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ARTICLE INFO ABSTRACT

Keywords: Keloid is characterized by overactive fibroblasts. Forkhead box M1 (FOXM1) is transcription factor that plays

Forkhead box M1 (FOXM1) important roles in the progression of fibrosis. However, the role of FOXM1 in keloid has not been elucidated. In

KfflOid_S the present study, we examined the expression levels of FOXM1 in clinical keloid tissue specimens and primary

E%Em]s;lls . keloid fibroblasts (KFs). The results showed that FOXMI1 levels were significantly increased in both keloid tissues
1broblasts

and KFs. To further investigate the biological functions of FOXM1, FOXM1 was knocked down in KFs by
transfection with small interfering RNA targeting FOXM1 (si-FOXM1). Knockdown of FOXM1 inhibited trans-
forming growth factor-f1 (TGF-B1)-induced cell proliferation and migration of KFs. Besides, the increased ex-
pressions of collagen (coll I), connective tissue growth factor (CTGF), and a-smooth muscle actin (a-SMA) in
TGF-B1-induced KFs were suppressed by si-FOXM1 transfection. Furthermore, TGF-B1-induced increase in p-
Smad2 and p-Smad3 expressions was attenuated by FOXM1 knockdown. These data indicated that knockdown of
FOXM1 inhibited TGF-B1-induced KFs activation and extracellular matrix (ECM) accumulation, which was at-

Extracellular matrix (ECM)
TGF-$1/Smad signaling pathway

tributed to the inhibition of TGF-B1/Smad pathway.

1. Introduction

Keloid, also known as keloid disorder or keloidal scar, is an exu-
berant response to cutaneous wound healing [1,2]. Keloids is a patho-
logic fibro-proliferative disease in which proliferative scars grow be-
yond the confines of the original wound skin, invading into adjacent
normal tissue. Although keloid is benign and not contagious, it is
commonly accompanied by severe itchiness, pain, and even being ul-
cerate [3]. It has been surveyed that > 11 million people affect with
keloids in the world [4]. Nevertheless, the management of keloid is
limited. The most common treatment option is removing the scar,
however, it may result in various consequences. For instance, the sur-
gery scar will also become a keloid [5,6]. Therefore, elucidation of the
keloid pathogenesis is quite important for developing effective ther-
apeutic strategy. Keloid is characterized by overactive fibroblasts, ex-
cessive expression of growth factors and cytokines, effusive extra-
cellular matrix (ECM) component deposition, particularly collagen
[5,7]. Several lines of evidence suggest that suppression of fibroblasts
activation and ECM component deposition may be potential approach
for keloid treatment [8-10].

Forkhead box (FOX) proteins are a family of transcription factors

that play important roles in various cellular events including cell dif-
ferentiation, growth, proliferation, and death [11]. It has been de-
monstrated that many FOX proteins are involved in the progression of
fibrosis, such as FOXA [12], FOXC [13], FOXM [14], and FOXO family
[15]. FOXM1 is a member of FOX family that plays important roles in
the fibrosis progression. FOXM1 has been demonstrated to be im-
plicated in cardiac fibrosis and lung fibrosis [16,17]. Targeting FOXM1
has the therapeutic potential for the treatment of fibrosis-related dis-
eases. However, the role of FOXM1 in keloid remains unknown.
Therefore, the aim of this study was to examine the effects of FOXM1 on
keloid fibroblasts (KFs) and explored the underlying mechanism.

2. Materials and methods
2.1. Tissue specimens

Keloid tissue specimens and adjacent normal skin tissues were ob-
tained from ten patients (age range 14-35, mean 25.4 years) who re-
ceived surgical procedures at the Second Affiliated Hospital of Xi'an
Jiaotong University (Xi'an, China) between December 2016 and July
2017. This research was approved by the Institutional Research Ethics
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Committee of the Second Affiliated Hospital of Xi'an Jiaotong
University. Informed consent was provided from all participants.

2.2. Cell culture and treatment

Primary KFs and normal human skin fibroblasts (NFs) were isolated
from clinical tissues as described previously [18]. The epidermis and
subcutaneous adipose tissues were removed. Subsequently, specimens
were cut into pieces of 2-4 mm and digested with collagenase type-I
(0.5mg/ml) and trypsin (0.2 mg/ml) for 6 h at 37 °C. After digestion,
the suspension was filtered and centrifuged at 1500 rpm for 5 min. The
cells were cultured in Dulbecco's Modified Eagle's medium (DMEM,;
Gibco, Grand Island, NY, USA) supplemented with 10% fetal bovine
serum (Gibco), and 1% penicillin/streptomycin (Life Technologies,
Grand Island, NY, USA) in an atmosphere containing 5% CO, at 37 °C.
Fibroblasts at passages of 3-5 were used in this study. For the human
transforming growth factor-beta 1 (TGF-f1) stimulation group, KFs
were treated with TGF-1 (PeproTech, Rocky Hill, New Jersey, USA) at
a concentration of 5ng/ml for 24 h.

