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ARTICLEINFO ABSTRACT

Keywords:
Botulinum toxin A
Hypertrophic scars

Botulinum toxin A (BTXA) is a safe and widely used neurotoxic protein in cosmetic procedures and medical
applications, This investigation focuses on the function of BTXA on macrophage phenotype during hypertrophic
scar (HS) formation and the underlying functional mechanism. A mouse model of HS was generated, where BTXA

r:;lr;pqhages treatment reduced demmal thickness, epidermal hyperplasia, and collagen deposition in a dose-dependent
50CS2 manner. Moreover, BTXA reduced fibrosis, proliferation, angiogenesis, and M2 macrophage markers within

the scar tissues, with parallel findings obtained in the in vitro co-culture system of induced M2 macrophages
(derived from THP-1 monocytes) and human dermal fibroblasts (HDFs). Following bioinformatics and RNA
sequencing insights, we identified increased expression of poly (ADP-ribose) polymerase family member 14
(PARP14) and suppressor of cytokine signaling 2 (SOCS2) in wound skin of mice, which were suppressed by
BTXA treatment. PARP14 enhanced SOCS2 mRNA stability. Overexpression of PARP14 restored the M2 polar-
ization of macrophages and negated the HS-ameliorating effects of BTXA. However, these effects were coun-
teracted by the additional silencing of SOCS2 in mice or THP-1 cells. In conclusion, this investigation suggests
that BTXA inhibits PARP14-mediated SOCS2 RNA stabilization to reduce M2 polarization of macrophages and
alleviate hypertrophic scarring.

1. Introduction

Hypertrophic scars (HS) frequently emerge following significant skin
injuries, such as those caused by trauma, burns, or surgical procedures
[21]. HS typically presents as pruritic, painful, elevated, erythematous,
and dyschromic, with contractile properties [11]. These symptoms,
along with physical deformities such as bulging, redness, and skin
tightening, significantly impair the quality of life, physical well-being,
and psychological health of affected individuals [5,15]. Although
numerous treatment options, including surgical removal, silicone-based
treatments, interferons, corticosteroids, laser therapy, pressure therapy,

* Corresponding author.

and other anti-collagen therapies, have been proposed for managing HT,
an ideal treatment approach remains elusive [8].

The onset and progression of HS are intricately linked to the wound
healing process, which is typically divided into several continuous
phases: hemostasis, inflammation, proliferation, and remodeling of the
extracellular matrix [20,32]. Macrophages are involved in all stages of
HS genesis through phenotypic changes [26]. Pro-inflammatory medi-
ators like interferon-y and tumor necrosis factor induce the formation of
“classically activated” M1 macrophages, which produce pro-
inflammatory cytokines and support the early stages of wound healing
[7]. Conversely, M2 macrophages, activated by interleukin (IL)-4 and/
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or IL-13, secrete anti-inflammatory factors such as transforming growth
factor p (TGF-p) and IL-10, promoting fibrosis, angiogenesis, and tissue
repair [7]. However, an overabundance of M2 macrophages or delayed
M2 cytokine expression is associated with pathological scar formation
[31], making them potential therapeutic targets for reducing hypertro-
phic scarring.

Botulinum toxin (BTX), also referred to as BoNT, is a neurotoxic
protein produced by the bacterium Clostridium botulinum and related
species [1]. It is widely recognized for its applications in cosmetic and
medical procedures [9]. Type A BTX (BTXA) is the most commonly used
subtype, with proven safety and effectiveness in reducing wound edge
tension and improving scar quality [16]. Emerging studies have
underscored BTXA's potential in treating HS [2,18]. However, its effects
on macrophage phenotype and the underlying mechanisms remain
unclear.

This study employed bioinformatics analyses to identify poly (ADP-
ribose) polymerase family member 14 (PARP14) and suppressor of
cytokine signaling 2 (SOCS2) as genes that are aberrantly expressed in
HS and may be downstream targets modulated by BTXA. An intact
PARP14 (also named ARTD8 or BAL2) is constructed by macrol,
macro2, macro3, WWE, and the catalytic domain, and PARP14 has been
considered a fascinating target for the treatment of allergic inflamma-
tion since it uses nicotinamide adenine dinucleotide as a metabolic
substrate to conduct mono-ADP-ribosylation modification on target
proteins, taking part in cellular responses and signaling pathways in the
immune system [23]. Additionally, PARP14 has been reported to func-
tion as an RNA-binding protein (RBP) that influences RNA stability [29].
50CS2, a member of the SOCS family, is crucial in negatively regulating
cytokine signaling pathways and maintaining immune functions [12].
Notably, SOCS2 has been found to activate the Wnt/p-catenin by regu-
lating the nuclear translocation of p-catenin [34], and activation of
p-catenin signaling promotes M2 polarization in macrophages [36].
Based on these findings, this study aimed to explore the role of BTXA in
macrophage phenotype and HS development, focusing on the potential
involvement of the PARP14/S0CS2/p-catenin axis.

2. Materials and methods
2.1. Animal modeling and treatment

Male C57BL/6 mice (8 weeks old, 19-23 g) were purchased from
Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China). All
animal procedures were approved by the Animal Ethics Committee of
Zhongshan Hospital, Fudan University, and were conducted following
the Guide for the Care and Use of Laboratory Animals (NIH, Bethesda,
MD, USA). The mice were housed under a 12-h light/dark cycle with free
access to food and water. After one week of acclimation, the animals
were randomly divided into 7 groups: HS + NS (normal saline), HS +
BTXA, HS + TA (triamcinolone acetonide), HS + BTXA + oe-NC
(overexpression-negative control), HS + BTXA + oe-PARP14, HS +
BTXA -+ oe-PARP14 + sh (short hairpin RNA)-NC, and HS + BTXA + oe-
PARP14 + sh-SOCS2 groups, with the HS + BTXA group further sub-
divided into low, medium, and high-dose groups of 5 mice each. Each
group/subgroup contained 5 mice.

All mice were anesthetized via intraperitoneal injection of 0.4 mL/kg
fluanisone and 5 mg/kg diazepam. The dorsal hair of the mice was
shaved and cleaned. A model of HS was induced by suture-anchored
tension in excisional wounds in mice. Briefly, a circular, fully lami-
nated wound with a diameter of 8 mm was created on the back, and
concentric plastic fixtures were placed on the wound for immobilization.
The hollow inner circle was 8.5 mm in diameter, and the circumference
was a cylinder 6 mm high, with the inner circle aligned with the wound.
The outer diameter was 16.4 mm and flat. The skin around the outer
circumference was secured to the inner cylinder with 6-0 nylon thread
so that the trauma was pulled under tension. After modeling, the mice
were immediately treated with the respective drugs. In the HS + NS
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group, mice were injected with normal saline as a control, while the
other groups were injected intradermally with 0.5 U, 1 U, and 2 U of
BTXA (YK2147, Hubei Yongkuo Technology Co., Ltd., Tianmen, Hubei,
China) at five different sites along the wound edge [17] or 0.05 mL/g TA
(HY-B0636, MedChemExpress, Monmouth Junction, NJ, USA) [3].
Lentiviruses packaged with oe-PARP14, sh-SOCS2, and their NCs
(oe-NC, sh-NC) were applied to the mice’s wounds to infect the scar
tissue. Five loci were selected at the wound edges, and each mouse
received 5 x 10'° TU of lentivirus (10'? TU/mL, Shanghai GenePharma
Co., Ltd., Shanghai, China). Euthanasia was performed by intraperito-
neal injection of sodium pentobarbital (150 mg/kg) at week 2 of the
incision, and the scar tissue was harvested for subsequent experiments.

