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Lapatinib ameliorates skin fibrosis
by inhibiting TGF-f1/Smad and
non-Smad signaling pathway

Yongping Wang'3, Tiantian Zhang?3, Hao Song'** & Cheng Yang?**

Skin fibrosis, characterized by excessive accumulation of extracellular matrix (ECM) in the dermis,
can lead to hypertrophic scars and impaired mobility. The ErbB family of receptor tyrosine kinases,
including ErbB1 and ErbB2, plays a crucial role in organ fibrosis, but their specificimpact on skin
fibrosis is less understood. This study investigated the role of ErbB1 and ErbB2 in skin fibrosis and the
therapeutic potential of lapatinib, a dual ErbB1 and ErbB2 tyrosine kinase inhibitor. Using qPCR, cell
culture assays, Western blotting, and in vivo models, we found significant upregulation of ErbB1 and
ErbB2 in keloid tissues and fibroblasts. Lapatinib treatment resulted in a dose-dependent decrease in
ErbB1 and ErbB2 expression, which suppressed the expression of fibroblast activation markers. Our
findings suggest that lapatinib may be a promising therapeutic agent for skin fibrosis by targeting
ErbB1/ErbB2 and modulating the TGF-B1/Smad2/3/Erk/Akt signalling pathways. These results warrant
further clinical investigation into lapatinib for treating skin fibrosis and related conditions.
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Fibrosis is characterized by the pathological accumulation of extracellular matrix (ECM) proteins, predominantly
collagen, which supplant functional connective tissue!. This process culminates in the emergence of fibrotic
scars, an inevitable outcome of the wound healing response after tissue injury® Skin fibrosis may arise as a
localized reaction to dermal harm resulting from burns, surgical procedures, mechanical trauma, infections, or
irradiation, representative diseases such as keloids. It can also be associated with systemic autoimmune disorders
such as systemic sclerosis (SSc). Systemic sclerosis is an idiopathic systemic autoimmune rheumatic disease that
the key manifestation is progressive skin fibrosis®. Keloids are benign, tumour-like fibrous overgrowths that
manifest as an exaggerated healing response to dermal injury*. The development of these skin fibrosis diseases
is governed by a sophisticated and stringently regulated sequence of events encompassing several overlapping
phases: maintaining tissue equilibrium, protracted inflammation, excessive ECM synthesis and deposition,
and amplified fibroblast proliferation®. The affliction caused by skin fibrosis imposes a considerable burden on
affected individuals, encompassing aesthetic disfigurement, sensory discomfort such as pruritus, pain, and, in
extreme cases, restrictions in joint mobility.

The transmembrane receptor tyrosine kinases (RTKs) of the ERBB family, comprised of epidermal growth
factor receptor EGFR (ErbB1), HER2 (ErbB2), HER3 (ErbB3), and HER4 (ErbB4)%, play pivotal roles in various
physiological and pathological processes. Upon ligand binding to the extracellular domains of ErbB1, ErbB3,
and ErbB4, the formation of catalytically active heterooligomeric complexes is initiated”. Accumulating evidence
has indicated that all ErbB members participate in the pathogenesis of organ fibrosis®~!%. Although their
specific role in skin fibrosis has not been extensively explored, it is hypothesized that the ErbB family may exert
significant effects on this condition since organ fibrosis has a common effector cell, fibroblasts. To test whether
the ErbB family is involved in skin fibrosis, we conducted a quantitative polymerase chain reaction (qQPCR) assay
to quantify the expression levels of the ErbB family members in keloid tissues and fibroblasts. Our findings
revealed a marked increase in the expression of ErbB1 and ErbB2 compared with that in normal skin samples.

Lapatinib, a dual ErbB1 and ErbB2 tyrosine kinase inhibitor that is already an established treatment for
breast cancer!, reversibly binds to the intracellular ATP binding site of the tyrosine kinase domain and
prevents receptor phosphorylation and activation, thereby blocking downstream signalling pathways such as
the MAPK/Erk and PI3K/Akt pathways, which are involved in cell survival and proliferation, respectivelyls, and
some studies have shown that lapatinib serves as a potential treatment for some skin-related diseases, such as
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metastatic squamous cell carcinoma of the skin!®!”. Encouraged by these findings, we investigated the potential
therapeutic efficacy of lapatinib. The effectiveness of lapatinib was evaluated in both in vitro and in vivo models
of two types of skin fibrosis, keloid and systemic sclerosis, in this study.

