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Abstract

Background: Keloid scarring is caused by a fibroproliferative disorder due to abnormal activation of
genes, the underlying mechanism of which is still unclear. The basic helix-loop-helix transcription
factor Twist-related protein 1 (TWIST1) controls cell proliferation and differentiation in tissue
development and disease processes. In this study, we aimed to clarify the essential role of TWIST1
in the pathogenesis of keloids.

Methods: Immunohistochemistry, cell counting kit-8 assays, western blotting, PCR, matrigel
invasion assays and immunofluorescence assays were applied to demonstrate the effects and
mechanisms of TWIST1 in fibroblasts derived from normal skin and keloids. Mass spectrometry,
ubiquitination assays, chromatin immunoprecipitation and dual luciferase reporter assay were
applied to explore the interaction of TWIST1 with downstream molecules.

Results: In the present study, we confirmed that TWIST1 was upregulated in keloid tissue of patients
and in keloid-derived fibroblasts (KFBs). In vitro, TWIST1 inhibition prevented KFB proliferation,
invasion and activation. We also discovered a link between TWIST1 and the transforming growth
factor B (TGF-B) signaling related molecules TGF-8 receptor 1 (TBR1), SMAD family member 2
(Smad2) and Smad3, and the fibrosis markers a-smooth muscle actin, collagen type | and collagen
type lll in KFBs. Mechanistically, we uncovered a brand-new mechanism by which TWIST1 interacts
with myocyte enhancer factor 2A (MEF2A) and suppresses its ubiquitination and degradation.
Using chromatin immunoprecipitation and dual-luciferase reporter assay, TBR1 was identified as
a novel downstream target of MEF2A, which directly binds to its promoter. Overexpression of
TWIST1 promoted the recruitment of MEF2A to the TBR1 promoter and restored TBR1 functional
expression.

Conclusions: Our research highlights a significant function of TWIST1 in the development of keloid
and its related fibroblasts, partially facilitated by elevated MEF2A-dependent TBR1 expression.
Blocking the expression of TWIST1 in KFBs could potentially pave a novel therapeutic avenue for
keloid treatment.
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Highlights

* TWIST1 is upregulated in keloid tissue and keloid-derived fibroblasts.
* TWIST1 affects the proliferation and invasion of keloid-derived fibroblasts and the expression of TGFB/Smad signaling.

* TWIST1 interacts with MEF2A and suppresses its ubiquitination and degradation.
* TBR1 is a direct target of MEF2A in keloid-derived fibroblasts.

Background

With a 4.5-16% incidence rate, keloid is a fibroproliferative
skin disease that is typically caused by burn injuries, trauma
and contagious skin diseases. It is most frequently observed
in sub-Saharan Africans, African Americans and Asians [1-3].
Therapeutically, keloids seldom subside, frequently outgrow
the boundaries of the initial wound, invade nearby normal
tissues and typically exhibit a tumor tendency [4]. To date,
no effective intervention has been able to overcome the post-
treatment reoccurrence of keloids. Invading keloid scars put
patients under a great deal of psychological stress in addition
to their unaesthetic appearance and regional aggravating
symptoms [5-7]. Evidently, more research is still needed
to better understand keloid pathophysiology and determine
viable treatments.

One of the aberrant behaviors of keloids is continuous
invasion into the surrounding tissue. Moreover, fibroblasts
are critical in the etiology of keloid lesions due to their active
participation in collagen formation [8,9]. While having a
comparable shape to normal skin-derived fibroblasts (NFBs),
keloid-derived fibroblasts (KFBs) exhibit tumor-like charac-
teristics, including a high ability to proliferate and invade and
accelerated release of extracellular matrix (ECM) [10-13].
We thus postulate that decreasing the activity of KFBs and
lowering their collagen synthesis would be highly significant
against invading keloids.

Twist-related protein 1 (TWIST1), a transcription factor
belonging to the basic helix-loop-helix family, is a key reg-
ulator of cellular homeostasis but also has a role in the
genesis of diseases, including carcinoma [14]. TWIST proteins
are crucial for mesenchymal differentiation during embry-
onic development [15]. TWIST1 can facilitate epithelial-to-
mesenchymal transition (EMT) after injury and control mes-
enchymal tissue responses in adults [16,17]. Nevertheless,
abnormal TWIST1 expression could result in pathological
EMT and support the development of neoplasia and tissue
fibrosis [18,19]. Transforming growth factor (TGF)/SMAD
family member 3 (SMAD3)/p38 are needed for TWIST1 to
behave as a profibrotic factor [20,21]. In previous research,
we applied single-cell sequencing and bulk RNA-sequencing
to demonstrate that keloid fibroblasts express TWIST1 exces-
sively [10]. The impact of TWIST1 on keloids and the under-
lying processes, however, are yet unclear. Furthermore, strong
evidence suggests that the TGF signaling pathway is crucial

