGFp-mediated
transition to a more myofibroblastic morphology by staining with fluorophore-conjugated
phalloidin (Figure 7b). Inhibition of p38 signaling also attenuated TGFp-mediated
expression of myofibroblast markers a-SMA and calponin, as well as inhibited TGFp-
mediated deposition of myofibroblastic ECM proteins collagen | and ED-A fibronectin
(Figure 7b). Taken together, these data suggest that p38 inhibition is sufficient to antagonize
TGFp-mediated fibroblast activation, as indicated by attenuation of the protein expression of
several functional myofibroblast markers.

4. Discussion

The aim of this research was to better understand the effects of FGF2 and specific MAPK
pathways and inhibitors on activation of human dermal fibroblasts. Previous research has
described a robust ability of FGF2 to contribute to anti-fibrotic effects in dermal wound
healing [12-16], but the mechanisms and signaling pathways by which it does so are not
entirely understood. Due to the highly pleiotropic nature of FGF2/FGFR signaling [10] as
well as the well-described roles of aberrant MAPK signaling in cancer [32-35], it would be
beneficial to understand both pathway-specific effects of FGF2 on cell-autonomous
phenotypes in fibroblasts, as well as the activity of various MAPK inhibitors on these
phenotypes.

We demonstrate that FGF2 contributes to the maintenance of CRL-2097 primary human
neonatal foreskin fibroblasts in a highly proliferative, fibroblastic phenotype. Further, we
demonstrated that FGF2 has the ability to inhibit TGFp-induced expression of a whole host
of contractile, myofibroblast-associated proteins including a-SMA, calponin, and SM22a. in
several different human dermal fibroblast lines, as well as the ability to inhibit deposition of
fibrosis-associated ECM proteins collagen | and ED-A fibronectin. The observation that
FGF2-mediated attenuation of myofibroblastic protein expression is mirrored by transcript
expression, as assessed by qRT-PCR, suggests that the mechanisms by which FGF2
attenuates TGFp-mediated fibroblast activation occur upstream of the level of transcription
of these genes, a suggestion supported by similar previous reports [15, 16].

Our data demonstrate that FGF2-mediated inhibition of myofibroblastic markers including
a-SMA, calponin, SM22a, type | collagen, and ED-A fibronectin can be overridden by
inhibition of ERK or JNK, or potentiated by inhibition of p38. Though our data do not prove
definitively that the antifibrotic effects of FGF2 proceed directly via ERK and JNK
pathways, as these pathways have numerous activators within a cellular context, they
strongly suggest that the antifibrotic effects of FGF2 involve, and perhaps even require,
activation of these pathways.

Aside from interaction with FGF2 signaling, we show that inhibition of ERK and JNK
signaling promotes fibroblast activation, while inhibition of p38 antagonizes fibroblast
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activation, even in the absence of exogenous FGF2. It is possible that this pathway inhibition
acts on basal MAPK signaling caused by endogenous FGF/FGFR activation, as several FGF
family members including FGF2 are known to be secreted by fibroblasts and signal in
autocrine or paracrine manners via the FGFRs [36], but there are other possible explanations
as well. One plausible explanation is that MAPK inhibitors act on TGFp signaling. Under
certain contexts, TGFp signaling has been demonstrated to be modulated by activity of
specific MAPKS. It has previously been reported that ERK activation is responsible for
antagonism of SMAD?2 phosphorylation and SMAD2/3 nuclear accumulation by the
nonsteroidal anti-inflammatory drug tolfenamic acid, suggesting a mechanism by which
ERK activation can antagonize canonical TGFp signaling [37]. ERK has also been
demonstrated to have the ability to phosphorylate serines and threonines in the linker region
of SMADZ2/3, and mutation of specific ERK-target serine and threonine residues of SMAD3
results in potentiated SMAD3 signaling, suggesting that ERK can inhibit SMAD3 signaling
via this mechanism [38]. Previous reports also demonstrate the ability of JNK activation to
antagonize TGFp signaling and TGFB-mediated SMAD activation [39-41], in support of
our findings that pharmacological inhibition of JNK signaling results in increased fibroblast
activation.