2.2. Isolation of macrophages from mouse scar tisstes

Referring to a previous report [25], macrophages were isolated from
mouse scar tissues, The tissues were cut into 2-3 mm?® pieces and
incubated with dispase buffer containing 1 mg/mL Dispase II
(40104ES80, Yeasen, Shanghai, China), 10 mg/mL G418 (60220ES08,
Yeasen), and 3 % fetal bovine serum (FBS, 40131ES76, Yeasen) at 4 °C
overnight. This was followed by incubation for 2 h at 37 °C through a
collagenase digestion buffer containing 1 mg/mL Collagenase 1
(40507ES60, Yeasen), 5 mg/mL G418, and 75 U/mL DNase I
(10325E890, Yeasen). The suspension was centrifuged at 4 °C to pre-
cipitate the cells, and dead cells were removed by LIVE/DEAD Fixable
Blue Dead Cell Stain Kit (L23105, Thermo Fisher Scientific Inc., Wal-
tham, MA, USA). The cells were incubated with BeyoFC Fc Receptor
Blocking Solution (Anti-mouse CD16/CD32, C1755M, Beyotime,
Shanghai, China) for 5 min and with BeyoFC FITC anti-mouse F4/80
Antibody (AC1175, Beyotime), BeyoFC PE-Cy5 anti-mouse CD45 Anti-
body (AC1020, Beyotime) for 30 min (both on ice in the dark). Macro-
phages positive for both CD45 and F4/80 were isolated by flow
cytometry for subsequent experiments.

2.3. RNA-sequencing (RNA-seq) analysis

Total RNA was extracted from macrophages in scar tissue from HS +
NS and HS + BTXA groups of mice (4 samples each) using the RNeasy
mini kit (74,106, Qiagen Company, Hilden, Germany), and the purified
RNA samples were quantified using a Nanodrop spectrophotometer.
cDNA libraries were prepared from RNA samples using the low-
throughput sample protocol of the TruSeq RNA Sample Preparation
Kit v2 (15,027,387, [llumina, Inc., San Diego, CA, USA). Briefly, mRNA
was purified from total RNA using Ampure magnetic beads with
attached poly-T oligonucleotides. The purified mRNA was fragmented
using divalent cations and high temperatures. Fragmented mRNA was
mixed with random primers and reverse transcriptase and amplified by
one polymerase chain reaction (PCR) cycle to generate first-strand
cDNA. The first-strand cDNA fragments were then incubated with
DNA polymerase I at 16 °C for 1 h to synthesize second-strand cDNA.
The resulting double-stranded ¢cDNA fragments were end-repaired and
ligated to adapters. The final cDNA libraries were purified and amplified
by PCR. The quality and concentration of the cDNA libraries were
checked using a Bioanalyzer and DNA 1000 kit (5067-1504, Agilent
Technologies, Palo Alto, CA, USA) following the manufacturer’s proto-
col. The libraries were sequenced on an [llumina sequencer. Raw reads
from paired-end libraries were provided to QFAB in Fastq files for
quality control, mapping, and differential expression analysis. Quality
checks of raw read counts from sequencing libraries were performed
using the FastQC tool. Differentially expressed genes were calculated
using the R software package DESeq2 (v.1.40.0), where ADJUST p value
<0.05, |Log;FoldChange| > 1 was considered significant.

2.4. Histological staining

Mouse scar tissue was fixed in 4 % formaldehyde, dehydrated,
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Table 1

Primer sequences for qPCR analysis.
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Gene Forward Sequence (5-3) Reverse Sequence (5-3)

CD163 (human) CCAGAAGGAACTTGTAGCCACAG CAGGCACCAAGCGTTTTGAGCT
Arg-1 (human) TCATCTGGGTGGATGCTCACAC GAGAATCCTGGCACATCGGGAA
Arg-1 (mouse) CATTGGCTTGCGAGACGTAGAC GCTGAAGGTCTCTTCCATCACC
PARP14 (human) GACTGTCGCTATGTGCTTCACG GGACAAGCTCTCAGTGATCTCC
PARP14 (mouse) GGTCTCTGTTGATGTGGGCACA TTCTCGGTGGTCTTCAGGCAGT
50CS2 (human) GGTCGGCGGAGGAGCCATCC GAAAGTTCCTTCTGGTGCCTCTT
TGF-f (mouse) TGATACGCCTGAGTGGCTGTCT CACAAGAGCAGTGAGCGCTGAA
GAPDH (human) GTCTCCTCTGACTTCAACAGCG ACCACCCTGTTGCTGTAGCCAA
GAPDH (mouse) CATCACTGCCACCCAGAAGACTG ATGCCAGTGAGCTTCCCGTTCAG

Note: qPCR, quantitative polymerase chain reaction; Arg-1, arginase 1; PARP14, poly (ADP-ribose) polymerase family member 14;
SOCS2, suppressor of cytokine signaling 2; TGF-f, transforming growth factor p; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

embedded, and sectioned into 3 pm slices. The sections were then
deparaffinized with xylene and rehydrated in graded ethanol. For He-
matoxylin and eosin (HE) staining, the sections were immersed in he-
matoxylin solution (C0105M, Beyotime) at room temperature for 5 min,
followed by soaking in eosin solution for 2 min. Collagen deposition and
fibrosis in the tissue section were examined using Masson’s trichrome
staining kit (0189S, Beyotime). After staining, the tissue sections were
dehydrated, cleared with xylene, and mounted with neutral gum for
microscopic observation. The scar cross-sectional area from HE staining
and the percentage of fibrotic area in Masson's trichrome staining were
evaluated using Image J software.

2.5. Immunohistochemistry (IHC)

Following deparaffinization and rehydration, the scar tissue sections
were soaked in antigen retrieval solution at 95 °C for 20 min. Endoge-
nous peroxidase activity was blocked with 3 % hydrogen peroxide, and
non-specific binding was blocked with 5 % goat serum for 1 h. The
sections were then incubated at 25 °C for 1 h with antibodies against
CD31 (1:2000, ab182981, Abcam Inc., Cambridge, MA, USA), Ki67
(1:1000, ab15580, Abcam), and CD163 (1:500, ab182422, Abcam). The
sections were then incubated at 25 °C with HRP-conjugated goat anti-
rabbit IgG (1:30,000, ab205718, Abcam) for 15 min. After visualiza-
tion using 3,3-diaminobenzidine (P0202, Beyotime), the sections were
washed with phosphate-buffered saline (PBS), counterstained with he-
matoxylin, and dehydrated for observation under the microscope. The
positive staining rate was calculated.