Materials and methods

Human skin fibroblasts separation and culture

Keloid fibroblasts are isolated from keloid tissue from keloid patients, and normal human fibroblast are obtained
from residual skin tissue during reconstruction surgery, both kinds of skin tissue are from the Tianjin Academy
of Traditional Chinese Medicine Affiliated Hospital. All participants in our research signed an informed consent
before study, and all methods were performed in accordance with the Ethics Committee of Nankai University
(approval No. NKUIRB2021116). The isolated fibroblasts were cultured with 15% fetal bovine serum (ExCell
Bio.) in DMEM (Beijing Solarbio Science & Technology Co., Ltd.).

Mouse primary skin fibroblast separation and culture

Within the laminar flow hood, neonatal mice of less than one day old were sacrificed by cervical dislocation.
Initially, the mice were immersed in a 5% povidone-iodine solution for two minutes, followed by an immersion
in 70% ethanol. Subsequently, they were rinsed thoroughly with sterile water and placed in a sterile petri dish for
further use. The intact dermal layer of the mouse skin was excised and placed in a sterile petri dish, ensuring that
the skin was fully spread out. The dish was then refrigerated at 4 °C for a period of 2 h to allow the tissue to set.
Freshly prepared cold trypsin solution was gently poured into the petri dish, and then the petri dish was sealed
and left to incubate overnight in a 4 °C refrigerator. To each dermis, 2 mL of collagenase solution was added, and
the tissue was incubated at 37 °C in a water bath for 30 min. Subsequently, DNase solution was added to each
dermis, and the incubation was continued for an additional 10 min. After filtration through a mesh screen, the
resulting solution was centrifuged to obtain primary dermal fibroblasts from the mouse skin. These cells were
cultured for subsequent experiments.

BLM:-induced skin fibrosis murine model

Select male C57BL/6] wild-type mice (age 8-10 weeks, 20-22 g) were bought from Beijing Vital River Laboratory
Animal Technology (Beijing, China). The animal experiments were conducted by the Institutional Animal Care
and Use Committee (IACUC) of Nankai University (No. SYXK 2019-0001). For model establishment part, mice
were anesthetized via intraperitoneal injection of sodium pentobarbital, then gently remove the dorsal hair of
approximately 2 x 2 cm using an electric shaver. Induce the formation of skin fibrosis by subcutaneous injection
of 100 pL of 0.5U bleomycin into the same skin area for a duration of 3 weeks. A total of 35 mice were evenly
distributed across five distinct experimental groups, with each comprising 7 individuals. The grouping is as
follows: (1) Control group, was administered a daily intradermal injection of 100 uL of sterile saline solution;
(2) Model group, received a daily intradermal injection of 100 uL of BLM solution; (3-5) Treatment groups,
receiving daily intradermal injections of a mixture of 100 uL BLM solution with lapatinib (at concentrations of
5, 10, and 20 uM, respectively). After 21 days of continuous injection, euthanize the mice by cervical dislocation,
harvest the dorsal skin, and analyze the histopathological changes in the murine skin.

Heterotopic transplantation of keloid fibroblasts murine model

Preparing keloid-derived fibroblasts from passages 1-3, at a quantity of 1x 1077 cells then mixed with an
equal volume of Matrigel, with the total volume adjusted to 200 pL per mouse. BALB/c female nude mice, that
aged 6-8 weeks were anesthetized via intraperitoneal injection of sodium pentobarbital. The prepared mixture
was injected into the dorsal region of the nude mice using a 1 mL syringe. Once the nodule volume reached
approximately 100 mmA3, treatment was initiated. A total of 15 nude mice were randomly divided into three
groups as follows: (1) Control group, receiving daily intra-tumoral injections of saline; (2) Positive control group,
receiving weekly intra-tumoral injections of triamcinolone acetonide (TA) (4 mg/mL); (3) Lapatinib group,
receiving daily intra-tumoral injections of lapatinib (20 pM). Treatments were administered at a volume of 50
uL per 100 mmA3 of nodule volume, with daily measurements of the dorsal nodule volume throughout the
treatment period. After one week of treatment, the mice were sacrificed by cervical dislocation, and the dorsal
nodules were excised for further analysis, including photography, histological examination, and assessment of
gene expression levels.

