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Abstract

Background: Skin innervation is very important for normal wound healing, and receptor activity-modifying protein 1 (RAMP1) has been reported
to modulate calcitonin gene-related peptide (CGRP) receptor function and thus be a potential treatment target. This study aimed to elucidate
the intricate regulatory effect of RAMP1 on skin fibroblast function, thereby addressing the existing knowledge gap in this area.

Methods: Immunohistochemical staining and immunofluorescence (IF) staining were used to measure the dynamic changes in the expression
of RAMP1 and a-smooth muscle actin (@-SMA) in skin wound tissue in mice. Mouse skin fibroblasts (MSFs) stably transfected with Tet-on-Flag-
RAMP1 overexpression (OE) and Tet-on-Flag control (Ctrl) lentiviruses were constructed for in vitro experiments. High mobility group AT-hook
1 (HMGAT1) plasmids and «-SMA plasmids were used to overexpress HMGAT and a-SMA, respectively. An a-SMA siRNA was used to silence
a-SMA. Quantitative real-time polymerase chain reaction (QPCR), western blot and IF staining analyses were used to determine the mRNA and
protein levels in the cells in different groups. A scratch wound healing assay was used to evaluate the cell migration ability of different groups.
Cleavage under targets and release using nuclease (CUT & RUN) assays and dual-luciferase reporter assays were used to predict and verify the
interaction between HMGA1 and the «-SMA promoter.

Results: RAMP1 and «-SMA protein expression levels in the dermis changed dynamically and were negatively correlated during dorsal skin
wound healing in mice. RAMP1 OE in vitro inhibited the differentiation and promoted the migration of MSFs by decreasing «-SMA expression
via the suppression of HMGA1, which was shown for the first time to bind to the a-SMA promoter and increase a-SMA transcription. RAMP1 OE
also modulated extracellular matrix (ECM) synthesis and remodeling by promoting collagen Ill and MMP9 expression and decreasing collagen |,
MMP?2, and tissue inhibitor of metalloproteinases 1 expression.

Conclusions: Our findings suggest that RAMP1 OE decreases differentiation and promotes migration in MSFs by downregulating a-SMA
expression via the suppression of HMGA1 and modulates ECM synthesis and remodeling, revealing a novel mechanism regulating a-SMA
transcription, providing new insights into the RAMP1-mediated regulation of fibroblast function, and identifying effective nerve-related targets
for skin wound repair.
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actin

Highlights

* This study is the first to show that the overexpression of RAMP1 can decrease fibroblast differentiation and promote the migration of mouse skin fibroblasts
by inhibiting «-smooth muscle actin expression via the downregulation of HMIGAT.

* HMGA1 was shown for the first time to be a transcription factor related to «-SMA in mouse skin fibroblasts.

* RAMP1 could also modulate the extracellular matrix synthesis and remodelling ability of mouse skin fibroblasts.

Background

signaling molecules [5,6] and synthesizing and remodeling the

During the skin wound healing process, different popula-
tions of dermal fibroblasts [1] are activated and differentiate
into myofibroblasts, which are characterized by bundles of
a-smooth muscle actin (¢-SMA) [2,3] and function to regu-
late wound closure by promoting contraction [4], secreting

extracellular matrix (ECM) [7-9]. Davis et al. [10] reported
that the expression of «-SMA in chronic wounds in diabetic
patients was significantly lower than that in acute wounds in
nondiabetic individuals, which led those authors to deduce
that a-SMA-positive myofibroblasts were related to timely
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wound healing. However, «-SMA has also been detected
in many hypertrophic scars [11], and myofibroblasts are
involved in many pathological scarring-related and fibrotic
diseases [12], suggesting that excess myofibroblasts or abnor-
mal myofibroblast persistence may contribute to patholog-
ical wound healing. A detailed elaboration of the dynamic
regulation of a-SMA-positive myofibroblasts is necessary to
understand wound healing and regulate the process effectively
to achieve timely wound closure and high-quality healing [13].

Skin innervation plays important roles in wound healing,
including the regulation of fibroblasts, but only a few high-
quality studies on neuromediators and fibroblasts are avail-
able, and even those studies are somewhat outdated [12].
Our previous study revealed that p75 neurotrophin receptor
(p75NTR) could regulate nerve growth factor (NGF)-induced
myofibroblast differentiation by activating myocardin-related
transcription factor A (MRTFA) [14]. Calcitonin gene-related
peptide (CGRP) is a member of the neuroinflammatory factor
family and is released when the skin is damaged [15]. CGRP
has been reported to play an important role in wound healing
[16-18]; however, a CGRP antibody used for migraine ther-
apy led to impaired wound healing in one study [19], whereas
J. Che’ret et al. [20] reported that CGRP could promote
human dermal fibroblast adhesion and differentiation. How-
ever, those studies described only the phenomenon but not the
involved mechanism. In addition, CGRP has side effects, such
as pain [21], and a short half-life (10 min) in the plasma [22],
which restrict its topical and systemic use.