2.6. Cell culture and treatment

The human monocytic cell line THP-1 (CL-0233) was purchased from
Procell Life Science & Technology Co., Ltd. (Wuhan, Hubei, China).
THP-1 cells were cultured in RPMI-1640 (11,875,093, Thermo Fisher)
supplemented with 10 % FBS and 100 U/mL penicillin-streptomycin at
37 °C with 5 % CO,. THP-1 cells were stimulated with 320 nmol/L
phorbol 12-myristate 13-acetate (PMA) (CS0001, Multi Sciences
(Lianke) Biotech Co., Ltd., Hangzhou, Zhejiang, China) for 18 h to
differentiate into MO macrophages.

To induce an M2 phenotype, the THP-1 cells were treated with 320
nmol/L PMA for 12 h, followed by further incubation with 20 ng/mL IL-
4 (200-04, Peprotech Inc., Rocky Hill, NJ, USA) and 20 ng/mL IL-13
(200-13, Peprotech) for 48 h [30]. For drug treatment, cells were
incubated with 30 U/mL BTXA in the presence of IL-4/IL-13 treatment
for 24 h. Control cells were treated with an equivalent volume of PBS.

For gene interventions, before PMA treatment, THP-1 cells were
infected with oe-PARP14, sh-SOCS2, or NC lentiviruses (MOI = 10) in
the presence of 4 pg/mL polybrene (S2667, Sigma-Aldrich, Merck KGaA,
Darmstadt, Germany). After 48 h, stably transfected cells were selected
with 1.5 pg/mL puromycin for 5 d.
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2.7. Cell co-culture assays

Human dermal fibroblasts (HDFs, CL0277, Fenghui Biotechnologies,
Changsha, Hunan, China) were seeded in a 75 em? culture dish with
DMEM (11,965,092, Thermo Fisher) containing 10 % FBS at 37 °C with
5 % CO;. A six-well Transwell chamber (0.4 pm, 3412, Corning Glass
Works, Corning, NY, USA) was used to develop the co-culture system.
HDFs were seeded in the apical chambers at a density of 1 x 10* cells/
cm? The induced M2 macrophages were seeded at the same density in
the basolateral chambers. The co-culture system was maintained for 48
h. After co-culture, cells were harvested for subsequent experiments.

2.8. Enzyme-linked immunosorbent assay (ELISA)

The levels of TGF-f in the supernatant of the differentially treated
THP-1 cells (macrophages) were determined using the specific ELISA kit
(88-8350-88, Thermo Fisher Scientific). The supernatant was centri-
fuged at 300 xg for 10 min, and aliquots of the supematant were
collected and stored at —20 °C to avoid repeated freeze-thaw cycles. The
measurement was performed using the microplate reader, with the
wavelength set to 450 nm.

2.9. Reverse transcription-quantitative polymerase chain reaction (RT-
qPCR)

Total RNA was extracted from THP-1 cells and mouse scar tissue
using TRIzol reagent (15596026CN, Thermo Fisher Scientific). Total
RNA was subjected to agarose gel electrophoresis (Fig. S1A). Only three
single bands, 285 RNA, 18S RNA, and 55 RNA, were present. The ratio of
the brightness of the 28S to the 18S bands was roughly 2:1, while the 58
RNA bands were so faint that they were hardly observed, indicating that
the extracted RNA was of good integrity and high quality. The RNA was
reverse-transcribed into cDNA using the RevertAid Reverse Transcrip-
tion Kit (K1691, Thermo Fisher Scientific). PCR amplification of the
internal reference GAPDH was performed, and the quality of cDNA was
detected by agarose gel electrophoresis (Fig. $1B). Clear, bright GAPDH
band signals were observed, indicating good quality of cDNA. To
quantify mRNA expression, fluorescence quantitative PCR (qPCR)
analysis was performed using PowerUp SYBR Green Master Mix
(A25742, Thermo Fisher Scientific) and cDNA template. With GAPDH
serving as the reference gene, the relative expression of target mRNA
was calculated using the 2724% method. The primer sequences are
shown in Table 1.

2.10. Western blot (WB) analysis

THP-1 cells, HDFs, and mouse scar tissue were lysed in RIPA buffer
(89,901, Thermo Fisher Scientific) to extract proteins from whole cell
fractions. In addition, nuclear fractions from THP-1 cells and macro-
phages isolated from scar tissue were extracted by the Nucleus Protein
Extraction Kit (EX1470, Solarbio, Beijing, China). The protein
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Fig. 1. BTXA exerts an ameliorating effect on HS formation. A mouse model of HS was generated, followed by treatment with 0.5 U, 1 U, and 2 U of BTXA or 0.05
mL/g of the positive drug TA. A, pathological changes in the lesion (scar) tissues determined using HE staining (F (4, 20) = 82.51, p < 0.0001); B, collagen deposition
and fibrosis in the lesion (scar) tissues determined using Masson's trichome staining (F (4, 20) = 34.88, p < 0.0001); C, the staining intensity of «-SMA in the scar
tissues determined using immunofluorescence staining (F (4, 20) = 291.9, p < 0.0001); D-E, positive staining of CD31 (F (4, 20) = 63.97, p < 0.0001) and Ki67 (F (4,
20) =14.70, p < 0.0001) in the scar tissues determined using IHC. Each group contained 5 mice. Differences were analyzed using one-way ANOVA (A-E), followed by

Tukey’s multiple comparisons test. **p < 0.01, ***p < 0.001, ****p < 0.0001.

concentration was determined using the bicinchoninic acid method. The
samples were separated using SDS-PAGE and transferred onto poly-
vinylidene fluoride membranes (FFP24, Beyotime). After blocking with
5 % skim milk at 25 °C for 2 h, the membranes were probed with the
antibodies against Collagen I (Col) (1:5000, PA1-26204, Thermo Fisher
Scientific), Tgfbl (1:2000, MA5-44667, Thermo Fisher Scientific),
a-smooth muscle actin (x-SMA, 1:1000, ab5694, Abcam), PARP14
(1:2000, 84,039-6-RR, ProteinTech Group, Chicago, IL, USA), CD206
(1:2000, MAS5-32498, Thermo Fisher Scientific), SOCS2 (1:100,
MA5-35776, Thermo Fisher Scientific), f-catenin (1:1000, AF0066,
Beyotime), histone H3 (1:2000, AF7104, Beyotime), and GAPDH
(1:2500, ab9485, Abcam) overnight at 4 °C. Following this, the mem-
branes were washed and incubated with the secondary antibody
(1:30,000, ab205718, Abcam) at 25 °C for 1 h. The protein bands were
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visualized using the enhanced chemiluminescence method. GAPDH
protein immunoreactivity served as an internal control for whole-cell
component proteins, whereas histone H3 served as an internal control
for intranuclear proteins.