2.3. Cell transfection

Small interfering RNA targeting FOXM1 (si-FOXM1) or negative
control siRNA (si-con) (GenePharma, Shanghai, China) was transfected
into keloid fibroblasts using Lipofectamine 2000 (Invitrogen, Carlsbad,
CA, USA). Cells transfected with si-con were used as controls. After 48 h
post transfection, western blot analysis was performed to assess the
transfection efficiency.

The cDNA fragments of FOXM1 expression sequences were inserted
into a pcDNA3.1 vector to generate pcDNA3.1/FOXM1 expression
vector. Cell transfection was performed with Lipofectamine RNAIMAX
Transfection Reagent (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer's protocol.

2.4. Cell proliferation assay

Cell proliferation was assessed by MTT assay. Keloid fibroblasts
were seeded in 96-well plates at a density of 1 x 10* cells/well. After
incubation for an indicated time (24 h, 48 h, and 72 h), 20 pl of 5 mg/ml
MTT solution (Sigma, St. Louis, MO, USA) was added to each well and
incubated for 4h, followed by adding 150 ul of dimethyl sulfoxide
(DMSO; Sigma) to dissolve the formazan crystals. Then, absorbance was
monitored at 490 nm using a microplate reader (Bio-Tek, Winooski, VT,
USA).

2.5. Cell migration assay

Cell migration of keloid fibroblast was evaluated by transwell assay
using a transwell chamber (8-um pore size filter; Millipore, Billerica,
MA, USA). The upper chamber was plated with keloid fibroblasts
(1 x 10* cells/well) in serum-free medium. Then, 500 ul of DMEM with
10% FBS was added to the lower chamber. After incubation for 24 h,
cells on the upper surface of the membrane were removed. Cells on the
lower surface were fixed in methanol and stained with 1% crystal
violet. Then the cells from five randomly selected fields were counted
under an inverted microscope (Olympus, Tokyo, Japan).

2.6. Quantitative real-time RT-PCR (qRT-PCR) analysis

Total RNA was extracted from clinical samples and fibroblasts using
Trizol reagent (Invitrogen). Then the RNA was used for reverse tran-
scription to synthesize cDNA with the PrimeScript reverse transcriptase
reagent kit (Takara, Dalian, China). Subsequently, qRT-PCR was con-
ducted on ABI Prism 7500 (Applied Biosystems, Foster City, CA, USA)
using SYBR Green Master Mix (Takara) with the following primers se-
quences: FOXM1 5-ATACGTGGATTGAGGACCACT-3’ (forward),
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5-TCCAATGTCAAGTAGCGGTT G-3’ (reverse); a-smooth muscle actin
(a-SMA) 5-TCAAATACCCCATTGAACACGG-3’ (forward), 5-GGTGC
TCT TCAGGTGCTACA-3’ (reverse); type I collagen al(Col I al)
5’-TCTGACTGGAAG AGTGGAGAGTAC-3’ (forward), 5’-ATCCATCGGT
CATGCTCTCG-3’ (reverse); connective tissue growth factor (CTGF)
5’-GCTGACCTAGAGGAAAACATTAAG A-3’ (forward), 5'-CCGGTAGGT
CTTCACACTGG-3" (reverse); [-actin 5-CATGTACGTTGCTATCCA
GGC-3’ (forward), 5-CTCCTTAATGTCACGCACGAT-3’ (reverse). [-
Actin served as internal reference genes. Relative quantification of
FOXM1 mRNA was calculated using the 244" method.