Receptor activity-modifying protein 1 (RAMP1) is a CGRP
receptor, along with calcitonin receptor-like receptor (CRLR)
[23] and receptor component protein (RCP) [24-26]. RAMP1
is a single-pass transmembrane protein that is composed of
148 amino acids and has been reported to regulate CGRP
function by influencing trafficking, conferring pharmacologic
specificity to CRLR [27,28], and regulating cell proliferation
[29] and differentiation [30]. RAMP1 was also reported to
function independently of CRLR and CGRP, as it is expressed
in the cortex and hippocampus, where overlap with CRLR
does not occur [31-33]. RAMP1 is known to participate in
wound healing by regulating angiogenesis and lymphangio-
genesis [34], but the direct relationship between RAMP1 and
fibroblasts has been poorly characterized. Our previous study
revealed that RAMP1 can regulate the proliferation of mouse
skin fibroblasts (MSFs) through the Gai3/PKA/CREB/YAP
axis, which is important for timely wound healing [35]. How-
ever, whether RAMP1 can also regulate the differentiation of
MSFs and the details of the involved mechanism still require
further investigation.

In this study, we found a negative correlation between
the expression levels of RAMP1 and «-SMA in the der-
mis in mouse skin wounds. Through cellular and molecular
experiments, we revealed that RAMP1 can regulate MSF
differentiation and affect MSF mobility by regulating «-SMA
transcription, thus affecting a-SMA protein levels via the
regulation of transcription-related factor-high mobility group
AT-hook 1 (HMGA1). We also showed that RAMP1 can
regulate ECM synthesis and remodeling by regulating the
expression of collagen I, collagen III, matrix metalloproteinase
2 (MMP2), MMP9, and tissue inhibitor of metalloproteinases
1 (TIMP1). Our study provides new evidence for the reg-
ulation of fibroblast function by RAMP1 and new insights
into the molecular mechanisms of fibroblast differentiation,
revealing potential nerve-related targets for wound healing.
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Methods
Cell culture

MSFs were purchased from Guangzhou Jennio Biotech Com-
pany (Guangzhou, China). HEK293T cells were obtained
from the CTCC (Meisen Chinese Tissue Culture Collections,
Zhejiang, China). The MSFs and HEK293T cells were cul-
tured in complete medium composed of DMEM (Gibco,
USA) supplemented with 10% tetracycline-free fetal bovine
serum (FBS) (Gibco) (v/v) and 1% antibiotics (BasalMedia,
Shanghai, China) in a humidified incubator (Thermo Fisher
Scientific, USA) at 37°C with 5% CO; and then seeded in
plates (Corning, USA) and flasks (Thermo Fisher Scientific)
for subsequent experiments.

Lentivirus and plasmid transfection

The Tet-on-Flag-RAMP1 overexpression (OE) and Tet-
on-Flag control (Ctrl) lentiviruses were purchased from
Genechem Company (Shanghai, China), and the primers
used are listed in Table S1 (see online supplementary
material). MSFs were seeded in 24-well plates at 30 000
cells per well and transfected with lentiviruses (MOI =50)
for 24 h, followed by incubation in fresh complete medium
supplemented with puromycin (3 ug/ml; Beijing Solarbio
& Technology Company, Beijing, China) for 48 h for
the selection of stably transfected MSFs. These cells were
further incubated for another 48 h with doxycycline (Dox,
5 ng/ml; MedChemExpress, USA) to confirm the transfection
efficiency. Finally, MSFs stably transfected with the Tet-on-
Flag-RAMP1 OE and Tet-on-Flag Ctrl lentiviruses were used
for further experiments upon Dox induction.

The OE plasmids pcDNA3.1 HMGA1 (HMGA1),
pcDNA3.1 a-SMA («-SMA), and pcDNA3.1 empty vector
(VEC), along with firefly luciferase reporter plasmids con-
taining the «-SMA promoter region with wild-type (wt) and
mutant (mt) HMGA1 binding sites (HBSs), and the Renilla
luciferase plasmid were purchased from Syngentech Company
(Beijing, China). The firefly luciferase reporter plasmid
containing the «-SMA promoter region with mt HMGA1
binding site 1 (HBS1), the firefly luciferase reporter plasmid
containing the «-SMA promoter region with mt HMGA1
binding site 2 (HBS2), and the firefly luciferase reporter plas-
mid containing the «-SMA promoter region with mt HMGA1
binding site 3 (HBS3) were constructed via chemical synthesis
on the basis of the designed sequences, which are listed in
Table S2 (see online supplementary material). Transfection
was performed with PolyJet DNA In Vitro Transfection
Reagent (SignaGen, USA) according to the manufacturer’s
protocol.

For siRNA transfection, 20 uM stock solutions of siRNA
targeting @-SMA (si-a-SMA) and the negative Ctrl sequence
(si-a-SMA NC) were prepared. The siRNA sequences were
subsequently diluted and mixed at the following ratio:
riboFECT™ CP Buffer (60 ul) plus siRNA stock solution
(2.5 wl) and riboFECT™ CP reagent (6 ul). After the
mixture was incubated for 15 min at room temperature
to allow the formation of transfection complexes, each
transfection complex was added to 931.5 ul of antibiotic-
free complete medium. The cells were then treated with the
transfection medium and incubated at 37°C with CO; for
24 h for subsequent experiments. The specific sequences
used are listed in Table S3 (see online supplementary
material).
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Western blot analysis