2.11. RNA-immunoprecipitation (RIP)

Wild-type PARP14-tagged protein recombinant plasmid (Flag-
PARP14-WT) and mutant PARP14-tagged protein recombinant plasmid
with mutation in the mRNA binding site (Flag-PARP14-MT) were con-
structed by Gene Optimal (Shanghai, China) and transfected into THP-1
cells by Lipofectamine 3000 (Thermo Fisher). After 48 h, the RIP kit
(P1801S, Beyotime) was used. In brief, protein A/G agarose was incu-
bated at 25 °C for 30 min with IgG (1:1000, ab172730, Abcam) or anti-
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Fig. 2. BTXA treatment reduces M2 polarization of macrophages. PMA-stimulated THP-1 cells (MO macrophages) were stimulated IL-4/1L-13, treated with BTXA or
PBS (Control), which were then co-cultured with HDFs. A, protein levels of Coll, Tgfbl, and a-SMA in HDFs after co-culture determined using WB analysis; B, the
staining intensity of CD206 in THP-1 cells determined using immunofluorescence staining; C, the proportion of CD68"CD206" THP-1 cells determined using flow
cytometry; D, mRNA expression of Arg-1 and CD163 in THP-1 cells detected using RT-qPCR; E, concentrations of TGF-§ in the supernatant of THP-1 cells determined
using ELISA. Five biological replicates were performed. All statistical graphs for WB were from three independent repeats. Differences were compared by the t-tests
(A-E). **p < 0.01, ***p < 0,001, ****p < 0.0001.
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Flag (1:30, ab205606, Abcam). After incubation, the pre-bound protein
A/G agarose was centrifuged at 1000 xg for 1 min at 4 °C, and the su-
pernatant was removed. A volume of 270 pL of THP-1 cell lysate was
added to the antibody-prebound protein A/G agarose, mixed by inver-
sion, and incubated on a shaker at 4 °C for 4 h. The RNA-protein com-
plexes were then washed and incubated with proteinase K digestion
buffer. Finally, RNA was purified using the RNAeasy Animal RNA
Isolation Kit (R0027, Beyotime). The enrichment of SOCS2 RNA was
determined by RT-qPCR.

2.12. RNA pull-down assay

The amplified wild-type SOCS2 mRNA (SOCS2-WT) and protein-
binding site mutant SOCS2 mRNA (SOCS2-MT) were labeled with
desulfated biotin using the Pierce RNA 3"-End Desthiobiotinylation Kit
(20,163, Thermo Fisher Scientific). Subsequently, an RNA pull-down
assay was performed using the Pierce Magnetic RNA-Protein Pull-
Down Kit (20,164, Thermo Fisher Scientific). A total of 50 pmol of
bietinylated SOCS2 was mixed with 2 mg of protein lysate and 50 pL of
magnetic streptavidin beads. After incubation and washing three times,
the streptavidin beads were boiled, and the samples were prepared for
WB analysis.

2.13. mRNA stability assay

SOCS2 mRNA stability was assessed using the actinomycin D
method. THP-1 cells overexpressing PARP14 were plated in six-well
plates (5 x 10° cells/well). The cells were exposed to 2 pg/mL actino-
mycin D (SBR00013, Sigma-Aldrich) for 24 h, and RNA was collected at
specified time points (0, 4, 8 h). The remaining RNA levels were
analyzed using RT-qPCR and normalized to the 0-h value,

2.14. Immunofiuorescence assay

For tissues, the mouse scar tissue sections were deparaffinized and
rehydrated, followed by heat-induced antigen retrieval in citrate buffer
(pH = 6.0) for 10 min. The samples were then incubated with the a-SMA
antibody (1:500, ab124964, Abcam) overnight at 4 °C. The sections
were washed three times with PBS and labeled with AlexaFluor 488-con-
jugated goat anti-rabbit IgG (1:250, A-11008, Thermo Fisher Scientific).
After nuclear staining using 4, 6-diamidino-2-phenylindole (DAPI), the
images were acquired under a fluorescence microscope.

For cells, 5 » 10° THP-1 cells or HDFs after co-culture were seeded in
six-well plates and fixed with 4 % paraformaldehyde for 30 min. The
cells were washed and blocked with PBS containing 5 % goat serum.
Subsequently, the cells were incubated with antibodies against CD206
(1:300, MAS5-32498, Thermo Fisher Scientific), «-SMA (1:500,
ab124964, Abcam), or Coll (1:1000, PA1-26204, Thermo Fisher Sci-
entific) overnight at 4 °C, followed by incubation with either Alexa Fluor
660-conjugated (1:1000, A-21074, Thermo Fisher) or Alexa Fluo 488-
conjugated (1:250, A-11008, Thermo Fisher) secondary antibodies at
25 °C for 15 min. The cells were washed again three times for 15 min
each with 5 % PBST. After drying, the cells were counterstained with
DAPI, and the images were acquired under a fluorescence microscope.

2.15. Flow cytometry

The expression of the macrophage surface marker CD206 was
assessed using flow cytometry. THP-1 cells were treated with rat anti-
human CD16/CD32 (ab25235, Abcam) to block surface Fc receptors,
followed by incubation with APC-conjugated mouse anti-human CD206
(17-2069-42, Thermo Fisher Scientific) and FITC-conjugated mouse
anti-human CD68 (333,805, BioLegend, San Diego, CA, USA) in the
dark. The cells were analyzed by flow cytometry using a flow cytometer.
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2.16. TOP/FOP flash

The TOP Flash reporter gene plasmid (D2501, Beyotime) containing
the TCF/LEF binding site sequence was used to assay the transcriptional
regulatory activity of p-catenin, and the FOP Flash reporter gene plasmid
(D2503, Beyotime) with the mutated TCF/LEF binding site sequence
was used as a negative control. The above plasmids were transfected into
cells by Lipofectamine 3000 and detected by the Firefly Luciferase Re-
porter Gene Assay Kit (RG005, Beyotime) after 48 h. The luciferase ac-
tivity of TOP flash was standardized according to TOP flash.

2.17. Statistical analysis

Measurement data collected from a minimum of three biological
replicates were analyzed utilizing Prism 8.0.2 (GraphPad, La Jolla, CA,
USA). All data are expressed as mean + standard error of the mean. The
normal distribution of the data was verified by the Shapiro-Wilk test.
Comparisons between groups were made using the t-test, or using one-
way or two-way analysis of variance (ANOVA) with Tukey’s post-hoc
test, as appropriate. A p-value of <0.05 was deemed statistically
significant.