2.7. Western blot

Total proteins of fibroblasts were extracted using RIPA lysis buffer
(Sangon Biotech, Shanghai, China) and the protein concentration was
quantified using a BCA protein assay kit (Sangon Biotech). Then, equal
amounts of protein samples (50 ug) were subjected to 10% or 12%
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred onto a polyvinylidene difluoride (PVDF) membrane
(Millipore). The membranes were blocked with 5% dried skimmed milk
for 1h and then incubated with the various primary antibodies in-
cluding FOXM1 (1:1500; Abcam, Cambridge, MA, USA), Col I (1:1000;
Abcam), CTGF (1:1000; Abcam), a-SMA (1:1000, Santa Cruz
Biotechnology, Santa Cruz, CA, USA), TGF-p type I receptor (TGF-BRI;
1:1500; Abcam), TGF-BRII (1:2500; Abcam), Smad2 (1:1000, Santa
Cruz), p-Smad2 (1:1000, Santa Cruz), Smad3 (1:1000, Santa Cruz), p-
Smad3 (1:1000, Santa Cruz) and f(-actin (1:1000; Abcam) at 4°C
overnight. The membranes were then incubated with horseradish-per-
oxidase (HRP) conjugated secondary antibodies (1:5000; Abcam) for
1h at 37 °C. The protein bands were detected using an enhanced che-
miluminescence (ECL) reagent (Thermo Scientific, Waltham, MA, USA).

2.8. Statistical analysis

All data are expressed as the mean * standard deviation (SD) and
analyzed using SPSS version 21.0 (IBM Corp., Armonk, NY, USA).
Differences between two groups or more than two groups were carried
out using student's t-test or one-way ANOVA followed by Dunnett's
multiple comparisons test, respectively. P < 0.05 was considered sta-
tistically significant.

3. Results

3.1. The expression of FOXM1 was highly expressed in keloid tissues and
KFs

The FOXM1 levels in keloid tissue specimens and adjacent normal
skin tissues were examined using qRT-PCR. The results showed that
FOXM1 levels in keloid tissue specimens were significantly higher than
that in adjacent normal skin tissues (Fig. 1A). Furthermore, FOXM1
levels in primary keloid fibroblasts (KFs) and normal human skin fi-
broblasts (NFs) were also evaluated. Results of qRT-PCR and western
blot indicated FOXM1 is highly expressed in KFs when compared with
NFs (Fig. 1B and C).

3.2. Knockdown of FOXM1 suppressed TGF-f1-induced KFs proliferation
and migration

To investigate the biological function of FOXM1 in KFs, FOXM1 was
knocked down by transfection with si-FOXM1. Western blot showed
that FOXM1 expression was markedly decreased after si-FOXM1
transfection compared to the si-con transfected KFs (Fig. 2A). TGF-B1
treatment significantly induced KFs proliferation, while knockdown of
FOXM1 suppressed the cell proliferation (Fig. 2B). Besides, the TGF-B1-
induced KFs migration was attenuated by FOXM1 knockdown (Fig. 2C).
In addition, FOXM1 knockdown only also suppressed KFs proliferation
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Fig. 1. Upregulation of FOXM1 in keloid tissues and KFs. (A) The mRNA levels
of FOXM1 in tissue specimens were examined using qRT-PCR. (B) The mRNA
levels of FOXM1 in cultured cells were determined using qRT-PCR. (C) The
protein levels of FOXM1 in cultured cells were tested using western blot. *
p < 0.05 vs. adjacent normal skin tissues. * p < 0.05 vs. normal human skin
fibroblasts (NFs).

and migration (Fig. 2B and C).

3.3. Overexpression of FOXM1 enhanced TGF-1-induced KFs proliferation
and migration

Then, we overexpressed FOXM1 in KFs by transfecting a FOXM1
expression vector. The increased FOXM1 expression was confirmed by
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Fig. 2. Impact of FOXM1 knockdown on proliferation and migration in TGF-B1-
induced KFs. (A) FOXM1 expressions in KFs after transfection with si-FOXM1 or
si-con were examined using western blot. (B) Cell proliferation was assessed by
MTT assay. (C) Cell migration was evaluated by transwell assay. *p < 0.05 vs.
control; * p < 0.05 vs. TGF-B1 + si-con group; & p < 0.05 vs. control group.

western blot (Fig. 3A). As expected, we demonstrated that FOXM1
overexpression remarkably enhanced TGF-B1-induced KFs proliferation
and migration (Fig. 3B and C).