CCK-8 assay

The Cell Counting Kit-8 (CCK-8) assay was utilized to evaluate the impact of the drug on fibroblast proliferation.
Fibroblasts in good growth condition were plated at a density of 90% confluence, with approximately 1,000
primary cells per well in a 96-well plate. A total of 100 pL of cell suspension was aliquoted into each well and
incubated in a constant temperature incubator for 24 h. Lapatinib drug solutions at the required concentrations
were prepared. The culture medium in the 96-well plate was aspirated, and then 100 uL of medium containing
lapatinib and 10 ng/mL TGF-p1 was added to the wells for drug treatment for one day. Each experimental
group included three replicate wells to minimize error. Following a 24-hour period, 10 uL of Cell Counting
Kit-8 (CCK-8) reagent was introduced to each well within a light-protected environment, and the samples were
subjected to a further 4-hour incubation phase. Subsequently, the optical density of the samples was quantified
at a wavelength of 450 nm utilizing a microplate spectrophotometer.

Fibroblasts migration from keloid tissue assay
Fresh keloid tissue, from which the epidermis and adipose tissue have been removed, is sectioned into
3x3x3 mm tissue cubes using a sterile surgical blade. The dermis is then placed in contact with the base of a
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culture dish. Once the tissue has adhered to the dish, 10% FBS-supplemented DMEM complete growth medium
is gently added to submerge the tissue cubes, taking care not to displace the tissue. Observations are made daily
under a microscope, and once fibroblasts begin to migrate out of the tissue blocks, the medium is replaced with
drug-containing medium supplemented with varying concentrations of lapatinib. Images are taken from the
moment fibroblasts start to migrate, focusing on the same area over the course of three days, and the number of
fibroblasts is quantified.

Wound healing assay

Cells are seeded in a 24-well plate, and when the cell density reaches an appropriate level, a vertical scratch is
made in each well. After making the scratch, the culture medium is removed, and PBS is gently added along the
scratch line. For primary mouse skin fibroblasts, 100 uL of lapatinib drug solution (concentrations of 0, 2.5, 5,
10, and 20 uM) and/or 10 ng/mL TGF-B1 is added to each well. For keloid-derived fibroblasts, lapatinib solution
(concentrations of 0, 2.5, 5, 10, and 20 uM) is added to treat the fibroblasts. Cell migration is photographed at
the scratch site at 0, 12, 24, 36, and 48 h using a microscope. For each time point, three different locations are
selected for photography, and care is taken to ensure that the positions are consistent across different time points.
Subsequently, Image J software is utilized for data analysis.

Western blot

Tissue and cellular specimens underwent lysis via a mechanical homogenization process. Protein extraction was
achieved by incubating the samples for 30 min in RIPA buffer, sourced from Beyotime Biotechnology, which
was supplemented with a protease and phosphatase inhibitor cocktail, prior to centrifugation at 12,000 rpm
for 30 min at a temperature of 4 °C. The supernatants obtained were quantified using a BCA Protein Assay Kit.
Following this, immunoblotting analysis was performed in accordance with standard protocols. Proteins were
denatured by heating in loading buffer at 100 °C for 3 min before undergoing electrophoretic separation via SDS-
PAGE. The resolved proteins were then transferred onto PVDF membranes, which were blocked in Tris-buffered
saline with Tween-20 (TBST) supplemented with 5% non-fat milk for 1 h at room temperature. Subsequently,
the membranes were incubated with primary antibodies overnight at 4 °C, followed by a 1-hour incubation with
horseradish peroxidase-conjugated secondary antibodies at ambient temperature. The immunoreactive bands
were visualized using a Gel Imaging System provided by Beijing Sage Creation, and the relative levels of protein
expression were quantified through densitometric analysis with ImageJ software. Full-length and unaltered blots
are available for review in the supplementary materials.