It has previously been demonstrated that TGFB can lead to phosphorylation of p38 in a
manner distinct and separable from its ability to activate SMADZ2/3 [42], and that this p38
activation is able to govern specific TGFp-mediated phenotypes including apoptosis and
epithelial-to-mesenchymal transition in a manner independent of SMAD activation [43].
Thus it is possible that small molecule-mediated inhibition of p38 activity directly inhibits
the non-SMAD TGFB/TGFR signal transducers that are necessary for, or serve to enhance,
fibroblast activation and myofibroblast phenotypes. p38 signaling can modulate the
transcriptional activity of TGFP [43-45], and p38 has also been implicated in regulation of
the activity of serum response factor, a major transcription factor involved in the
myofibroblastic gene expression program [46, 47].

Whatever the direct mechanism, there is now substantial evidence that regulation of MAPK
signaling, including signaling via p38 MAPK, is crucial for certain fibrotic disease states,
and for some of the cellular fates underlying tissue fibroses. Inhibition of p38 signaling has
been demonstrated to attenuate fibrotic responses /7 vivo in experimental models of renal
fibrosis [48-51], cardiac fibrosis [52, 53], and in myofibroblast activation /n vitro [54-56].
Thus, our data demonstrating that p38 has the ability to not only potentiate FGF2-mediated
inhibition of myofibroblast phenotypes, but also to inhibit TGFp-mediated myofibroblast
differentiation directly, add the suggestion of p38 inhibition as a potential treatment for
dermal fibrosis to a growing body of literature suggesting the potential efficacy of p38
inhibition as antifibrotic therapy in various tissues.

The data presented within this manuscript have shed light on some of the mechanistic details
regarding FGF2-mediated inhibition of fibrotic phenotypes in fibroblasts, largely centered
around the paradigm of fibroblast activation, a process which FGF2 appears to robustly
inhibit. It is our hope that, with a better understanding of the details of gene expression
changes in these fibroblasts, along with additional insight into effects of specific MAPK
pathways on FGF2-mediated inhibition of fibroblast activation and fibrosis more generally,
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we will be able to better understand the details of FGF2 in the wound healing process, as
well as understand its therapeutic mechanisms and assess whether therapies that act
downstream of FGF2/FGFR may be able to attenuate fibroblast activation and fibrosis
without the pleiotropic effects that may come with manipulation of signaling at the level of
the growth factor or the transmembrane receptor.
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Highlights

. FGF2 attenuates TGFp-mediated myofibroblast activation in human
fibroblasts.

. ERK, JNK inhibition reverses FGF2-mediated inhibition of myofibroblast
phenotypes.

. p38 inhibition potentiates FGF2-mediated inhibition of myofibroblast
phenotypes.

. p38 inhibition sufficient to attenuate myofibroblast activation by TGFp.
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Figure 1. Effects of FGF2 on fibroblast proliferation and phenotype
(a) CRL-2097 human neonatal foreskin fibroblasts were grown in the presence or absence of

4ng/mL FGF2. n=2 biological replicates per condition. Error bars=standard deviation. (b)
Fibroblasts were cultured for 4 days in the absence (Control) or the presence of FGF2
(FGF2), with or without a specific MAPK inhibitor (U0126 [ERK inhibitor] = ERK';
SP600125 [INK inhibitor] = INK'; SB202190 [p38 MAPK inhibitor] = p38'). Statistics were
performed by one-way ANOVA, with Tukey’s Multiple Comparisons post-hoc analysis, with
each treatment condition being compared to the number of population doublings calculated
for the FGF2-treated condition. n=5 biological replicates per condition. Error bars=standard
deviation. **<.01, ****p<.0001. (c) Fibroblasts cultured under the same treatment
conditions as in (b) were stained for F-actin with Alexa568-conjugated phalloidin and DNA
counterstained with Hoechst 33342. Images were purposely overexposed for visualization of
cell shape. Scale bar=100pum.
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Figure 2. Effects of FGF2 on TGFB-mediated expression of a-SMA
(a) CRL-2097 fibroblasts were cultured in the presence or absence of TGFp and/or FGF2