3. Results
3.1. BTXA exerts an ameliorating effect on HS formation

First, a mouse model of HS was established, followed by treatment
with 0.5 U, 1 U, and 2 U of BTXA or 0.05 mL/g of the positive drug TA to
the lesions. HE staining results revealed that BTXA and TA treatment
reduced dermal thickness and epidermal hyperplasia, decreased cell
numbers, increased the number of dermal appendages, and significantly
decreased the scar cross-sectional area in mice (Fig. 1A). Following
BTXA and TA treatment, collagen deposition in the scars was also
reduced, and the fibrotic area at the injury site was diminished (Fig. 1B).
Immunofluorescence analysis showed that the relative fluorescence in-
tensity of a-SMA, a marker of myofibroblasts and indicative of collagen
matrix contraction ability, was significantly reduced in the scar tissues
of mice following BTXA or TA treatment (Fig. 1C). Additionally, the IHC
assay revealed that the levels of CD31 and Ki67, marker proteins of
angiogenesis and proliferation, respectively, were significantly reduced
in the scar tissue of mice receiving BTXA or TA treatment (Fig. 1D-E).
These results demonstrate that both BTXA and TA have therapeutic ef-
fects on HS. Regarding the BTXA doses, a more pronounced ameliorating
effect was observed at a dose of 2 U BTXA treatment. Therefore, this dose
was selected for subsequent experiments.

3.2. BTXA treatment reduces M2 polarization of macrophages

It has been well established that M2 macrophages have a pro-
fibrogenic effect, contributing to the formation of proliferative scars
[38]. To investigate whether BTXA affects M2 macrophages, we gener-
ated M2 macrophages by exposing PMA-stimulated THP-1 cells (MO
macrophages) to IL-4/IL-13, which were then treated with 30 U/mL
BTXA. A co-culture system of HDFs and the induced M2 macrophages
was established. WB analysis revealed that the BTXA treatment signifi-
cantly reduced the scar formation-related proteins Coll, Tgfbl, and
a-SMA in HDFs following the M2 macrophage stimulation (Fig. 2A).
Immunofluorescence staining revealed a significant reduction in the
content of the M2 macrophage marker CD206 in THP-1 cells after BTXA
treatment (Fig. 2B). This trend was validated by the flow cytometric
analysis (Fig. 2C). Consistently, RT-qPCR results showed reduced
expression of M2 macrophage-related genes Arg-1 and the surface
marker CD163 in THP-1 cells following BTXA treatment (Fig. 2D).
Furthermore, ELISA results demonstrated that the TGF-p levels were
significantly decreased in the supernatant of THP-1 cells following BTXA
treatment (Fig. 2E).
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Fig. 3. BTXA suppresses M2 macrophages by downregulating PARP14. A, DEGs between wound skin and intact skin identified using the GSE76144 dataset; B, RNA-
seq analysis on macrophage samples from the back skin of mice treated with 30 U/mL BTXA and those from control mice; C, an intersection analysis of DEGs from
GSE76144 dataset and our RNA-seq analysis, and Mus musculus RBP from the RBPDB; D-E, mRNA (D) and protein (E) expression of PARP14 in the scar tissues of mice
determined using RT-qPCR and WB assay, respectively; F, PARP14 protein level in THP-1 cells with or without BTXA treatment determined using WB analysis. THP-1
cells were infected with oe-PARP14 lentivirus and then with PMA, IL-4/1L-13, and treated with BTXA. G, mRNA expression of PARP14 in THP-1 cells determined
using RT-qPCR; H, staining intensity of CD206 in THP-1 cells determined using immunofluorescence staining; I, protein level of CD206 in THP-1 cells determined
using WB analysis; J, mRNA expression of Arg-1 in THP-1 cells detected using RT-qPCR; K, concentrations of TGF-p in the supernatant of THP-1 cells determined
using ELISA; L, protein levels of Coll and «-SMA in HDFs after co-culture with the THP-1 cells determined using WB analysis. For animal experiments, each group
contained 5 mice; for cell experiments, five biological replicates were performed. All statistical graphs for WB were from three independent repeats, Differences were

compared by the t-tests (D-L). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

3.3. BTXA suppresses M2 macrophages by downregulating PARP14

To investigate the molecular mechanisms through which BTXA al-
leviates hypertrophic scarring, we used the GEO2R tool from GEO
Datasets with a filter of p < 0.05 and |Log2FC > 1| to analyze DEGs
between wound skin and intact skin in dataset GSE76144 (Fig. 3A).
Similarly, we performed an RNA-seq analysis on macrophage samples
from the back skin of mice treated with 30 U/mL BTXA and control mice,
using the same filtering criteria (Fig. 3B). Many disease-related genes
encode RBPs, and dysfunction of RBPs can lead to multiple forms of
cellular dysfunction by disrupting RNA metabolism [13]. Therefore, we
downloaded Mus musculus RBPs from RBPDB (http://rbpdb.ccbr.utoro
nto.ca/) and identified a unique intersecting RBP, PARP14, between
DEGs from GSE76144 and RNA-seq results (Fig. 3C). In the GSE76144
dataset, PARP14 (ID = 10,439,249) was significantly upregulated in
wound skin samples (Log2FC = 2.19). Notably, the RNA-seq data
revealed that PARP14 expression in macrophages was significantly
downregulated (Log2FC = —1.71) following BTXA treatment of wound
skin. Therefore, we hypothesize that BTXA inhibits M2 polarization of
macrophages and prevents fibrosis in HS formation by downregulating
PARP14 expression.

Importantly, RT-qPCR and WB results revealed that the PARP14
mRNA expression in scar tissue was significantly reduced following
BTXA treatment (Fig. 3D-E). Additionally, WB analysis revealed that
BTXA treatment led to a significant downregulation of PARP14 protein
expression in M2-polarized THP-1 cells (Fig. 3F), confirming the ability
of BTXA to reduce PARP14 expression.

To explore the functional role of PARP14 in macrophage M2 polar-
ization, we infected THP-1 cells with oe-PARP14 lentivirus and then had
them stimulated with PMA, IL-4/IL-13, and BTXA. RT-qPCR confirmed
efficient overexpression of PARP14 in THP-1 cells (Fig. 3G). Immuno-
fluorescence staining (Fig. 3H) and WB (Fig. 3I) showed that CD206
content was significantly increased in THP-1 cells upon PARP14 over-
expression. Moreover, the PARP14 overexpression significantly
increased Arg-1 expression in THP-1 cells even in the presence of BTXA
treatment (Fig. 3J), accompanied by increased TGE-p levels (Fig. 3K).
Furthermore, PARP14 overexpression in THP-1 cells led to increased
protein levels of Coll and a-SMA in the co-cultured HDFs (Fig. 3L). This
evidence indicates that the HS-ameliorating effects are attributed to
PARP14 downregulation.