RT-qPCR

Trizol reagent (Beyotime) was employed for RNA isolation from clinical samples. Yeasen fluorescent real-time
quantitative PCR kit was utilized. Primers, SYBR Green Mix, RNase-free water, and cDNA samples were placed
in an ice box to thaw in advance. The reaction mixture was prepared according to the required experimental
system and aliquoted into individual wells of an eight-tube strip, with each group having three replicates.
Subsequently, cDNA was added, and the mixture was briefly centrifuged to ensure enrichment of the reaction
mixture. Following the manufacturer’s instructions for the qRT-PCR apparatus, amplification was performed.
The data and resulting graphs obtained were used to quantitatively analyze the expression levels of the markers in
the samples. This method allows for the precise measurement of gene expression and can be adapted for various
applications in molecular biology and biomedical research. Target gene amplification and quantification were
conducted on a Real-Time PCR Detection System (Roche) utilizing the One-Step RT-qPCR Probe Kit (Yeasen,
China). Relative fold changes in gene expression were determined by normalization to housekeeping genes,
GAPDH or -Actin, employing the comparative cycle threshold (Ct) method, also known as the 2- A ACt
method. A comprehensive list of the primers used is detailed in Table 1.

Cell transfection

In this experiment, we designed two double strained siRNA against the coding sequence of ErbB1 and ErbB2,
respectively (Table 2) and the TransIT-X2 transfection reagent was utilized, following the manufacturer’s
provided protocol. Keloid-derived fibroblasts were plated in a six-well plate and cultured for 12 h or until
they achieved 80% confluence. After the transfection complex was prepared, 250 pL of the mixture was added
dropwise to various areas of the six-well plate containing serum-free DMEM. The plate was gently rocked to
ensure even distribution of the complex. The cells were then incubated for 24 to 48 h to facilitate transfection.
Upon completion of the incubation period, the cells were harvested to extract RNA or protein. These cellular
components were subsequently employed in downstream applications, including real-time qPCR assays to
evaluate gene expression levels and immunoblotting techniques for the analysis of protein expression and post-
translational modifications.

HYP content measurement

An equal amount (10 mg) of skin from the affected area of the mouse was weighed and placed into the ampoules,
which were then dried in an oven at 120 °C for 18 h. After opening the ampoule caps, 2 mL of 6 M NaOH was
added to each, and the mixture was filtered using a syringe and microporous membrane into a 10 mL centrifuge
tube. The pH was then adjusted to 7.0-8.0, and the total volume was adjusted to 10 mL with ddH,O. To each
tube, chloramine T was added, vortexed to ensure thorough mixing, and then left at room temperature for
20 min. Subsequently, perchloric acid was added to each tube, vortexed, and left at room temperature for 5 min.
Finally, P-DMAB was added to each tube, vortexed, and incubated in a 50 °C water bath for 20 min. After the
solutions had cooled, 200 pL from each tube was aliquoted into a 96-well plate, with 3 replicates for each sample.
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Gene Primer | Sequence (5’-3)
Forward | TGGATTTGGACGCATTGGTC
M-GAPDH
Reverse | TTTGCACTGGTACGTGTTGAT
Forward | GCTGGTGATGATGCTCCCA
M-a-SMA
Reverse | GCCCATTCCAACCATTACTCC
Forward | CCAAGAAGACATCCCTGAAGTCA
M-Collal
Reverse | TGCACGTCATCGCACACA
MLE Forward | AAGGATGGAGTGATAGCAACCC
-Fn
Reverse | TCTGCTTGAAATCTGGTGTGC
Forward | AGGCCAACCGTGAAAAGATG
H-p-actin
Reverse | AGAGCATAGCCCTCGTAGATGG
Forward | TGGGTGAACTCCATCGCTGTA
H-a-SMA
Reverse | GTCGAATGCAACAAGGAAGCC
Forward | AAGCCGGAGGACAACCTTTTA
H-Collal
Reverse | GCGAAGAGAATGACCAGATCC
Forward | TGGTGTTGGAGCCGCTGCCA
H-Col3al
Reverse | CTCAGCACTAGAATCTGTCC
HE Forward | GCCACTGGAGGTCTTTACCACA
-Fn
Reverse | CCTCGGTGTTGTAAGGTGGA
H-ErbB1 Forward | GGAGAACTGCCAGAAACTGAC C
-Er
Reverse | GCCTGCAGCACACTGGTTG
Forward | AGCCGCGAGCACCCAAGT
H-ErbB2
Reverse | TTGGTGGGCAGGTAGGTGAGTT
Forward | GTCTGTGTGACCCACTGCAACT
H-ErbB3
Reverse | GGGTGGCAGGAGAAGCATT
H.ErbBa Forward | GGCTGCTGAGTTTTCAAGGATG
-Erl
Reverse | GCTTCATACGATCATCACCCTGA
Table 1. Real-time PCR primer synthesis list.
siRNA | Primer | Sequence (5'-3')
BrbBL.1 sense CUCUGGAGGAAAAGAAAGU
rbB1-
antisense | ACUUUCUUUUCCUCCAGAG
ErbB1.2 sense CACAGUGGAGCGAAUUCCU
rbB1-
antisense | AGGAAUUCGCUCCACUGUG
EtbB2-1 sense CCUGUUCUCCGAUGUGUAA
rbB2-
antisense | UUACACAUCGGAGAACAGG
ErbB2-1 sense GGUGUGAGAAGUGCAGCAA
bB2-
antisense | UUGCUGCACUUCUCACACC
CTL UAAUUGCAAGUGGUAGAUGTT
Table 2. SiRNA against ErbB1 and ErbB2.