Western blot analysis of protein expression was performed as
described in previously published studies [14,36-38]. Total
protein was labelled with No-Stain reagent (Thermo Fisher
Scientific) according to the manufacturer’s instructions and
used as a loading control. The primary antibodies used in this
study were as follows: anti-RAMP1, anti-MMP2 and anti-
MMP9 (1:1000, rabbit, Abcam, UK); anti-a-SMA (1:1000,
rabbit, Cell Signaling Technology (CST), USA); anti-collagen
I and anti-collagen III (1:1000, rabbit, Proteintech, USA); and
anti-TIMP1, anti-transforming growth factor g1 (TGFgB1),
anti-TGFB3, and anti-HMGA1 (1:1000, mouse, Santa Cruz
Biotechnology, USA) antibodies. The secondary antibodies
used were as follows: HRP-conjugated goat anti-rabbit
antibodies and HRP-conjugated goat anti-mouse antibodies
(1:5000, CST).

gPCR analysis

For the quantitative analysis of mRNA expression, RNA iso-
lation, cDNA synthesis and quantitative real-time polymerase
chain reaction (qPCR) were performed according to protocols
published in our previous articles [14,36-38]. The mRNA
levels were normalized to the expression level of B-actin in
the matched samples. The primers used are listed in Table S4
(see online supplementary material).

Scratch wound healing assay

The migration of MSFs was measured via an in vitro
monolayer scratch wound healing assay. The cells subjected
to different treatments were seeded in 12-well plates (500 000
cells per well) with complete culture medium supplemented
with Dox (5 ug/ml). After 12 h, when the cells reached
confluence, the monolayer was scratched with a 10 ul pipette
tip and washed with PBS (BasalMedia). The cells were
subsequently cultured with low-serum (1% FBS) DMEM
supplemented with Dox (5 ug/ml) for 24 h. Images of the
wounds in each well were captured at 0, 12, and 24 h after
scratching with an Olympus I1X73 microscope (Olympus,
Japan). The wound area was quantified with Image] software,
and the cell migration rate was calculated and is presented as
(wound area at 0 h—wound area of calculated time)/wound
area at 0 h x 100%.

Immunofluorescence staining of cells
Immunofluorescence (IF) staining was performed as reported
in our previous studies [14,36-38]. After being washed, fixed
and permeabilized, the cells were incubated with anti-Flag
(rabbit, 1:200, CST), anti-«-SMA (rabbit, 1:200, CST) and
anti-F-actin (rat, 1:200, Abcam) primary antibodies at 4°C
overnight and with goat anti-rabbit IgG H+ L (Alexa Fluor
555), goat anti-rat IgG H+L (Alexa Fluor 555), goat anti-
rabbit IgG H+L (Alexa Fluor 488), and goat anti-rat IgG
H+ L (Alexa Fluor 488) secondary antibodies (1:5000, CST)
for 1 h at room temperature. Finally, the cells were stained
with Hoechst (1:10 000; Invitrogen, USA) for 30 min at
room temperature, followed by sealing with ProLong Gold
Antifade Reagent (Invitrogen). Images were captured with a
Nikon Eclipse Ti2 confocal laser scanning microscope (Nikon
Instruments (Shanghai) Company, Shanghai, China).

Animals

Fifteen male C57BL/6 J mice (6 weeks old and 20+2 g)
were purchased from Beijing Vital River Laboratory Animal

Technology Company (China). All the mice were housed
in a 23+2°C environment with a 12-h light/dark cycle.
All the animal studies were approved by the Experimen-
tal Animal Ethics Committee of the First Affiliated Hospi-
tal of Shandong First Medical University (approval number:
SYDWLS[2021]002) and were conducted in strict accordance
with the U.K. Animals (Scientific Procedures) Act, 1986, and
the Guide for the Care and Use of Laboratory Animals.

Wound experiments

After the mice were anaesthetized with 1% pentobarbital
sodium (50 mg/kg, i.p.) and the dorsal hair was shaved,
the skin was cleaned with 70% ethanol. The intersections—
4 c¢cm away from the base of the neck and 7 mm away
from the midline—on either side of the dorsal midline were
marked as center points for wound creation. A sterile biopsy
tool with a diameter of 5 mm was subsequently used to
make full-thickness skin wounds around the center point.
The time at which the wound was created was defined as
Day 0; the time point 24 h after surgery was defined as
Day 1; and the time point 48 h after surgery was defined
as Day 2, with the subsequent time points being defined in
a similar manner. Each mouse was subsequently housed in a
separate cage.

On Days 1, 3, 5, and 7, three randomly chosen mice
were sacrificed with high-dose pentobarbital sodium for skin
wound tissue collection. The wound area along with 3 mm
of surrounding skin was excised after sacrifice, fixed in 10%
formalin fixative and embedded in paraffin for subsequent
sectioning and staining.