for the development of keloids and other fibrotic diseases
[22]. The TGFpB1 ligand has the ability to convert fibroblasts
into myofibroblasts, which produce significant amounts of
collagen fibers, a characteristic of keloids [23,24]. Addition-
ally, TGF signaling has also been linked to tumor angiogenesis
[22].

In the present study, we confirmed the expression of
TWISTT1 in the keloid tissue of patients and in KFBs. We also
investigated the correlation between TWIST1 and the TGF-
B signaling pathway in KFBs. In addition, we uncovered a
novel mechanism by which TWIST1 enhances the proteaso-
mal degradation of myocyte enhancer factor 2A (MEF2A), a
recently discovered transcription factor for TGF-8 receptor
1 (TBR1) expression. We also discovered how this mecha-
nism underlies how TWIST1 promotes KFB proliferation and
invasion. According to the study’s findings, TWIST1 may
be a useful therapeutic target for treating keloid and other
fibroproliferative illnesses.

Methods

Specimen collection

Ten normal skin tissues and keloid scar tissues to be used for
plastic surgery were obtained from Peking Union Medical
College Hospital after receiving ethical permission from the
hospital’s local human study Ethics Council in line with the
Declaration of Helsinki’s tenets. Using keloid scar tissues and
normal skin tissues, primary human KFBs and NFBs were
extracted. Information on the patients is provided in Table S1,
see online supplementary material. Written consent was
obtained from the patients.

Histology and immunohistochemistry

Tissues were embedded in paraffin, fixed overnight in
paraformaldehyde and then dissected. Hematoxylin and eosin
or Masson’s trichrome was used to stain the slices. Sections
were stained using an anti-TWIST1 primary antibody
(CST, 69366, 1 : 300) and anti-MEF2A primary antibody
(Santa Cruz, sc-17785, 1 : 300) for immunohistochemistry
at 4°C overnight. The following day, the sections were
counterstained with hematoxylin and developed using
diaminobenzidine after being treated with an Horseradish
Peroxidase (HRP)-conjugated secondary antibody overnight.
Image-Pro Plus 6.0 software was utilized for quantitative
analysis.
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Cell isolation and culture

Human KFB and NFB isolation steps were as described in
our previous study [10]. Following excision, the scar sample
was washed three times in sterile 1x phosphate buffer solution
(PBS) before being immersed in a 0.25% trypsin solution and
stored at 4°C overnight. The next day, the epidermis was
removed and the scar was trimmed. Then, digestion with
0.25% collagenase IV solution was performed for 4 h at
37°C; 200-mesh sieving is needed. Centrifuging was carried
out at 1000 rpm for 5 min. The cells were maintained
in Dulbecco’s modified Eagle’s medium (HyClone) supple-
mented with 10% fetal bovine serum (FBS) (Sigma-Aldrich)
and 1% penicillin/streptomycin antibiotics (HyClone). The
medium was replaced every 2 to 3 days and observed with
a contrast microscope. Once the fusion occupies about 80%
of the bottom area of the Petri dish, passage is possible
[25]. Subsequent experiments used four to seven generations
of cells. TGF-81 was applied to cells in certain groups at
concentrations of 5 and 10 ng/ml (HZbscience).

Transfection and grouping of fibroblasts

Each well of a 6-well plate contained 3 x 10° cells. The
following day, transfection of small interfering (si)RNA or
plasmids was carried out in accordance with the recom-
mended procedures using Lipofectamine 3000 (Thermo
Scientific). For the purpose of creating stable TWIST1-
overexpressing cell cultures, lentiviral transduction was
carried out. A multiplicity of infection of 10 was used to infect
2 x 10° cells with TWIST1-overexpression lentiviruses from
Shanghai Genechem. The cells were grown in medium with
2 mg/l puromycin for 2 weeks after being infected for 72 h
to eliminate noninfected cells. Information about the siRNA
sequence is provided in Table S2, see online supplementary
material.