3.4. PARPI14 overexpression negates the treatment effect of BTXA on
mice with HS

The oe-PARP14 and oe-NC lentiviruses were administered to HS
mice, accompanied by BTXA treatment. After animal sacrifice, the WB
assay confirmed that PARP14 protein expression was enhanced by oe-
PARP14 (Fig. 4A). This condition led to increased dermal thickness
and epidermal hyperplasia, with a higher cell count and reduced number
of dermal appendages, resulting in a significantly larger scar cross-
sectional area (Fig. 4B). Moreover, the collagen deposition in HS scars
was augmented upon PARP14 overexpression (Fig. 4C). Additionally,
this oe-PARP14 administration significantly increased the protein level
of a-SMA in the mouse scar tissues (Fig. 4D), accompanied by increased
staining of CD31 and Ki67 (Fig. 4E-F). RT-qPCR analysis of M2
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macrophage-related genes in HS scar tissue revealed that BTXA treat-
ment reduced Arg-1 and TGF-p expression, which was restored by
PARP14 overexpression (Fig. 4G). IHC assay showed that the positive
cell rate of CD163 was decreased following BTXA treatment but restored
following PARP14 overexpression (Fig. 4H).

3.5. BTXA inhibits PARP14 expression to reduce SOCS2 mRNA stability

Given that PARP14 functions as an RBP, we downloaded mRNAs
interacting with the PARP14 protein from RNAInter (http://www.rnai
nter.org/) and identified a unique intersection with DEG from
GSE76144 and RNA-seq results: SOCS2 (Fig. 5A). Additionally, using the
PRIdictor tool from RNAInter (Fig. 5B-C), we found the existence of
interaction sites between the PARP14 protein and SOCS2 mRNA.
Interestingly, SOCS2 (ID = 10,394,674) was upregulated after skin
injury (Log2FC = 1.09) according to the GSE76144 data, but signifi-
cantly downregulated in mouse macrophages after BTXA treatment
(Log2FC = —1.83) according to the RNA-seq results.

In THP-1 cells, the SOCS2 mRNA expression was found to be
downregulated by BTXA treatment but restored following PARP14
overexpression (Fig. 5D). The presence of PARP14 protein in THP-1 cells
pulled down by Bio-SOCS2-WT was confirmed by RNA pull-down and
WB assay analyses, whereas it was absent in Bio-SOCS2-MT probe, in
which the potential PARP14 binding site on the mRNA was mutated
(Fig. 5E). THP-1 cells were transfected with Flag-PARP14-WT or a tag-
ged recombinant protein with a mutation in the mRNA binding site
(Flag-PARP14-MT). RIP-qPCR analysis demonstrated that Flag-PARP14-
WT was able to pull down SOCS2 mRNA in THP-1 cells, whereas Flag-
PARP14-MT was unable to pull down SOCS2 mRNA (Fig. 5F). There-
fore, PARP14 protein and SOCS2 mRNA bound in a site-dependent
manner in THP-1 cells.

Overexpression of PARP14 was found to retard SOCS2 mRNA
degradation by RT-qPCR analysis (Fig. 5G), indicating that PARP14
enhances SOCS2 mRNA stability.

3.6. SOCS2 silencing attenuates M2 polarization induced by PARP14
overexpression

THP-1 cells stably transfected with oe-PARP14 were further admin-
istered three shRNAs of SOCS2 (sh-SOCS2 #1, #2, and #3), followed by
PMA and IL-4/IL-13 stimulation and BTXA treatment. RT-qPCR results
indicated successful downregulation of SOCS2 expression by all three
shRNAs (Fig. 6A). Among these, sh-SOCS2 #2 and sh-SOCS2 #3, which
demonstrated higher knockdown efficiency, were selected for subse-
quent experiments. WB (Fig. 6B) and flow cytometry (Fig. 6C) analyses
revealed a decrease in the expression of CD206 in THP-1 cells following
SOCS2 knockdown, and RT-qPCR demonstrated that either sh-SOCS2
#2 or sh-SOCS2 #3 significantly reduced the expression of Arg-1 in
these cells (Fig. 6D). ELISA analysis showed a significant decrease in
TGF-p levels in the THP-1 cell supernatants in the presence of sh-SOCS2
knockdown (Fig. 6E). Additionally, in the co-culture system, the SOCS2
silencing in THP-1 cells was found to reduce the protein level and
immunofluorescence staining intensity of Coll and a-SMA in HDFs
(Fig. 6F-G).

BTXA treatment inhibited nuclear p-catenin expression as detected
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by WB, and overexpression of PARP14 promoted nuclear expression of rescued p-catenin signaling in a SOCS2-dependent manner (Fig. 61).
B-catenin, which was significantly reversed by knocking down SOCS2
(Fig. 6H). The TOP/FOP flash assay directly demonstrated that BTX1
inhibited the transcriptional regulatory activity of B-catenin, as evi-

denced by attenuated luciferase activity of TOP flash, and PARP14 The sh-SOCS2 #2 with the highest knockdown efficiency was