Immunohistochemical staining and IF staining of
skin tissues

The fixed and embedded skin tissue was sliced into 3-pum-
thick sections for immunohistochemical (IHC) staining and
IF staining. After deparaffinization and rehydration, anti-
gen retrieval was performed using a sodium citrate solution
(Solarbio). For THC staining, the sections were treated to
block peroxidase activity with reagent #1 from the IHC kit
(ZSGB-BIO, Beijing, China), blocked with reagent #2 (goat
serum) for 1 h at room temperature and incubated with
primary rabbit antibodies against RAMP1 (1:300; Abcam)
and o-SMA (1:300; CST) at 4°C overnight. The sections
were subsequently incubated with reagent #3 (the secondary
antibody conjugated with biotin) for 15 min at room temper-
ature, incubated with reagent #4 (HRP-labelled streptavidin
working solution) for 15 min at room temperature and stained
with DAB (ZSGB-BIO) before counterstaining with hema-
toxylin (Solarbio). After dehydration, clearing and sealing
with resin, the tissue sections were imaged with an Olympus
IX73 microscope. The integrated optical density (IOD)/area
for the dermis was calculated with Image] software and
recorded as the mean density. For IF staining, the sections were
permeabilized, blocked, and subsequently incubated with an
anti-RAMP1 antibody (rabbit, 1:200, Abcam) and an anti-a-
SMA antibody (mouse, 1:200, CST) overnight at 4°C. After
washing, the sections were incubated with a goat anti-rabbit
IgG antibody (Alexa Fluor 555) and a goat anti-mouse IgG
antibody (Alexa Fluor 488) for 1 h at room temperature.
The sections were subsequently stained with Hoechst, fol-
lowed by sealing with ProLong Gold Antifade Reagent. The
images were captured with a Zeiss Celldiscoverer 7 with
LSM900 multiplex airyscan confocal laser scanning fluores-
cence microscope (Zeiss, Oberkochen, Germany).
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CUT&RUN assay

The cleavage under targets and release using nuclease
(CUT&RUN) Assay Kit (CST) was used to probe
protein—-DNA interactions according to the manufacturer’s
instructions. Briefly, MSFs (100 000 cells) were washed with
wash buffer, bound to concanavalin A beads, permeabilized
with wash buffer containing digitonin and incubated with an
anti-HMGAT1 antibody (1:100, Santa Cruz Biotechnology), an
anti-trimethylated histone H3 (Lys4) (H3K4me3) antibody
or an IgG isotype Ctrl (CST) antibody overnight at 4°C
with gentle rocking. Then, Protein A-Protein G-Micrococcal
Nuclease was added to the cell-bead sample, which was
subsequently incubated for 1 h at 4°C. Cleavage was
performed by adding CaCl, and incubating the sample on
ice for 30 min, and the digestion was stopped via the addition
of one volume of stop buffer. The samples were subsequently
incubated at 37°C for 30 min to digest the RNA and release
DNA fragments and then centrifuged for 5 min at 16 000 x g
at 4°C to recover the supernatant. The target DNA was
subsequently extracted from the supernatant with DNA
purification buffers and spin columns (CST) and quantified
via qPCR and agarose gel electrophoresis. The primers used
are listed in Table S5 (see online supplementary material).

Dual-luciferase reporter assay

HEK293T cells were seeded in 6-well plates and transfected
with the HMGA1 plasmid, Renilla luciferase plasmid or fire-
fly luciferase plasmid containing the specific wt or mt «-
SMA promoter region for 24 h. After cell lysis, the luciferase
activity was quantified with a dual-luciferase reporter kit
(Beyotime) and an iMark Microplate Absorbance Reader
(Bio-Rad Laboratories, USA). The relative luciferase activity
was calculated by normalizing the firefly luciferase (Fluc)
activity to the Renilla luciferase (Rluc) activity.

Quantitative proteomic analysis

MSFs stably transfected with the Tet-on-Flag-RAMP1
OE lentivirus or Tet-on-Flag Ctrl lentivirus and treated
with Dox (5 ug/ml) for 48 h were harvested and stored
at —80°C until the time of analysis. Tandem mass tag
technology was used for quantitative proteomic analysis by
Shanghai Applied Protein Technology (Shanghai, China). The
normalized label-free quantification intensity on a log2 scale
was used for differential expression analysis with a ¢ test.
Bioinformatics analysis was performed with R software v4.0.2
(R Foundation for Statistical Computing), and the screening
criterion for differentially expressed proteins (DEPs) was a
P value < 0.05.

Statistical analysis

The data, which were tested for normality and confirmed to be
normally distributed, are presented as the means + standard
deviations (SDs) from three independent experiments and
were analysed with GraphPad Prism 9 (USA). Student’s ¢
test was used for two-group comparisons, whereas one-way
ANOVA was used for multiple group comparisons. Following
one-way ANOVA, the Dunnett test was used as a post hoc
test to compare the mean value of each column with the
mean value of a control column, whereas the Bonferroni
correction was used to compare the means of preselected pairs
of columns. Two-way ANOVA was used to assess the influ-
ence of time and treatment factors on the data. Correlations
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between gene expression levels were analysed via Pearson’s
correlation analysis. P values<0.05 (*), P values<0.01 (**)
and P values<0.001 (***) were considered to indicate statisti-
cal significance.

Results

RAMP1 and «-SMA protein levels change
dynamically and are negatively correlated during
the process of skin wound healing in mice

To investigate the roles and relationships of RAMP1 and «-
SMA in wound healing, we conducted IHC and IF staining
to assess their protein expression in the dermis in mouse
skin wounds on Days 1, 3, 5, and 7 after wound induction.
RAMP1 was expressed in both the epidermis and dermis in
mouse skin wounds, whereas a-SMA was detected in the
dermis and subcutaneous tissues (Figure 1a and b). Notably,
a-SMA and RAMP1 were colocalized in the dermis. Our IHC
staining analysis revealed a gradual increase in RAMP1 levels
in the dermis from Days 1 to 3 to 3, followed by a slight
decrease on Day 7. In contrast, «-SMA protein expression
decreased from Day 1 to Day 3 and Day 5 but increased
on Day 7 compared with Day 5 (Figure 1a—c), which aligns
with findings reported by Hasan et al. [39]. Further analysis
revealed a significant negative correlation between a-SMA
protein expression and RAMP1 levels (R =-0.9166, P < 0.01)
(Figure 1d). These results elucidate the dynamic regulation
and negative correlation of RAMP1 and «-SMA protein levels
in the dermis during the process of skin wound healing in mice.