Quantitative real-time PCR

Following the manufacturer’s instructions, total RNA from
the cells was extracted using TRIzol reagent (Thermo Fisher
Scientific). Reverse transcription of the RNA was then carried
out using the RevertAid First Strand cDNA Synthesis Kit
(Thermo Fisher Scientific). Quantitative real-time PCR was
carried out using PowerUp SYBR Green Master Mix (Thermo
Scientific). The internal reference gene B-actin was used, and
fold enrichment was verified by computing the AACt value.
The primers used in this study are presented in Table S3, see
online supplementary material.

Western blot analysis

To extract proteins from cells, RIPA lysis buffer (P0013B,
Beyotime, China) was utilized. The protein concentration
was determined using the BCA Protein Assay Kit (P0012,
Beyotime, China). Before Western blotting, the protein lysates
from each cell were combined with sodium dodecyl sulfate
(SDS) buffer and boiled at 100°C for 10 min. For each well,
the total amount of protein sampled was estimated to be

20 pg. The proteins were electrophoretically separated in
an SDS—polyacrylamide gel and then transferred to a PVDF
membrane. After that, the PVDF membrane was blocked for
90 min with 5% milk in tris-buffered saline with 0.05%
Tween (TBST).

The membranes were then exposed to primary antibodies
at 4°C for an overnight incubation. Following a second
TBST wash, the membranes were incubated for 60 min with
a second antibody before being thoroughly cleaned with
TBST. A chemiluminescence detection kit (P0018S, Beyotime,
China) and an automated chemiluminescence image process-
ing system were then utilized to observe the proteins on the
PVDF membrane (Tanon, China). Image] software was used
to further quantify the protein bands. The primers utilized in
this study are presented in Table S4, see online supplementary
material.

Immunofluorescence

Protein expression was observed using an immunofluores-
cence assay. The primary antibody was anti-a-SMA (14395-
1-AP, Proteintech). As the secondary antibody, Alexa Fluor
488 (A0423, Beyotime) was utilized. Transfected cells ((2 x
10*) were implanted in each chamber of an eight-chambered
cover glass (Corning, USA). After cell adhesion, the cells
were treated for 15 min with 4% paraformaldehyde to fix
them. A 3% BSA solution at 37°C was employed to seal off
for 30 min. The cells were then incubated with the primary
antibody overnight at 4°C and with the secondary antibody
for 50 min at 37°C. The nuclei were finally stained using
2-(4-Amidinophenyl)-6-indolecarbamidine dihydrochloride
(DAPI) (C1006, Beyotime). A laser confocal microscope was
used to visualize and capture immunofluorescence (Nikon).

Cell counting kit-8 assay

The cell counting kit-8 (CCK-8) assay kit (Dojindo Laborato-
ries) was used to evaluate the rate of cell proliferation. In brief,
96-well plates were first seeded with KFBs at 5000 cells per
well. On the first day following transfection, the transfected
cells were plated. At 0, 24, 48, 72 and 96 h after seeding,
10 wul of the CCK-8 reagent was applied to each well. After
2 h, all plates were scanned by a microplate reader (Thermo
Fisher Scientific). Four replicates were used in the experiment.
Measurements of absorbance at 450 nm were used to assess
cell proliferation.

Matrigel invasion assays

The ability of KFBs to invade was assessed using 8-mm mem-
brane pore transwell chambers (Corning) that were precoated
with Matrigel (BD Biosciences). A 60 ul volume of dilute
Matrigel gel, 1 : 9 with serum-free cell culture medium, at
4°C was added to each chamber and incubated for 3 h at
37°C. The bottom chambers were then filled with 500 ml of
10% FBS containing Dulbecco’s modified Eagle’s medium.
The top chambers were seeded with 5000 cells per well in
serum-free medium. As the cultures were prepared for the
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invasion test, we removed the top chambers and any adherent
cells in a half-circle on either the upper or bottom side of
the membranes. The adhering cells were then treated with
methanol and stained with 0.5% crystal violet (Olympus,
Japan) and cell counting was performed using an optical
microscope in three randomly selected regions of each side
of the membrane.

Co-immunoprecipitation Using a specific lysis buffer for
immunoprecipitation, human KFB proteins were obtained.
Thermo Fisher Scientific’s BCA kit was used to assess the
protein concentrations in the lysates after centrifugation,
and the lysates were then softly rocked at 4°C overnight.
Lysates were treated with protein A/G-agarose (Thermo
Fisher Scientific) prebound to anti-TWIST1 or anti-MEF2A
antibody for 2 h to perform immunoprecipitation. A total
of 400 ug of total protein was utilized with ~3 ul of
antibodies. Precipitated proteins were boiled in 2x sample
loading buffer and then separated by 15 or 12% SDS-PAGE
after being washed five times with cell lysis solution. The
separated protein was transferred to a PVDF membrane
and immunoblotted using an anti-TWIST1 or anti-MEF2A
antibody, as appropriate. Inmunoglobulin G (IgG) served as
the negative control.