The absorbance was measured at 577 nm, and the hydroxyproline content of the tissues was calculated based on

a standard curve of hydroxyproline.

Histology

The skin tissues from mice were subjected to perfusion with a 4% solution of paraformaldehyde (PFA) at ambient
temperature, followed by overnight immersion in PFA post-tracheal ligation. The tissues were subsequently
processed by embedding in paraffin and sectioned into serial slices of 5-micrometer thickness. Histological
assessment was conducted using hematoxylin and eosin (H&E) staining to evaluate tissue morphology, as well
as Masson’s trichrome staining to highlight collagen deposition. Furthermore, immunohistochemical staining
for collagen type I (Coll), fibronectin (Fn), and alpha-smooth muscle actin (a-SMA) was performed to ascertain
the extent of fibrosis within the tissue. The stained sections were examined utilizing light microscopy at a

magnification of x20, providing a detailed visualization of the fibrotic changes within the skin tissues.
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Statistical analysis

Statistical analysis of the data was performed employing GraphPad Prism version 8.0 software. To evaluate the
disparities among the control, model, and experimental groups, pairwise comparisons were conducted using
t-tests, while one-way analysis of variance (ANOVA) was applied for assessing multiple group comparisons.
All experiments were conducted independently three times to ensure the reliability and reproducibility of
the results. The data are expressed as the Mean + Standard Deviation (Mean+ SD), and statistical significance
was set at a threshold of P<0.05.For the quantification of Western blot band intensities, immunofluorescence
signal intensities, and immunohistochemical positive signal intensities, the Image] software was employed. The
thickness of the mouse skin epidermis was measured using the Image-Pro Plus software.

Results

Lapatinib suppresses the high expression of ErbB1 and ErbB2 in keloids

We initially investigated the expression of the ErbB family in normal skin tissue and keloid tissue, as well as
in normal dermal fibroblasts and keloid fibroblasts, with quantitative reverse transcription polymerase chain
reaction (QRT-PCR). The results revealed that, at the transcriptional level, ErbB1 and ErbB2 expression was
increased in keloid tissues and fibroblasts, whereas ErbB3 and ErbB4 expression was decreased in these same
compartments (Fig. 1A, B. This differential gene expression pattern suggests a potential role for ErbB1 and
ErbB2 in the pathogenesis of keloids, possibly through the modulation of fibroblast activity and extracellular
matrix production. Further studies were designed to elucidate the mechanistic contributions of ErbB1 and
ErbB2 to keloid formation and progression.