RAMP1 OE modulates the synthesis and
remodeling characteristics of MSFs

To explore the impact of RAMP1 on MSF function in vitro, we
constructed MSFs that were stably transfected with Tet-on-
Flag-RAMP1 OE (RAMP1 OE) or Tet-on-Flag Ctrl (RAMP1
Ctrl) lentiviruses. Western blot, qQPCR, and IF assays were
conducted to validate the successful OE of Flag-RAMP1
(Figure 2a—d). We subsequently assessed how RAMP1 influ-
ences ECM production and remodeling, as these processes
are considered crucial functions of myofibroblasts [2], and
we found that RAMP1 OE promoted collagen III expression
while inhibiting collagen I expression. Additionally, MSFs in
the RAMP1 OE group presented elevated levels of MMP9
mRNA and protein and reduced levels of MMP2 and TIMP1
mRNA and protein compared with those in the RAMP1
Ctrl group (Figure 2e-g). Interestingly, RAMP1 OE also
altered the secretion profile of fibroblasts, resulting in an
increase in TGFB1 levels and a decrease in TGFB3 expression
after RAMP1 OE (Figure 2e—g). These findings suggest that
RAMP1 OE regulates the expression profile of proteins
related to ECM homeostasis in MSFs.

RAMP1 OE suppresses «-SMA expression and
promotes MSF migration

To further investigate the impact of RAMP1 on MSF differ-
entiation in greater detail, we performed western blot and
qPCR analyses to examine the expression of a-SMA, one
of the most important hallmarks of fibroblast differentiation
[2,3]. The data presented in Figure 3a—c demonstrate that
the OE of RAMP1 led to a reduction in a-SMA expression
at both the protein and mRNA levels, indicating a poten-
tial role of RAMP1 in regulating «-SMA expression at the
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Figure 1. The protein expression levels of RAMP1 and a-SMA were negatively correlated in skin wound tissue in mice. (a) IHC staining for RAMP1 and
a-SMA in acute wound tissues in mice (10x, scale bars: 100 um). (b) Confocal images of IF staining for RAMP1, a-SMA, and Hoechst in acute wound

tissues in mice (scale bars: 100 um). (¢) Quantification of the relative expression of RAMP1 in the dermis shown in a. (d) Quantification of the relative
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shown in a. the data are presented as the means + SDs of three independent experiments (*P < 0.05, **P < 0.01, and ***P < 0.001). RAMP1 receptor
activity-modifying protein 1, /HC immunochemistry, /F immunofluorescence, SD standard deviation

transcriptional level. Additionally, IF staining also revealed
a decrease in «-SMA levels upon RAMP1 OE (Figure 3d).
Given the controversial role of «-SMA expression in fibroblast
migration after differentiation into myofibroblasts [40], we
conducted scratch wound healing assays to evaluate fibroblast
migration in the different experimental groups. Interestingly,
our findings revealed a significant increase in the migration
capacity of MSFs upon RAMP1 OE compared with that of

the RAMP1 Ctrl group at both 12 and 24 h postscratching
(Figure 3e and f).

To confirm that RAMP1 OE facilitates MSF migration by
impeding MSF differentiation, we overexpressed «-SMA in
RAMP1 OE MSFs and RAMP1 Ctrl MSFs (Figure 4a—c).
Subsequent scratch wound assays indicated that «-SMA OE
in these MSFs counteracted cell migration (Figure 4d and e).
In conclusion, these results suggest that RAMP1 impedes
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Flag, F-actin and Hoechst in RAMP1 OE MSFs and RAMP1 Ctrl MSFs obtained after culture in medium supplemented with dox (5 ug/ml) for 48 h (scale
bar: 10 um). (e) Western blot of collagen I, collagen Ill, MMP2, MMP9, TIMP1, TGFB1, and TGFB3 in RAMP1 OE MSFs and RAMP1 Ctrl MSFs obtained
after culture in medium supplemented with dox (5 uwg/ml) for 48 h. Total protein was used as a loading control. (f) Quantification of the relative
expression levels of proteins in e. (g) gPCR analysis of collagen I, collagen Ill, MMP2, MMP9, TIMP1, TGFB1, and TGFB3 mRNA levels in RAMP1 OE
MSFs and RAMP1 Ctrl MSFs after culture in medium supplemented with dox (5 ug/ml) for 48 h. The data are presented as the means + SDs of three
independent experiments (*P < 0.05, **P < 0.01, and ***P < 0.001). RAMP1 receptor activity-modifying protein 1, OE overexpression, Ctrl/ control, MMP
matrix metalloproteinase, TIMP1 tissue inhibitor of metalloproteinases 1, TGFB transforming growth factor 8, MSF mouse skin fibroblast, dox
doxycycline, gPCR quantitative real-time polymerase chain reaction, /F immunofluorescence, SD standard deviation
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MSF differentiation while facilitating migration through the
downregulation of «-SMA.