Mass spectrometry

The proteins in the elution were precipitated by adding four
volumes of cold acetone after an overnight immunoprecip-
itation at 4°C. Protein samples were dissolved in 8 mol/l
urea/100 mmol/l Tris—=HCI after drying in air (pH 8.0). After
being reduced with 10 mmol/l Dithiothreitol (DTT) at 37°C
for 60 min, cysteine was alkylated in the dark with 40 mmol/l
iodoacetamide at ambient temperature for 30 min. Urea was
diluted to <2 mol/l (pH 8.0) with 100 mmol/l Tris-HCI. After
desalting the peptides using StageTip C18 and vacuum drying
them, trypsin was added for overnight digestion at 37°C. The
resultant tryptic peptides were examined using a TripleTOF
5600 LC-MS/MS mass spectrometry (MS) system. The pep-
tides were initially put onto an Agilent Technologies C18 trap
column (5 um, 5 x 0.3 mm) and then eluted into an Eksigent
C18 analytical column (75 um x 150 mm, 3 um particle size,
100 pore size). Dimethyl sulfoxide (DMSO) (3%), 97% H,O
and 0.1% formic acid were used in mobile phase A, while
3% DMSO, 97% ACN and 0.1% formic acid were used in
mobile phase B to create a 100-min separation gradient. A
constant flow rate of 300 nl/min was used. Each scan cycle
for information-dependent acquisition (IDA) mode analysis
included 40 MS/MS events (m/z ranging from 100 to 1500,
ion accumulation period 50 ms) after full-scan mass spec-
tra (m/z ranging from 350 to 1500, ion accumulation time
250 ms) were obtained. For +2 to +5 precursors, the MS/MS
acquisition activation threshold was set at 120 cps. The pre-
vious target-ion exclusion time was 18 s. ProteinPilot (V4.5)
searches were made using the Paragon algorithm against the
proteome reference database for humans in UniProt. Unused
>1.3 was utilized to filter search results, database entries and

tainted proteins were removed, and the identification data
that remained were used for further research.

Ubiquitination assays

KFBs were maintained in a 25 x 25 cell container and given a
further 12 h of proteasome inhibitor treatment with MG132
(10 mol/l). Total cell lysates were created using 20 mmol/l
Tris—=HCI, pH 7.5, 150 mmol/l NaCl, 10 mmol/l EDTA, 1%
Triton X-100, 1% deoxycholate and a protease inhibitor
cocktail as the lysis buffer (Roche). Sonication and centrifu-
gation were used to lyse the cells. The supernatants were then
collected, treated with an anti-MEF2A antibody overnight
at 4°C and then incubated with protein A/G-agarose for 2
h. Centrifuging, collecting, washing, suspending and using
antibodies against ubiquitin or MEF2A were conducted prior
to western blot examination of the immunoprecipitates.

Chromatin immunoprecipitation

KFBs were harvested, fixed with 1% formaldehyde in PBS
for 10 min and washed with ice-cold PBS. Cells were
subsequently sonicated to generate DNA fragments, which
were immunoprecipitated with anti-MEF2A or control IgG
(26 157, Thermo Scientific). Immunoprecipitated chromatin
fragments were quantified by real-time PCR and normalized
against total input genomic DNA. Primer sequences were
designed to span the predicted consensus elements of the
MEF2A binding motif within the TBR1 promoter by use of
the freeware Jaspar (http://jaspar.genereg.net/). The primers
utilized in this study are presented in Table S5, see online
supplementary material.

Dual-luciferase reporter assay

To determine whether the gene promoter was activated, a
dual-luciferase reporter study was performed. For the dual-
luciferase reporter test, the control lentivirus-CON254 and
lentivirus-TWIST1 cell lines were created. Cells were trans-
fected with either the wild-type or mutant human TWIST1-
promoter-luciferase reporter and seeded in 6-well plates. Fol-
lowing a 48-h transfection, the cells were lysed and a dual-
luciferase reporter assay was conducted as directed by the
Dual Luciferase Reporter Gene Assay Kit (Yeasen Biotechnol-
ogy). A multipurpose microplate reader was used to measure
the bioluminescence.