3.4. Silencing FOXM1 also inhibited the expressions of Col I, CTGF and a-
SMA in human KFs induced by TGF-1

Then we explored the effect of FOXM1 knockdown on the expres-
sions of Col I, CTGF and a-SMA using qRT-PCR and western blot. The
qRT-PCR analysis showed that TGF-B1-caused increase in the mRNA
levels of Col I, CTGF and a-SMA were mitigated by knockdown of
FOXM1 (Fig. 4A). Moreover, the increased protein levels of Col I, CTGF
and a-SMA in TGF-Bl-stimulated KFs were alleviated by FOXM1
knockdown (Fig. 4B). In addition, knockdown of FOXM1 inhibited the
expressions of Col I, CTGF and a-SMA in KFs (Fig. 4A and B).
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Fig. 3. Effects of FOXM1 overexpression on proliferation and migration in TGF-
Bl-induced KFs. (A) FOXMI1 expressions in KFs after transfection with
pcDNA3.1/FOXM1 or pcDNA3.1 were examined using western blot. *p < 0.05
vs. pcDNA3.1. (B) Cell proliferation was assessed by MTT assay. (C) Cell mi-
gration was evaluated by transwell assay. * p < 0.05 vs. control group; *
p < 0.05 vs. TGF-B1+ pcDNA3.1 group.

3.5. Overexpression of FOXM1 promoted the expressions of Col I, CTGF
and a-SMA in human KFs induced by TGF-1

Furthermore, we also examined the effect of FOXM1 overexpression
on the expressions of Col I, CTGF and a-SMA in TGF-f1-stimulated KFs.
The results indicated that FOXM1 overexpression significantly pro-
moted the expressions of Col I, CTGF and a-SMA at both mRNA and
protein levels induced by TGF-P1 in KFs (Fig. 5A and B).

3.6. Knockdown of FOXM1 suppressed the expression of TGF-BRI and TGF-
BRII expressions in TGF-B1-stimulated KFs

TGF-P1 exerts is biological activity by binding to a heterotetrameric
receptor complex composed of TGF-BRI and TGF-f3 type II receptor, so,
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Fig. 4. Impact of FOXM1 knockdown on the expressions of Col I, CTGF and a-
SMA in human KFs induced by TGF-B1. The mRNA and protein levels of Col I,
CTGF and a-SMA were evaluated by qRT-PCR (A) and western blot (B), re-
spectively. * p < 0.05 vs. control group. * p < 0.05 vs. TGF-B1 + si-con
group; & p < 0.05 vs. control group.

we also detected the effect of FOXM1 knockdown on TGF-fRI and TGF-
BRII expressions in TGF-B1-stimulated KFs. As shown in Fig. 6, TGF-B1
treatment greatly increased the expressions of TGF-BRI and TGF-fRII in
KFs. However, these effects were reversed by FOXM1 knockdown. In
addition, the expressions of TGF-BRI and TGF-RII were also decreased
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Fig. 5. Effects of FOXM1 overexpression on the expressions of Col I, CTGF and
a-SMA in human KFs induced by TGF-B1. The mRNA and protein levels of Col I,
CTGF and a-SMA were evaluated by qRT-PCR (A) and western blot (B), re-
spectively. * p < 0.05 vs. control; * p < 0.05 vs. TGF-B1 + pcDNA3.1.

by knockdown of FOXM1 (Fig. 6A and B).

3.7. Knockdown of FOXM1 suppressed the levels Smad2 and Smad3
phosphorylation in TGF-1-stimulated KFs

There is convincing evidence that TGF-1/Smad signaling pathway
is involved in keloid [19,20]. In order to investigate the effect of
FOXM1 knockdown on Smad signaling pathway, the expressions of
Smad2, p-Smad2, Smad3, and p-Smad3 were measured using western
blot analysis. As shown in Fig. 7, the expressions of p-Smad2 and p-
Smad3 in KFs were obviously increased after TGF-B1 stimulation.
However, knockdown of FOXM1 inhibited the expressions of p-Smad2
and p-Smad3 in TGF-B1-stimulated KFs.
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Fig. 6. Impact of FOXM1 knockdown on the expressions of TGF-BRI and TGF-
BRII in human KFs induced by TGF-f1. (A) The protein levels of TGF-BRI and
TGF-BRII were evaluated by western blot, respectively. (B) Quantification
analysis of TGF-BRI and TGF-BRIL * p < 0.05 vs. control KFs; * p < 0.05 vs.
TGF-B1-induced KFs; & p < 0.05 vs. control KFs.