RAMP1 OE influences «-SMA transcription by
inhibiting HMGA1 expression in MSFs

To elucidate the mechanisms by which RAMP1 regulates
differentiation, we conducted a comprehensive quantitative

proteomic analysis to compare protein levels between
RAMP1 OE MSFs and RAMP1 Ctrl MSFs. The volcano
plots and heatmaps shown in Figure 5a and b revealed 337
DEPs (P < 0.05), comprising 207 upregulated proteins (fold
change >1.2) and 130 downregulated proteins (fold change
<0.83). We subsequently scrutinized alterations in the protein
expression of canonical and noncanonical factors associated
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with @-SMA transcription. The heatmap in Figure 5S¢ and
histogram in Figure 5d indicate that the expression levels
of Smad2, Smad3, Smad4, serum response factor-binding
protein 1 (SRFBP1) and MRTFA did not significantly change.
As the OE of RAMP1 led to the downregulation of a-SMA
expression, we searched for relevant transcription factors
among the downregulated proteins. HMGA1 was identified
as the most significantly differentially expressed transcription
factor among the downregulated proteins in the proteomic
analysis results. HMGAT1 has also been reported to interact
with serum response factor (SRF), leading to the upregulation
of SM22q transcription [41]. Pearson’s correlation analysis
(Figure Se) further confirmed a significant positive correlation
between HMGA1 and a-SMA expression levels (R=0.98,
P <0.001). Western blot analyses of a-SMA transcription-
related proteins revealed that the OE of RAMP1 did not
influence the expression levels of Smad2, Smad3, Smad4,

MRTFA or SRF (Figure 5g and h). Furthermore, western blot
and qPCR analyses confirmed that RAMP1 OE resulted
in decreased expression of HMGA1 at both the protein
and mRNA levels (Figure 5f-h). These findings suggest that
HMGAT1 could be a target for RAMP1-mediated regulation
of a-SMA and differentiation.

HMGA1 OE upregulates a-SMA expression and
inhibits MSF migration

To investigate the interplay between HMGA1 and RAMP1
in the regulation of «-SMA expression and differentiation,
we initially transfected HMGA1 OE plasmids into RAMP1-
overexpressing MSFs (RAMP1 OE+HMGA1). Western
blot and qPCR analyses confirmed the successful OE of
HMGAT1 in the RAMP1 OE + HMGAT1 group (Figure 6a—c).
Subsequent analyses involving western blotting, qPCR, and
IF staining revealed increases in both the expression and
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transcription of «-SMA following HMGA1 OE (Figure 6—
d). Furthermore, scratch wound healing experiments were
conducted using RAMP1 OE + HMGA1 MSFs and RAMP1
OE+HMGA1 VEC MSFs to confirm whether HMGA1
regulation is also responsible for the promotion of migration.
Surprisingly, migratory ability was reduced in the RAMP1
OE + HMGA1 MSF group (Figure 6e and f).

To determine whether HMGAT1 inhibits cell migration
through a-SMA, we silenced «-SMA with a small interfering
RNA (si-a-SMA). Western blot and qPCR analyses demon-
strated that si-a-SMA successfully reduced a-SMA expression
in RAMP1 OE+HMGA1 cells (Figure 7a—c). Addition-
ally, the scratch wound assay results revealed greater cell
migration in the RAMP1 OE + HMGAT1 + si-a-SMA group
than in the RAMP1 OE+HMGAT1 + si-a-SMA NC group
(Figure 7d and e). These findings suggest that HMGA1 OE
increases a-SMA expression while inhibiting cell migration,
indicating that RAMP1 downregulates differentiation and
promotes cell migration by suppressing HMGA1.

HMGA1 regulates a-SMA expression and
differentiation at the transcriptional level

We then investigated the capacity of HMGAT1, a chromatin
structure modifier, to regulate «-SMA transcription, thereby
influencing o-SMA expression and differentiation. Initially,
by using the JASPAR promoter database, we identified the
binding site sequence of HMGA1 (Figure 8a) and predicted
three HBSs within the «-SMA promoter region at specific
locations from the transcription start site (—645 to —659 bp:
site 1; —1128 to —1142 bp: site 2; and — 1479 to —1493 bp:
site 3) (Figure 8b; Table S6, see online supplementary
material). A CUT&RUN assay was subsequently conducted
to investigate potential protein-DNA interactions between
HMGA1 and the transcriptional regulatory region of
a-SMA. The CUT&RUN qPCR and DNA agarose gel
electrophoresis results revealed that HMGA1 could bind
to all three predicted binding sites in the «-SMA promoter
region (Figure 8c and d). Next, a dual-luciferase reporter
assay was used to determine the ability of HMGA1 to
positively regulate «-SMA transcription. Reporter plasmids
containing wt or mt HBSs in the «-SMA promoter were
transfected into HEK293T cells. Notably, luciferase activity
significantly increased with HMGA1 OE in the wt group
but not in the mt group (Figure 8e and f), suggesting that
HMGA1 may directly modulate «-SMA transcription by
binding to at least one of the specific sites listed above.
To pinpoint the specific targeted site, reporter plasmids
containing mutated HBS1, HBS2, and HBS3 within the «-
SMA promoter were cloned (Figure 8e). The results indicated
that HBS1 and HBS2 did not affect HMGA1 transcriptional
activity, whereas the HBS3-mt plasmid led to a notable
reduction in HMGA1-mediated transcription, indicating that
HBS3 is the probable transcription factor-binding site for
HMGAT1 (Figure 8g). Taken together, these results suggest
that HMGA1 plays a crucial role in controlling «-SMA
transcription and differentiation through this newly identified
promoter site, establishing HMGA1 as a novel transcription
factor related to a-SMA in MSFs.