Statistical analysis

The information is shown as the means and standard devia-
tion. Comparison between the means of two groups of scar
tissue and normal skin tissue of the same patient is performed
by the paired samples t-test. Two factor repeated measures
of variance was applied to analysis the difference. If three
or more groups were compared, analysis of variance was
followed by Tukey’s post hoc test. Statistics were judged
significant at p < 0.05. Each experiment was run at least three
times. The Prism 8 program was used to create the graphs and
pictures.


http://jaspar.genereg.net/
http://jaspar.genereg.net/
http://jaspar.genereg.net/
http://jaspar.genereg.net/
http://jaspar.genereg.net/
http://jaspar.genereg.net/
http://jaspar.genereg.net/
http://jaspar.genereg.net/
http://jaspar.genereg.net/
http://jaspar.genereg.net/
https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkae024#supplementary-data

Burns & Trauma, 2024, Vol. 12, tkae024

5
a . b d
- Keloid e *KK 54 *%
% Z 44 ' Z i
® > 2 b 4.
= ; - 3 3l
= 9 5
E EZ- 5 2-
= 51 ] g 1 ™
o & 5
R - =TI % 0 T T g 0 Gt —
i< e Al § ko o « > Normal skin Keloid
= A‘ o = e 00 % \q, Q\o
f vz N ] J\,\(\'z’ E
. # » - r Q)
: R S S 1y R Human tissue
/ e o Fro g A Normal skin Keloid
e - C Pi_ P2 P3 P1 P2 P3
= y
% g TWIST1 ‘r 25KD
P : =
&
E B-actin | - o <o — — mm—— e | 42KD
= — = \
IS S, € P1 P2 P3
= a NFBs KFBs NFBs KFBs NFBs KFBs
oL
apas 5 330057 TWIST1 s e | O5KD
- — — — B-actin T
®
E. - - TGF-B
% : 2 ; 3 f E 8 ';T g Control ~ 5ng/ml  10ng/ml
2 ‘ S e 100.um E 6
© Y
TWIST| - - -
. s g 4 25KD
22 .
=t LR |- ) B-actin] s - S |0
7 = : Zo — ——
50 um| NFBs KFBs Keloid derived fibroblast (P1)

Figure 1. TWIST1 is upregulated in keloid tissue and keloid-derived fibroblasts. (a) The expression levels of TWIST1 were detected in keloid and paired normal
tissue by immunohistochemistry (Scale bar: 100 um & 50 um). (b) MRNA expression level of TWIST1 was measured in keloid and normal skin tissue by real-
time PCR. (¢, d) Western blotting was used to measure the protein expression level of TWIST1 keloid tissues and paired normal skin tissues with densitometry
analysis of western blot results. (e, f) Western blot results of TWIST1 in keloid-derived fibroblasts and normal skin-derived fibroblasts. (g) Western blot results of
TWIST1 in keloid-derived fibroblasts with 0, 5 and 10 ng/ml TGF-81. *p < 0.05, **p < 0.01, *** p < 0.001. NFBs normal skin-derived fibroblasts, KFBs keloid-derived
fibroblasts, TWIST1 Twist-related protein 1, TGF-$ transforming growth factor beta

Results

Expression of TWIST1 is increased in keloid tissues
Hematoxylin and eosin staining revealed that the dermis of
keloid tissues contained more fibroblasts and disordered col-
lagen fibrils than comparable normal skin tissues. In contrast
to matching normal skin tissues, Masson staining showed that
the location of collagen fibrils in keloid tissues was chaotic,
and that the quantity of collagen was higher (Figure S1, see
online supplementary material).

The levels of TWIST1 mRNA and protein expression in
keloid and normal skin tissues and cell lines were obtained
using RT-PCR, western blotting and immunohistochemistry.
TWIST1 protein expression was markedly higher in keloid
skin tissue than in matching normal skin tissue, according
to the RT-PCR, western blotting and immunohistochem-
istry results (Figure la-d; p <0.01). According to the

western blot results, TWIST1 was upregulated in KFBs
compared to NFBs (Figure le, f). TWIST1 protein concen-
trations considerably increased after 24 h of incubation
with TGF-B81 at concentrations of 5 and and 10 ng/ml
(Figure 1g).