until day 4, when they were examined by qRT-PCR for their expression of ACTAZ (a.-SMA)
relative to loading control GAPDH. n=4 biological replicates per condition. Expression is
described as fold change relative to cells cultured under control conditions. Statistics were
performed by one-way ANOVA, with Tukey’s Multiple Comparisons post-hoc analysis.
****n<.0001. (b) Fibroblasts cultured under the same conditions for the same length of time
were examined by Western blotting for their expression of a-SMA protein. Histone H3 was
used as a loading control. (c,d) Fibroblasts cultured under the same conditions for the same
length of time were analyzed by flow cytometry. The percentage of a-SMA-positive cells
per treatment condition (c), and the average a-SMA fluorescence of all cells (d) were
determined. n=2 biological replicates per condition. Error bars=standard deviation. ()
Fibroblasts cultured under the same conditions for the same length of time were fixed and
stained by immunofluorescence using an AlexaFluor488-conjugated anti-a.-SMA antibody
and DNA counterstained with Hoechst 33342. Scale bar=100um.
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Figure 3. Effects of FGF2 on TGFB-mediated expression of myofibroblast markers
(a—c) CRL-2097 fibroblasts cultured in the presence or absence of TGFp and/or FGF2 until

day 4 and were examined by gRT-PCR for expression of (a) CANNI (calponin), (b) TAGLN
(SM22a.), and (c) CCNZ2 (CTGF). GAPDH was used as a loading control. n=4 biological
replicates per condition. Expression is described as fold change relative to cells cultured
under control conditions. Statistics were performed by one-way ANOVA, with Tukey’s
Multiple Comparisons post-hoc analysis. *p<.05, **p<.01, ***p<.001, ****p<.0001. (d)
Western blotting was performed to determine expression of a-SMA, calponin, SM22a, and
CTGF protein in CRL-2097s. (e) Western blotting was performed to determine expression of
a-SMA, calponin, and SM22a. protein in CRL-2352 and CT-1005 primary human dermal
fibroblasts. Histone H3 was used as a loading control for all Western blotting.
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Figure 4. Effects of FGF2 on TGFB-mediated deposition of fibrotic extracellular matrix
(a) CRL-2097 fibroblasts were cultured in the presence or absence of TGFp and/or FGF2

until day 4, and expression of £D-A Fnwas measured by gRT-PCR. GAPDH was used as a
loading control. n=4 biological replicates per condition. Expression is described as fold
change relative to cells cultured under control conditions. Statistics were performed by one-
way ANOVA, with Tukey’s Multiple Comparisons post-hoc analysis. *p<.05, ****p<.0001.
(b) Expression of Col I, p-Actin and ED-A Fn protein was measured by Western blot.
Histone H3 was used as a loading control. (c) ECM protein expression was measured by
immunofluorescence for type I collagen (Col I; green) and fibronectin (ED-A Fn; pseudo-
colored magenta). DNA was counterstained with Hoechst 33342. Scale bar=100um.
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Figure 5. Effects of MAPK inhibition on FGF2 antagonism of myofibroblastic phenotypes
(a) CRL-2097 fibroblasts were cultured in the presence or absence of FGF2 and a specific