3.7. SOCS2 silencing reduces M2 macrophages and attenuates HS in mice

10

38



M. Aliet al.

BBA - Molecular Cell Research 1872 (2025) 120003

A B c 15
§<i5 154kDa| CD206 28 sk
5z 8B,
£, BERD) go
By GAPDH L=
b 28kDa 2805
2005 a0
50 s 8 8 o
T B ey A 5 © 00
@ 00 Q@ Q @
N N &y g * oy E N 9% D
FO »& »®
1 = 0e-PARP14 + sh-NC + BTXA $F & A 1= 0e-PARP14 + sh-NC + BTXA
2= 0e-PARP14 + sh-50CS2 #1 + BTXA °5 &% &8 2 = 0e-PARP14 + sh-SOCS2 #2 + BTXA
3= 0e-PARP14 + sh-SOCS2 #2 + BTXA Fo &9 3 = 0e-PARP14 + sh-SOCS2 #3 + BTXA
4= 0e-PARP14 + sh-SOCS2 #3 + BTXA ;9 87
85 95
c 0e-PARP14 + sh-NC 0e-PARP14 + sh-SOCS2 #2 0e-PARP14 + sh-SOCS2 #3 e =
& +BTXA 2 +BTXA % +BTXA £ 0
T §a1-UL(0.00%) Q1-UR(58 56%) T 301-UL(0.00%) Q1-UR{35.30%) ™ 1Q1-UL(0.00%) Q1-UR(39.04%) o
3 a " S 60
=3 By 2 o
o 40
o % ® 3
< & 20
1= - - ©o
§ - 21 24 8 0
O 5 B % B
& i i -l 1 = 0e-PARP14 + sh-NC + BTXA
Oil-LL\Olsﬁ;)‘ i OI-LH‘M\M\ OII-LL\DQI%P: - O!-LES‘MI‘ Oil-LL[ﬂ “\6—)‘ . Di-LHHJSBSP%J 2 = DE'PARP14 + Sh-SOCS? #2 + BTXA
(] 10* 104 10° 10* 0 10 0t 10°* 100 (] 10* 104 10° 10* 3 = o0e-PARP14 + sh-SOCS2 #3 + BTXA
CDBB-FITC
D E F wsan
- 154kDa c 0. e
5 Aty S _ 5400 s 2 [ 514
2z S 2 300 50kDa 8z, gg08
5E 10 g 38kDa asMA 5510 2206
e £ < 200 ga 5g
® 205 35 ©805 2504
2< g &§r 100 38kDa| 22 mﬁ F502 m
0 = O%s = O 5
$ %00 5 o o GAPDH ¢ ® oLl 11 11 | 85qpll m .
= N N o N [
1 = 0e-PARP14 + sh-NC + BTXA _
2= 0e-PARP14 + sh-SOCS2 #2 + BTXA i G A .
i e 3= 0e-PARP14 + sh-SOCS2 #3 + BTXA
G
bkl ® ede
g 18 . 2g1s
Col1 53 g2 aons
20 . 2% .
8= 1.0 ® 510
g5 85
22 2 >
s 205 © 505
Z8 2e
SE T2
© 00 2E00
& ~ 0 oo ~ a =
a-SMA
1 = 0e-PARP14 + sh-NC + BTXA
2 = 0e-PARP14 + sh-SOCS2 #2 + BTXA
3 = 0e-PARP14 + sh-SOCS2 #3 + BTXA
0e-PARP14 + sh-NC  0e-PARP14 +5h-SOCS2#2 0e-PARP14 + sh-SOCS2 #3
+BTXA +BTXA
H BTXA treated g | _
3 8 g"®
78kDa e I S S S S S | [-catenin S E g
E 5"
22kDal 52 25
Histone H3 & & 2 05
B 2z
2 £ 2
22 % ®o0
g8
X N kBB oA
1= Control 5= 0e-PARP14 + sh-NC + BTXA
iz BT’&(\: VT 6 = 0e-PARP14 + sh-SOCS2 #2 + BTXA
= oe-| = & i
i oo PARPI4 s BTxA | = 02PARP14 + sh-SOCS2 #3 + BTXA
(caption on next page)
1

39



M. Aliet al.

BBA - Molecular Cell Research 1872 (2025) 120003

Fig. 6. SOCS2 silencing attenuates M2 polarization of macrophages induced by PARP14 overexpression. THP-1 cells stably transfected with oe-PARP14 were further
administered three shRNAs of SOCS2 (sh-SOCS2 #1, #2, and #3) and then with PMA, IL-4/IL-13, and treated with BTXA. A, mRNA expression of SOCS2 (F (3, 16) =
155.2, p < 0.0001) in THP-1 cells determined using RT-qPCR; B, protein level of CD206 (F (2, 6) = 57.60, p = 0.0001) in THP-1 cells determined using WB analysis;
C, proportion of CD68™ CD206™ THP-1 cells (F (2,12) = 14.86, p = 0.0006) determined using flow cytometry; D, mRNA expression of Arg-1 (F (2, 12) = 148.9,p <
0.0001) in THP-1 cells detected using RT-qPCR; E, concentrations of TGF-p (F (2, 12) = 20.52, p = 0.0001) in the supernatant of THP-1 cells determined using ELISA
kits; F, protein levels of Coll (F (2, 6) = 63.10, p < 0.0001) and ®-SMA (F (2, 6) = 144, p < 0.0001) in the co-cultured HDFs determined using WB analysis; G, staining
intensity of Coll (F (2, 12) = 122.6, p < 0.0001) and «-SMA (F (2, 12) = 130.7, p < 0.0001) in the co-cultured HDFs determined using immunofluorescence staining;
H, p-catenin expression (F (6, 14) = 63.20, p < 0.0001) in the nucleus of THP-1 cells determined using WB analysis; I, transcriptional regulatory activity of p-catenin
(F (6, 28) = 33.81, p < 0.0001) in THP-1 cells determined using TOP/FOP flash assay. Five biological replicates were performed. All statistical graphs for WB were
from three independent repeats. Differences were compared by one-way ANOVA (A-I), followed by Tukey’s multiple comparisons test. **p < 0.01, ***p < 0.001,

***¥p < 0.0001.

selected for use in HS mice along with oe-PARP14, followed by BTXA
treatment. The WB assay revealed that the protein expression of SOCS2
in the scar tissues was reduced by BTXA treatment, increased upon
PARP14 overexpression, but reduced again by the additional adminis-
tration of sh-SOCS2 (Fig. 7A). The SOCS2 knockdown significantly
reduced the scar cross-sectional area in mice (Fig. 7B) and inhibited
collagen deposition in the scars of HS mice (Fig. 7C). The fluorescence
intensity of a-SMA in the scar tissue was significantly reduced by the
S0OCS2 knockdown as well (Fig. 7D). THC assay showed that the positive
staining of CD31 and Ki67 in the scar tissues of HS mice was decreased
following SOCS2 knockdown (Fig. 7E-F). Additionally, RT-qPCR anal-
ysis revealed that SOCS2 knockdown inhibited the expression of Arg-1
and TGF-p in the scar tissues of mice (Fig. 7G). The IHC assay further
showed that sh-SOCS2 intervention inhibited the positive staining of
CD163 in the scar tissues of mice (Fig. 7H).

WB assay (Fig. 7I) was performed on macrophages isolated from scar
tissues of mice in each group, and it was observed that BTXA treatment
inhibited the intranuclear expression of p-catenin in scar tissue-derived
macrophages. The inhibitory effect of BTXA on p-catenin was reversed
by overexpression of PARP14, whereas combined knockdown of SOCS2
resulted in a blockade of j-catenin expression in the nucleus. TOP/FOP
flash confirmed that the intracellular f-catenin pathway activity was in
line with the changes in p-catenin expression in the nucleus (Fig. 7J).

4. Discussion

Research has shown that depleting systemic macrophages during the
acute phase of wound healing can enhance recovery, while simulta-
neously reducing wound contraction, the presence of myofibroblasts,
collagen production, and the hypertrophic characteristics of fibers in
mice with human skin grafts [38]. This underscores the critical role of
macrophages in the development of HS. In this study, we present a novel
finding regarding BTXA, demonstrating its ability to diminish the tran-
sition of macrophages to the M2 phenotype, thereby contributing to the
mitigation of HS.