TWIST1 facilitates KFB proliferation and invasion

RT-PCR and western blotting were used to confirm the
transfection effectiveness. Based on knockdown efficiency,
we chose si-TWIST1-001 for the next step of research.
As expected, the mRNA and protein expression levels
were dramatically downregulated in the group treated
with small interfering RNA TWIST1-001 compared to the
small interfering negative control groups (Figure S2a, b, see
online supplementary material). In contrast, the TWIST1
group exhibited greatly upregulated mRNA and protein
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expression levels in comparison to the vector groups (Figure
S2¢, d, see online supplementary material). The assays
that followed employed cells that were stably infected. We
further confirmed the capacity of TWIST1 to affect the
biological behavior of KFBs. The CCK-8 assay showed that
downregulating TWIST1 significantly reduced the capacity
of KFBs to proliferate (p < 0.05). In contrast, overexpression
of TWIST1 significantly improved KFBs’ capacity for
(Figure 2a,b; p <0.05). Transwell assays
showed that overexpression of TWIST1 greatly increased
the invasion ability of KFBs, and knockdown of TWIST1
significantly decreased the invasion ability (Figure 2c, d;
p <0.05). Furthermore, we validated the effect of TWIST1
on downstream factors of the EMT pathway in KFBs.

proliferation

Using RT-PCR, we revealed that knockdown of TWIST1
dramatically decreased the mRNA expression of E-cadherin
and increased the expression of N-cadherin, vimentin
and fibronectin and vice versa (Figure S2e, f, see online
supplementary material). Additionally, immunofluorescence
labeling showed that si-TWIST1 dramatically reduced
the production of a-SMA that was induced by TGF-g1,
indicating the significance of TWIST1’s role in fibroblast
activation (Figure 2e). In addition, we also interfered with
NFBs using siRNAs and overexpression plasmids (Figure
S3a, b, see online supplementary material). Using CCK-8 and
transwell experiments, we found that the effect of TWIST1
on the proliferation and invasion ability of NFBs was not
significant (Figure S3c—f, see online supplementary material).
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TWIST1 enhances the expression of TBR1, Smad3, a-SMA,
collagen type I and collagen type IIl We further investigated
TWIST1’s ability to affect TGF-B/Smad signaling. Using RT-
PCR, we revealed that knockdown of TWIST1 dramatically
decreased the mRNA expression of TGF-8/Smad signaling
components, including TBR1, Smad3, «a-SMA, collagen type
I (COL1) and collagen type III (COL3) (Figure S4a, see
online supplementary material). On the other hand, TWIST1
overexpression also markedly elevated the mRNA expres-
sion of TBR1, Smad3, «-SMA, COL1 and COL3 (Figure
S4b, see online supplementary material). We showed that
knockdown of TWIST1 dramatically reduced the expression
levels of TGF-B/Smad signaling proteins, including TBR1,
Smad3, «-SMA, COL1 and COL3, using Western blot analy-
sis (Figure 3a, b). On the other hand, TWIST1 overexpression
also markedly increased the levels of TBR1, Smad3, a-SMA,
COL1 and COL3 protein expression (Figure 3¢, d). Com-
bined, these findings suggested that TWIST1 could improve
TGF-B/Smad signaling.

TWIST1 interacts with MEF2A in KFBs

Since enhanced KFB activation, proliferation and invasion has
been mechanistically linked to increased TBR1 expression, we
next investigated whether the negative effects of TWIST1 in
keloids may be connected to altered TBR1 gene expression
[26,27]. By attaching to E-box elements, TWIST1 controls
the expression of the target gene. Although we hypothe-
sized that TWIST1 might directly interact with the TBR1
promoter region, the coimmunoprecipitation results showed
no evidence of this (Figure 4a). Additionally, a bioinformatic
search revealed no direct relationship between TWIST1 and
the TBR1 promoter (http://cistrome.org/db/#/). Hence, we
hypothesized that TWIST1 might control gene expression
through a molecular partner.

A total of 508 proteins were discovered by mass spectrom-
etry analysis to probably interact with TWIST1. Our focus
was on MEF2A, a significant transcription factor linked to
fibroblast development [28]. MEF2A was pulled down by
TWIST1 immunoprecipitation and vice versa in human KFBs,
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demonstrating a direct relationship between the two proteins
(Figure 4b, c).

The next step was to determine whether MEF2A works
as a downstream target of TWIST1 in KFBs. TWIST1 silenc-
ing significantly decreased MEF2A concentrations, whereas
TWIST1 overexpression in KFBs increased MEF2A concen-
trations (Figure 4d, €). TWIST1 knockdown or overexpres-
sion, however, had no effect on MEF2A mRNA levels in
KFBs, showing that TWIST1 directly regulates MEF2A pro-
tein concentrations, most likely by inhibiting its degradation
( Figure S5a, b, see online supplementary material).