The elevated expression of ErbB1 and ErbB2 in keloid tissue and fibroblasts prompted an investigation into
the impact of their respective and combined gene knockouts on the activation of keloid fibroblasts and the
expression of fibrotic factors. We designed two double-stranded siRNAs against the coding sequences of ErbB1
and ErbB2 (Table 2), and keloid fibroblasts were transfected with those siRNAs. The mRNA expression levels of
ErbB1 and ErbB2 in keloid fibroblasts were determined by RT-qPCR, and the results revealed that ErbB1-1 and
ErbB2-1 were more effective at inhibiting the expression of ErbB1 and ErbB2 (Fig. 2A). On the basis of these
results, we selected ErbB1-1 and ErbB2-1 as siRNAs for subsequent experiments and found that, at the genetic
level, the knockout of ErbB1 and ErbB2 in keloid fibroblasts, either individually or in combination, resulted in
a decrease in the expression levels of the quintessential markers of fibroblast activation, Type I collagen (CoL-
1) and fibronectin (Fn), with the combined knockout resulting in a more pronounced effect (Fig. 2B and D).
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Fig. 1. ErbB1, ErbB2 are highly express in tissues and fibroblasts from keloid samples. (A) Relative mRNA
expression of ErbB1, ErbB2, ErbB3, and ErbB4 in normal skin tissues and keloid-derived skin tissues analyzed
by RT-qPCR. (B) Relative mRNA expression of ErbB1, ErbB2, ErbB3, and ErbB4 in Human Skin Fibroblasts
(HSF) and Keloid-derived Skin Fibroblasts (KF) analyzed by RT-qPCR. The data which presented in this study
are expressed as mean+ SD (n=3). the statistical analysis revealed significant differences when compared with

the control group, *P <0.05, **P <0.01, ***P <0.001, ****P < 0.0001.
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Fig. 2. Gene Knockout of ErbB1 and ErbB2 in keloid Fibroblasts Inhibits Cell Activation & Lapatinib
Suppresses the Expression of ErbB1 and ErbB2 in Keloid fibroblasts. (A-B) Relative mRNA expression

of ErbB1 / ErbB2 after transfection with siErbB1-1/siErbB1-2 or siErbB2-1/ siErbB2-1 in KF, analyzed

by RT-qPCR. (C-D) Relative mRNA expression of fibronectin and collagen I in siErbB1, siErbB2, and
siErbB1 + siErbB2 groups in KF analyzed by RT-qPCR. (E-H) The expression protein levels of fibroblast
markers a-SMA, CoL-1, and Fn were assessed by Western blot analysis (I-K) The expression protein levels

of phosphorylated ErbB1, phosphorylated ErbB2, ErbB1, and ErbB2 after treated with lapatinib of different
concentrations in KF. The data which presented in this study are expressed as mean = SD (n=3). the statistical
analysis revealed significant differences when compared with the control group, *P <0.05, **P <0.01,

P <0.001, ****P <0.0001.

Concurrently, the protein expression levels of the fibroblast markers a-SMA, CoL-1, and Fn were assessed by
Western blot analysis (Fig. 2E) and subjected to quantitative analysis (Fig. 2F and H). The findings revealed that
the knockout of ErbB1 and ErbB2 in keloid fibroblasts, whether singularly or in tandem, inhibited the activation
of keloid fibroblasts by reducing the expression of a-SMA, CoL-1, and Fn at both the mRNA and protein levels,
with the combined knockout again showing superior efficacy.

Because the expression of ErbB1 and ErbB2 was increased in keloid tissue and fibroblasts and because of their
potential influence on promoting the process of skin fibrosis'®-2%, we explored the efficacy of lapatinib in treating
skin fibrosis. On the basis of these findings, we conducted a pharmacological study on the efficacy of lapatinib
in keloid fibroblasts. In accordance with previous studies?! =23, we selected four concentrations of lapatinib, 2.5,
5, 10, and 20 pM, for subsequent pharmacological experiments. We initially used Western blot analysis to assess
the protein expression levels of the markers ErbB1 and ErbB2 and their phosphorylated proteins. As shown in
Fig. 2l and K, treatment with lapatinib resulted in a dose-dependent decrease in the expression of phosphorylated
ErbB1 and phosphorylated ErbB2 proteins, whereas the protein levels of ErbB1 and ErbB2 remained unchanged,
which is consistent with previous studies.