Discussion

Neural factors, including neuropeptides such as CGRP, play
important roles in the wound healing process [12,16,20].
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Similarly, fibroblasts contribute significantly to wound repair
through activities such as proliferation, differentiation, and
protein synthesis and secretion [4,7-9]. However, the available
research on the regulatory impact of CGRP on fibroblasts
remains predominantly descriptive [20], and the underlying
mechanism is still poorly understood. Furthermore, the direct
application of neuropeptides either topically or systemically
can lead to adverse effects [21]. RAMP1, a crucial compo-
nent of the CGRP receptor [42], can not only modulate the
pharmacological and signaling activity of the CGRP receptor
but also function independently of CGRP [33], suggesting
its potential as a target for drug development related to
wound repair [42,43]. Consequently, investigating the regu-
latory role of RAMP1 in fibroblast function and the specific
underlying mechanisms has significant value. In our current
study, we initially observed a negative correlation between the
expression levels of RAMP1 and a-SMA during the process
of skin wound healing in mice. Our findings subsequently
demonstrated that RAMP1 OE hindered differentiation and
promoted cell migration by suppressing «-SMA transcrip-
tion and protein expression through the downregulation of
HMGAT1 in vitro. Additionally, we noted that RAMP1 OE
could impact the ECM synthesis and remodeling abilities of
fibroblasts.

Fibroblasts have the capacity to secrete endogenous TGFB1
[5], a powerful stimulator of fibroblast activation [44]. Inter-
estingly, in culture plates, fibroblasts can form «-SMA stress
fibers and undergo myofibroblast differentiation [40] without
canonical induction by TGFB1. In our study, we detected
the baseline «-SMA level in the MSFs of the RAMP1 Ctrl
group grown in culture plates under normal culture conditions
without exogenous TGFB1; thus, the relatively decreased
levels of a-SMA protein and mRNA observed in the RAMP1
OE group confirmed that the OE of RAMP1 could decrease
a-SMA expression.

a-SMA has been used as an indicator of myofibroblast
differentiation in various studies [2,3,45]. Nevertheless, the
specific effect of «-SMA on fibroblast behavior and function
remains inadequately explored, with contradictory reports
regarding its impact on fibroblast migration across different
studies. While actin is conventionally recognized as a crucial
motor protein for cell motility, the presence of «-SMA in
fibroblasts has also been linked to increased motility. For
example, an increase in a-SMA levels in human fetal lung
fibroblasts has been shown to promote migration [46]. Con-
versely, a-SMA depletion in cardiac fibroblasts was not asso-
ciated with a discernible effect on fibroblast migration [47].
The administration of AGEs can increase cardiac fibroblast
migration by inducing their differentiation [48]. Nevertheless,
a-SMA in fibroblasts can hinder motility, as evidenced by
our experimental findings. Previous studies have also demon-
strated that the presence of a-SMA impedes the migratory
capabilities of human breast tissue-derived fibroblasts, with
the inhibition of «-SMA synthesis significantly increasing
fibroblast mobility [49]. Furthermore, the OE of a-SMA
has been shown to retard the migration of human dermal
fibroblasts [50].

The significant variations in the obtained results across
different studies investigating the function of the «-SMA may
stem from various factors. First, the use of cells from different
organs cultured under varying conditions may have con-
tributed to these discrepancies [46—50]. Fibroblasts sourced
from distinct anatomical sites have distinct developmental
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origins, and dermal and nondermal fibroblasts display dis-
crepancies in gene expression profiles [1]. Therefore, alter-
ations in «-SMA levels may yield varying effects on fibroblast
behavior on the basis of the anatomical origin of the cells.
Additionally, our study used mouse skin fibroblasts, and our
findings align with prior research on skin dermal fibroblasts
[49,50], suggesting that the inhibitory effect of @-SMA on
fibroblast migration may be an intrinsic characteristic of skin
fibroblasts. Drawing from the observed trend of RAMP1
expression during the wound healing process and our previous
findings [35], we postulate that during the early stages of
wound healing (from Day 1 to Day 5), a gradual increase in
RAMP1 expression promotes MSF proliferation and migra-
tion to generate new granulation tissue, thereby facilitating
rapid wound closure. In the later stage of wound healing
(Day 7), the reduction in RAMP1 expression and increase in
a-SMA expression slow migration, promote enhanced MSF
differentiation and initiate contraction, contributing to high-
quality wound healing. Further investigations are needed to
elucidate the underlying mechanisms responsible for the a-
SMA-mediated suppression of skin fibroblast migration.