As the most commonly applied and commercially available type of
BTX, BTXA has been frequently investigated as an effective regimen to
treat HS. For instance, intralesional administration of BTXA has been
reported to exhibit a more pronounced effect than corticosteroid or
placebo in HS prevention and reduction [2]. BTXA injection reduced the
expression of vascular endothelial growth factor and suppressed
angiogenesis to suppress HS formation in rabbit ears [37]. Similar ob-
servations were found by Yang et al., with an immediate postoperative
injection of BTXA suppressed fibroblast proliferation, angiogenesis, and
TGF-p1 expression in a dose-dependent manner [33]. Li and colleagues
ascribed the HS-suppressing effect of BTXA to the suppression of TGF-
pl/Smad and extracellular signal-related kinase signaling pathways
[18]. Regarding the function of BTXA in macrophages, previous evi-
dence has shown that BTXA administration reduced injury-activated
neuronal function for antinociceptive action, which involves the
silencing of microglia and macrophages [19]. More interestingly, BTXA
has been demonstrated to induce proinflammatory mediators, such as
nitric oxide and tumor necrosis factor-alpha, in mouse RAW264.7
macrophages; however, it suppressed excessive production of these
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factors in RAW264.7 cells upon lipopolysaccharide [14]. This evidence
indicates that BTXA possibly mediates proper pro-inflammatory (M1)
activation of macrophages but reduces overzealous inflammation, which
is fundamental for the proper wound-healing process [32]. However,
less has been concerned in terms of the role of BTXA in macrophage
polarization in the context of HS. Importantly, we found that the
administration of BTXA significantly reduced the population of M2
macrophages and the M2 markers in the HS lesions as well as in IL-4/IL-
13-induced macrophages in vitro. This evidence suggests the suppression
of M2 macrophages as an important aspect of the effect of BTXA on HS
inhibition,

Regarding the downstream cascades, our RNA-seq analysis results
demonstrated PARP14 and SOCS2 as two genes significantly suppressed
by BTXA in the skin tissues of HS mice, which were initially upregulated
in the wound skin tissues. Interestingly, PARP14 silencing has been re-
ported to suppress the expression of anti-inflammatory genes and
phosphorylation of signal transducer and activator of transcription 6,
thus reducing M2 polarization of macrophages induced by IL-4 [10].
Similarly, an inhibitor of PARP14 has been found to suppress IL-4-
induced immunosuppressive genes in macrophages [24]. Sturniolo
et al. demonstrated that macrophages isolated from PARP14-knockout
mice have a substantially weakened ability to acquire an M2 pheno-
type [27]. Here, overexpression of PARP14 negated the effects of BTXA
on mice and THP-1 cells, promoting the expression of M2 cytokines and
markers and contributing to increased collagen deposition and fibrosis.
Moreover, PARP14 has been found to enhance the mRNA stability of the
cyclin D1 gene to trigger cell cycle progression [22]. Here, we observed
that the PARP14 protein interacted with the SOCS2 mRNA to enhance its
stability, While the effect of SOCS2 on HS has not been investigated,
SOCS2 plays a significant role in inducing M2 polarization of macro-
phages by upregulating IL-10 levels in the intestinal ischemia-
reperfusion injury [35]. Our results demonstrated that in the presence
of BTXA treatment and PARP14 overexpression, the additional SOCS2
silencing significantly weakened the M2 polarization of macrophages in
mice and cell culture systems, leading to reduced collagen deposition
and fibrosis, thus reducing HS through blocking the p-catenin signaling.

Our research mainly focused on the role of BTXA-mediated PARP14
inhibition in HS, but there were some limitations. Firstly, PARP14-
deficient mice from ES cells heterozygous for a disruption of the 5’end
of PARP14 genomic sequences have been used by Cho et al. [6]. It is now
acknowledged that, in the absence of direct in vivo validation employing
PARP14 knockout models, the causal relationship between PARP14 and
the observed phenotypes remains inferential and based on correlative
evidence. This finding underscores the necessity for subsequent studies
to validate our conclusions using genetically modified animal models.
Secondly, our current study reveals a downstream molecular signaling
for BTXA to exert its function, i.e., targeting the PARP14/S0CS2 axis.
Since we screened out PARP14 as a target of BTXA using transcriptome
sequencing, it is not yet known whether PARP14 is a direct target of
BTXA or whether BTXA affects PARP14 expression through other
signaling. For instance, BTXA could potentially alter the expression of
microRNAs that target PARP14 mRNA, leading to changes in its
expression [4,28]. Finally, while the results of the present study provide
important mechanistic insights, their translational potential warrants
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Fig. 7. SOCS2 silencing reduces M2 macrophages and attenuates HS in mice. Mice with HS were administered oe-PARP14 and sh-SOCS2 lentiviruses, accompanied

by BTXA treatment. A, protein expression of SOCS2 (F (5, 12) =

20.80, p < 0.0001) in the scar tissues determined using WB analysis; B, pathological changes in the

scar tissues determined using HE staining; C, collagen deposition and fibrosis in the scar tissues determined using Masson’s trichome staining; D, relative fluorescence
intensity of a-SMA in the scar tissue determined using immunofluorescence staining; E-F, positive staining of CD31 (E) and Ki67 (F) in the scar tissues determined
using IHC; G, mRNA expression of Arg-1 and TGF-J in the scar tissues determined using RT-qPCR; H, positive staining of CD163 in the scar tissues determined using

IHC; I, p-catenin expression (F (5, 12)
regulatory activity of p-catenin (F (5, 24) =

= 31.99, p < 0.0001) in the nucleus of macrophages isolated from HS tissues determined using WB analysis; J, transcriptional
55.68, p < 0.0001) in macrophages isolated from HS tissues determined using TOP/FOP flash assay. Each group contained

5 mice. All statistical graphs for WB were from three independent repeats. Differences were analyzed using the one-way ANOVA (A, I-J), followed by Tukey’s multiple
comparisons test or t-tests (B—H). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Hypertrophic scarring

Fig. 8. Therapeutic effects of BTXA on HS. Dysregulation of PARP14 maintains p-catenin signaling-mediated macrophage M2 polarization by enhancing the stability

of SOCS2 mRNA, leading to abnormal angi collagen act

lation, and fibroblast proliferation in HS. BTXA inhibits macrophage M2 polarization and

alleviates HS by inhibiting the expression of PARP14, facilitating SOCS2 mRNA degradation, and impairing f-catenin signaling.

further exploration. In particular, validation using clinical samples from
patients with HS is essential to confirm the relevance of the PARP14/
SOCS2 axis in human pathology. The findings of such studies could assist
in determining the efficacy of BTXA or related modulators in the context
of clinical treatment protocols. Future research should also assess the
safety, dosage, and delivery methods of BTXA in the context of scar
modulation, ultimately bridging the gap between experimental findings
and clinical application.

In conclusion, this study highlights the role of BTXA in alleviating HS
formation by limiting M2 macrophages (Fig. 8). These effects are, at
least partly, achieved through the inhibition of PARP14-mediated
SOCS2 mRNA stabilization and the p-catenin signaling. These observa-
tions may provide novel insights into the functional mechanisms of
BTXA in HS prevention or treatment.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.bbamer.2025.120003.
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