TWIST1 inhibits the ubiquitination and proteasomal
degradation of MEF2A. Using cycloheximide chase exper-
iments, we demonstrated that TWIST1 overexpression
enhanced the half-life of MEF2A in KFBs (Figure 5a, b).
These results led us to investigate whether TWIST1 might
increase MEF2A degradation by the ubiquitin proteasome
pathway. After TWIST1 knockdown, the loss of MEF2A was
prevented by the proteasome inhibitor MG132, indicating
that TWIST1 specifically targets MEF2A and suppresses its
proteasomal degradation (Figure Sc, d). TWIST1 consistently
regulated the level of ubiquitination of MEF2A in KFBs
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(Figure Se, f). Co-immunoprecipitation assays revealed a
connection between MEF2A and mouse double minute
2 homolog (MDM2), the E3 ubiquitin-protein ligase for
MEF2A, which was diminished by TWIST1 silencing
(Figure Sg). Interestingly, this effect was not attributed to
a reduction in total MDM2 expression, as si-TWIST1 had
no influence on this (Figure 5h, i). Our results suggest that
TWIST1 suppresses MDM2-mediated ubiquitination and
MEF2A proteasomal degradation.

TWIST1 stimulates KFB proliferation via MEF2A

Next, we evaluated the functional relevance of MEF2A for
TWIST1-dependent KFB behaviors. Using western blotting
and immunohistochemistry, we demonstrated that MEF2A
was expressed at a higher level in keloid tissues than in normal
skin tissues (Figure S5c-e, see online supplementary material).
Additionally, by extracting fibroblasts, we found that MEF2A
expression was higher in KFBs than in NFBs (Figure S5f, see
online supplementary material). The expression of TBR1,
Smad3 and «-SMA in KFBs was decreased by MEF2A
knockdown (Figure S5g-i, see online supplementary material).

Further investigating this hypothesis, we examined
whether the biological behavior of TWIST1-overexpressing
KFBs could be rescued by inhibiting MEF2A. Accordingly,
MEF2A knockdown significantly attenuated the effect of
TWIST1 overexpression on KFB proliferation, invasion and
fibroblast activation (Figures 6a—c). Similarly, after TWIST1
overexpression, MEF2A knockdown restored TBR1, Smad3,
a-SMA, COL1 and COL3 expression (Figure 6d,e). Our
findings identify MEF2A as a downstream regulator of
TWIST1-dependent KFB proliferation, invasion and fibrob-
last activation.

TBR1 was the direct target of MEF2A in KFBs

Chip-qPCR analysis was performed using primers created
in accordance with the JASPAR database’s predicted binding
site for MEF2A (Table S5, see online supplementary material)
on the TBR1 promoter. The findings demonstrated that
MEF2A had a better ability to attach to DNA sequences
from the TBR1 region -1878 to —1864 than to another
binding site (—565 to —551) (Figure 7a, b). Moreover, a
dual-luciferase reporter gene was constructed to identify
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MEF2A promoter activity. The outcomes demonstrated that
relative luciferase activity was increased in the wild-type-
promoter group following MEF2A elevation but remained
unaltered in the mutated-promoter group (Figure 7c).
According to these findings, MEF2A is directly linked to the
TBR1 promoter at the designated DNA regions, activating
the transcription of TBR1 (Figure 8).

Discussion

In this article, we report a unique role for TWIST1 as
a promoter of KFB proliferation, invasion and fibroblast
activation. We also present a novel mechanism for TWIST1 in
KFBs, in which TWIST1 increases TBR1 through suppressed
degradation of the transcription factor MEF2A, which
directly interacts with the TBR1 promoter and controls TBR1
transcription. Thus, TWIST1 inhibition may offer an effective
way to prevent keloids.

The healing process of skin wounds involves a complex
coordination and interaction between the processes of re-
epithelialization and granulation formation. A poorly healed
skin wound can easily contribute to the formation of scars,
including hyperplastic scars and keloids. Research has shown
specimens from patients with hyperplastic scars with a signif-
icant thickening of the epidermis of the scars and basement
membrane degradation [29]. Further analysis revealed that
TWIST1 expression was also significantly increased in scar
tissue and that EMT in scar tissue was associated with
elevated levels of local inflammatory factors [29]. Meanwhile,
studies have shown that EMT may occur in tissues such
as epidermis, hair follicles and microvasculature of keloids,
accompanied by high expression of EMT molecules such as
TWIST1 [30].