4. Discussion

A multitude of cell types including fibroblasts, myofibroblasts,
keratinocytes, melanocytes, and mast cells have been identified that
contribute to the fibrosis process observed in keloid scarring [1]. In the
process of profibrotic events, fibroblasts are the centric cell type. KFs
migrative ability and proliferation rates are increased while the apop-
totic rates are reduced [7]. Additionally, KFs express increased levels of
fibrogenic growth factors such as TGF-f, platelet-derived growth factor
(PDGF), fibroblast growth factor § (FGF-B) and insulin-like growth
factor I (IGF—I), contributing to ECM deposition and the keloid for-
mation [1]. TGF-B1 is a critical cytokine that has multiple biological
functions and plays important roles in many different conditions and
disease states. TGF-B1 has been found to serve as a stimulator for
wound repair and tissue regeneration [21]. In the case of keloid pa-
thogenesis, TGF-f1 promotes KFs proliferation. In addition, TGF-B1
stimulates the ECM production, while inhibits the collagen-degrading
activity of matrix metalloproteinases (MMP), thereby resulting in ex-
cessive ECM accumulation [22].

Therefore, we used exogenous TGF-f1 to stimulate KFs in the pre-
sent study. The results showed that TGF-B1 treatment induced cell
proliferation and migration. TGF-B1 promoted the production of coll I,
which is an important ECM component. Besides, the expression of
CTGF, a fibrotic marker, was also induced by TGF-f1 treatment. In
addition, the expression of contractile protein a-SMA, a marker of
myofibroblast differentiation was increased in response to TGF-B1 sti-
mulation. These findings suggest that TGF-B1 enhanced the activation
and myofibroblast differentiation of KFs and promoted fibrosis process.

FOXM1 has been demonstrated to be more highly expressed in fi-
brotic fibroblasts isolated from patients with idiopathic pulmonary
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Fig. 7. Impact of FOXM1 knockdown on Smad signaling pathway in TGF-31-
stimulated KFs. The expressions of Smad2, p-Smad2, Smad3, and p-Smad3 were
measured using western blot analysis. * p < 0.05 vs. control KFs. * p < 0.05
vs. TGF-B1-induced KFs.

fibrosis (IPF) when compared to normal lung fibroblasts [17]. The
FOXM1 expressions in lung fibroblasts are markedly increased after
stimulation with basic fibroblast growth factor (FGF2) and PDGF,
which are pertinent fibroblast mitogens. FOXM1 inhibition prevents
and reverses TGF-f-induced myofibroblast differentiation and sensitizes
myofibroblasts to FasL-induced apoptosis. Further in vivo studies
proved that fibroblast-specific deletion of FOXM1 in a therapeutic
protocol protects mice from bleomycin-induced fibrosis [17]. In the
current study, we found that FOXM1 levels were significantly increased
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in keloid tissue specimens and KFs. Knockdown of FOXM1 inhibited
TGF-P1-induced cell proliferation, migration, as well as the expressions
of Col I, CTGF and a-SMA in KFs. By contrast, FOXM1 overexpression
promoted cell proliferation/migration, as well as Col I, CTGF and a-
SMA expressions induced by TGF-B1 treatment.

Many functions of TGF-f1 are mediated through Smad signal-
transduction pathway, a downstream pathway of TGF-f that is critically
important for regulating cell development and growth through TGF-f3
type I receptor [23,24]. Smads are a family of intracellular regulatory
proteins that can be categorized into three distinct sub-types receptor-
regulated Smads (R-Smad 1, 2, 3, 5 and 8), common partner Smad (Co-
Smad 4) and inhibitory Smads (I-Smad 6 and 7) [25,26]. Previous study
has proven that elevated intranuclear Smad2/3 accumulation is found
in keloid tissues compared with normal skin tissues [27]. Besides,
phosphorylation of Smad3 is up-regulated in keloids and plays an im-
portant role in the TGF-f3 induced fibrosis in keloid. Downregulation of
Smad3 expression in KFs can significantly reduce ECM deposition and
attenuate process of fibrosis [21]. Consistent with the roles of Smad3 in
KFs, targeting Smad2 is a promising therapeutic approach for inhibiting
progression of fibrotic conditions via interrupting the TGF-B signaling
pathway [20]. Therefore, we evaluated whether Smad2/3 pathways
were involved in the roles of FOXM1. The results showed that the in-
creased levels of p-Smad2 and p-Smad3 in TGF-fB1-stimulated KFs were
inhibited by knockdown of FOXM1. Collectively, the inhibition of TGF-
B1/Smad2/3 pathways might contribute to the effects of FOXM1
knockdown on KFs.

Overall, our resulted demonstrated that FOXM1 was up-regulated in
keloid tissue specimens and KFs. Knockdown of FOXM1 in KFs inhibited
TGF-B1-induced KFs activation, ECM accumulation and fibrosis process
through inhibiting TGF-f1/Smad2/3 pathways.
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Supplementary data to this article can be found online at https://
doi.org/10.1016/j.1fs.2019.116637.
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