MAPK inhibitor until day 4, when they were examined for their expression of a-SMA,
calponin, and SM22a. by Western blot. Histone H3 was used as a loading control. SMC
control refers to protein lysate of contractile human vascular smooth muscle cells, which
was used as a positive control. (b) Fibroblasts cultured under the same conditions for the
same length of time were fixed and stained for immunofluorescence using antibodies against
a-SMA (red), collagen I (green), and ED-A fibronectin (pseudo-colored magenta) in order
to visualize expression and deposition of these proteins. DNA counterstained with Hoechst
33342. Scale bar=100um.
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Figure 6. Effects of MAPK inhibition on myofibroblastic phenotypes
(a) CRL-2097 fibroblasts were cultured in the presence of a specific MAPK inhibitor until

day 4, when they were examined for their expression of a-SMA by Western blot. Histone
H3 was used as a loading control. (b) Fibroblasts cultured under the same conditions for the
same length of time were fixed and stained for immunofluorescence using antibodies against
a-SMA (green) or calponin (red), or with fluorophore-conjugated phalloidin (pseudo-
colored cyan) for visualization of F-actin. DNA was counterstained with Hoechst 33342.
Scale bar=100um.
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Figure 7. Effects of p38 inhibition on TGFB-mediated expression and deposition of
myofibroblast-associated proteins

(a) CRL-2097 fibroblasts were cultured in the presence or absence of TGF-B1 and a specific
p38 MAPK inhibitor until day 4, when they were examined for expression of a-SMA,
calponin, and SM22a by Western blot. Histone H3 was used as a loading control. (b)
Fibroblasts cultured under the same conditions for the same length of time were fixed and
stained for immunofluorescence for a-SMA (green), calponin (red), collagen I (pseudo-
colored orange), ED-A fibronectin (pseudo-colored magenta), and fluorophore-conjugated
phalloidin (pseudo-colored cyan) for visualization. DNA was counterstained with Hoechst
33342. Scale bar=100um.
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Gene name | Protein encoded Forward primer (5'-3") Reverse primer (5'-3") Amplicon size (bp)
ACTGCCTTGGTGTGTGACAA
ACTAZ a-SMA 120
CACCATCACCCCCTGATGTC
AGGTTAAGAACAAGCTGGCCC
CNN1 Calponin 113
GAGGCCGTCCATGAAGTTGT
CACAAGGTGTGTGTAAGGGTG
TAGLN SM22a 132
GGCTCATGCCATAGGAAGGAC
GTGCCTGCCATTACAACTGTC
CCN2 CTGF 98
TCTCACTCTCTGGCTTCATGC
CAGTGGAGTATGTGGTTAGTGTC
ED-A Fn Fibronectin (ED-A) 119
GTGACCTGAGTGAACTTCAGG
GAGTCCACTGGCGTCTTCAC
GAPDH GAPDH 119

TTCACACCCATGACGAACAT

J Dermatol Sci. Author manuscript; available in PMC 2018 December 01.




	Abstract
	1. Introduction
	2. Materials and Methods
	2.1 Antibodies
	2.2 Cell culture
	2.3 Proliferation studies
	2.4 RNA isolation and qRT-PCR
	2.5 SDS-PAGE and Western blotting
	2.6 Indirect flow cytometry
	2.7 Immunofluorescence

	3. Results
	3.1 FGF2 induces a proliferative response in CRL-2097 human neonatal foreskin fibroblasts
	3.2 FGF2 stimulates proliferation and inhibits myofibroblastic morphology, in a manner reversible by specific MAPK inhibition
	3.3 FGF2 attenuates TGFβ-mediated induction of alpha α actin
	3.4 FGF2 attenuates TGFβ-mediated expression of cytoplasmic myofibroblast markers across multiple fibroblast cell lines
	3.5 FGF2 attenuates TGFβ-mediated expression of cytoskeletal and ECM-associated myofibroblast markers
	3.6 FGF2-mediated attenuation of myofibroblast phenotypes is antagonized by inhibition of ERK and JNK
	3.7 MAPK inhibitors exert their pro-fibrotic or anti-fibrotic effects in the absence of FGF2 signaling
	3.8 Inhibition of p38 MAPK is sufficient to attenuate TGFβ-mediated fibroblast activation in the absence of exogenous FGF2

	4. Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Table 1