TWIST1 was originally discovered to be a developmen-
tal process regulator in Drosophila embryos [31]. TWIST1
regulates a number of physiologic and pathological processes
in vertebrates [14,32,33]. We observed increased TWIST1
expression not only following TGF-B1 stimulation in vitro
but also in keloid tissue when compared with normal skin tis-
sue. Silencing TWIST1 reduced KFB activation, invasion and
proliferation. The TBR1 gene in KFBs was positively mod-
ulated by TWIST1 during transcription. Although TWIST1
is known to function as a transcriptional modulator that can
perform with a certain E-box motif, a search of the chromatin
immunoprecipitation sequence database did not find any
evidence of a direct relationship between TWIST1 and the
TBR1 promoter. However, we discovered a unique molec-
ular relationship between TWIST1 and MEF2A in which
TWIST1 promoted MEF2A binding to MDM2 to increase
MEF2A expression. However, TWIST1 had no effect on the
levels of MDM2 proteins, indicating that the interaction
between TWIST1 and MEF2A may have changed the way the
MEF2A protein conforms, making it easier for it to connect
to MDM2. However, this hypothesis is yet to be verified.

The MEF2 proteins are transcriptional regulators from
the Minichromosome Maintenance 1 (MCM)-1-agamous-
deficiens serum response factor family [34,35]. Previous
research has shown that MEF2 is essential for numerous
physiological and pathological processes [36,37]. MEF2A,
the most prevalent family member expressed in fibroblasts
and previously associated with hypertrophic scarring but not
keloids, is one of the known MEF2 proteins [38,39]. In this
article, we demonstrate that KFBs and keloid tissue both
exhibit a significant upregulation of MEF2A. The unique
keloid remodeling mechanism we present further identifies
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MEF2A as a molecular partner of TWIST1 with biological
consequences in KFBs. TWIST1 enhances MEF2A expression
through reduced MDM2-mediated protein degradation.

TBR1 is the most prominent gene associated with fibrosis,
and acquired expression of the TBR1 gene is a common trait
in patients with keloids [40-42]. Increasing evidence suggests
that functional TBR1 gain has a causal role in the dysregu-
lated proliferation of KFBs. Here, we found that MEF2A is a
novel transcription factor that binds to the promoter region
of the TBR1 gene and directly controls the gene’s expres-
sion. This finding offers a potential mechanistic explanation
for how TWIST1 promotes TBR1 transcription. The study
demonstrated that TWIST1 promotes KFB proliferation and
invasion by increasing the quantity of MEF2A and proba-
bly by restoring TBR1 expression, supporting this mecha-
nistic connection. On the other hand, TWIST downregula-
tion increased proteasomal MEF2A degradation and hence
decreased the amount of MEF2A at the TBR1 promoter.

However, it is crucial to keep in mind that, just as tran-
scription factors other than MEF2A and epigenetic processes
may be involved in the rise of TBR1 in keloids, the regulation
of MEF2A and TBR1 may just represent one of numerous
paths for the proliferative effects of TWIST1. Our study’s
focus on TWIST1’s impact on keloid KFBs specifically poses
additional limitations. TWIST1, in addition to the above
roles in KFBs, has been reported to be associated with severe
inflammatory [43-45]. Future investigations into the promo-
tion of the fibrosis effect of TWIST1 in hypertrophic scar
and keloid development are needed in light of the growing
significance of fibrosis in scar formation. The lack of cell-type
specificity and potential off-target effects of TWIST1 inhibi-
tion by harmine should also be taken into consideration, as
well as the typically limited capacity of preventive therapies
to translate from the keloid model to the clinical setting.

Overall, we demonstrated the critical function of TWIST1
in keloids. More specifically, we showed that the connection
between TWIST1 and MEF2A, in which TWIST1 promotes
MEF2A-mediated TBR1 transcription and induces activation
of the TGF-B/Smad pathway, is what causes fibroblast acti-
vation. TWIST1 shows potential for the treatment of keloid
and other fibroproliferative diseases.

Conclusions

Our research identifies a pivotal role of TWIST1 in keloid
pathogenesis, particularly in fibroblasts, which is partly medi-
ated by elevated MEF2A-dependent TBR1 expression. Block-
ing TWIST1 activity in keloid fibroblasts may represent a
novel therapeutic approach for treating keloid disease. Our
findings enhance understanding of keloid pathogenesis and
suggest new directions for targeted therapies. Future studies
could explore specific inhibitors of TWIST1 and test their
efficacy in preclinical models.
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