The results from our in vitro experiments revealed that
the OE of RAMP1 led to an increase in the expression of
collagen III, MMP9 and TGFB1 while concurrently down-
regulating TIMP1 expression. Notably, the fluctuations in
the expression of these proteins increased during the early
wound healing stage but decreased during the late stage, as
previously reported [2,12,48-50], which coincided with the
observed alterations in RAMP1 expression levels throughout
the wound healing process. Consequently, we postulated that
the dynamic variations in RAMP1 expression within wound
tissue could contribute to the changes observed in collagen
I, MMP9, and TGFpB1 expression during wound healing.
Moreover, the suppression of collagen I, MMP2, and TGFA3
induced by RAMP1 OE, coupled with decreased RAMP1
expression in the later stages of wound healing, might explain
the reported increases in collagen I, MMP2, and TGFB3
expression during the late phases of wound healing [12,51-
53]. However, it is imperative to acknowledge that these
deductions are solely based on logical interpretations derived
from our in vitro cellular experiments and insights from
in vivo experiments described in the literature. Given the
complexity of the regulation of specific wound healing mech-
anisms, including collagen and MMP and TGFB synthesis
and metabolism, it is clear that such processes are intricately
controlled by multiple factors and diverse cell populations
[3,12,13]. Hence, the potential of RAMP1 to influence wound
healing in vivo by modulating ECM synthesis and metabolism
in fibroblasts requires further validation through rigorous i
vivo experiments.

HMGA1, a nonhistone chromatin-binding protein, serves
as a nuclear chromatin architectural factor [54], exerting
control over gene transcription [55]. While HMGA1 is
prominently expressed in embryonic cells, its levels remain
relatively low in normal adult cells, suggesting that it
plays a role in maintaining stemness and modulating
cell differentiation [55,56]. Extensive research has linked
HMGA1 to tumorigenesis, revealing its tumor-promoting
abilities in small-cell lung cancer [57], breast cancer [58]
and cervical cancer [59]. Moreover, its functions in pivotal
processes within nontumor cells have also been high-
lighted. For example, studies by Egawa et al. [60] proposed
that HMGAT1 influences oligodendrocyte precursor cell
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differentiation by regulating merlin-related gene transcription.
Similarly, Xie et al. [61] demonstrated that HMGA1 OE
can activate fibroblasts by increasing FOXO1 transcription,
thereby promoting cardiac fibrosis. Notably, our proteomic
analyses revealed that HMGA1, rather than canonical a-
SMA-related factors such as Smad2, Smad3, and Smad4
and noncanonical factors such as SRF and MRTFA [62],
is a novel transcription factor for «-SMA in MSFs; this
finding represents a significant contribution to the current
understanding of this topic. Additionally, findings from
Hopper et al. [63] support our observations, indicating
that elevated HMGAT1 levels can increase «-SMA and Slug
expression in pulmonary arterial endothelial cells (PAECs),
promoting their conversion to smooth muscle-like cells
and potentially leading to pulmonary arterial hypertension.
Furthermore, our study pinpointed site 3 as the probable
binding site at which HMGAT initiates a-SMA transcription.
Despite previous reports that HMGAT1 interacts with SRF to
increase SM22« promoter activity [41], it remains essential
to explore whether HMGA1-mediated o«-SMA transcription
is interconnected with SRF or other unidentified factors.

Moreover, the regulatory effects of a specific factor, such as
RAMP1, on various downstream factors can have divergent
mechanisms. Notably, our study revealed that the coordinated
modulation of @-SMA and collagen I expression induced by
RAMP1 OE correlated with the observations of McAndrews
et al. [13], who reported significant reductions in collagen
I expression and fiber abundance in nonhealing wounds of
a-SMA-positive myofibroblasts conditional depletion mice.
Interestingly, when we overexpressed the transcription factor
HMGA1 in RAMP1 OE MSFs, we observed an increase
in a-SMA expression without a corresponding increase in
collagen I expression, contrary to our expectations (data not
shown). This outcome implies that while HMGA1 influences
the impact of RAMP1 on a-SMA expression, it does not exert
a similar effect on collagen I mRNA synthesis.

Our study had several limitations. Although we identified a
negative correlation between the expression levels of RAMP1
and @-SMA in the dermis during the wound healing process,
it is important to note that this was only a general trend and
was not solely due to the negative regulation of a-SMA by
RAMP1 in fibroblasts. Although fibroblasts are crucial cells
in wound healing [1,4,7-9] and colocalization of RAMP1 and
a-SMA in the dermal layer was observed, other cells, such
as endothelial cells and macrophages, also express RAMP1
and «-SMA during the wound healing process [9,35,63,64].
To investigate the impact of RAMP1 on fibroblast function
in vivo, a transgenic mouse model in which RAMP1 is specif-
ically expressed in fibroblasts is essential. Additionally, our
experiments were limited to mouse skin fibroblasts, and it
remains unclear whether the expression pattern of RAMP1
and its related regulatory mechanisms in human skin during
wound healing parallel those observed in mice; thus, further
verification is needed. Given the role of RAMP1 as a mem-
brane receptor, future studies focusing on identifying specific
agonists/antagonists of RAMP1 and evaluating their potential
for promoting skin regeneration in animal models will be a
key area of interest for our research in the future.

Conclusions

In summary, our study makes a novel contribution by demon-
strating that RAMP1 OE suppresses HMGA1 expression,
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consequently leading to reduced a-SMA expression. This
signaling cascade promotes MSF migration through the inhi-
bition of MSF differentiation. Notably, for the first time, we
identified HMGA1 as a transcription factor that modulates «-
SMA in MSFs. By revealing this intricate mechanism govern-
ing @-SMA transcription, our study offers new insights into
the molecular processes underlying fibroblast differentiation.
RAMP1 can also enhance ECM synthesis and remodeling.
These findings elucidated the regulatory role of RAMP1 in the
modulation of fibroblast behavior, potentially revealing new
therapeutic targets for improving wound healing outcomes.
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