According to the results mentioned above, lapatinib was used in subsequent experiments to evaluate the
specific roles of ErbB1 and ErbB2 in skin fibrosis.
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Lapatinib inhibits the proliferation, migration, and activation of keloid fibroblasts

The effect of lapatinib on the proliferation of keloid fibroblasts was evaluated through the CCK-8 assay. The
findings revealed that, relative to the control group, the groups exposed to varying concentrations of lapatinib
(2.5, 5, 10, and 20 uM) exhibited dose-dependent inhibition of cell proliferation (Fig. 3A). Additionally, the
influence of lapatinib on the migratory behaviour of keloid fibroblasts was investigated with both a scratch
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Fig. 3. Lapatinib Inhibits the Proliferation, Migration, and Activation of Keloid Fibroblasts. (A) CCK-8 assay
of KF after treating with different concentration of Lapatinib (2.5, 5, 10, and 20 uM). (B) Wound-healing

assay to test the effects of Lapatinib on the migration of keloid fibroblasts. (C) Ex vivo keloid explant culture
model to examined the effects of Lapatinib’s effect on inhibiting the migration of keloid fibroblast. (D-F)
Relative mRNA expression of a-SMA, COL1, and FN in KF analyzed by RT-qPCR after treating with different
concentration of Lapatinib (2.5, 5, 10, and 20 pM). (G-J) Relative protein expression of a-SMA, COLI, and

FN in KF analyzed by Western Blot after treating with different concentration of Lapatinib (2.5, 5, 10, and 20
uM). The data which presented in this study are expressed as mean +SD (n=3). the statistical analysis revealed
significant differences when compared with the control group, *P <0.05, **P <0.01, ***P <0.001, ***P <0.0001.
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wound-healing assay and an ex vivo model involving keloid explant cultures. As shown in Fig. 3B, lapatinib
significantly suppressed the migration of keloid fibroblasts at various time points (0 h, 12 h, 24 h, and 36 h)
compared with that in the control group. In the keloid explant culture model, different concentrations of
lapatinib were added at the onset of fibroblast migration from the edge of the keloid (Day 0). On the third day
after the addition of lapatinib, images were taken under the same field of view, and the number of migrated cells
was counted, which revealed that lapatinib significantly inhibited the migration of keloid fibroblasts in a dose-
dependent manner (Fig. 3C).

Lapatinib suppresses the proliferation, migration, and activation of primary mouse dermal
fibroblasts (PSFs) induced by TGF-B1

TGF-B1 is an important participant throughout the wound healing process, and several lines of preclinical
evidence suggest that excessive production of TGF-B1 may promote the development of skin fibrosis**=2¢. To
further validate whether lapatinib inhibits the development of skin fibrosis, we designed an experiment to
determine the ability of lapatinib to suppress the proliferation, migration and activation of PSFs induced by
TGF-P1, as observed in keloid fibroblasts.

A CCK-8 assay was used to evaluate the impact of lapatinib at concentrations of 2.5, 5, 10, and 20 uM on the
proliferation of PSFs stimulated with TGF-B1. The findings revealed that TGF-P1 stimulation led to increased
cell proliferation, which was markedly attenuated by lapatinib treatment in a concentration-dependent manner
(Fig. 4A). A scratch wound-healing assay was subsequently utilized to investigate the influence of lapatinib on
PSF migration. The experimental data indicated that lapatinib significantly impeded the migratory capacity
of TGF-B1-induced PSFs compared with that of control cells. The number of migrating cells was markedly
increased upon TGF-P1 induction, and this migration was notably reduced following treatment with lapatinib
(Fig. 4B).

We subsequently exposed PSFs to TGF-B1 and a range of lapatinib concentrations to develop an in vitro
cellular model for examining the influence of the drug on the expression of fibrotic factors. At the molecular
level, treatment with lapatinib led to a dose-dependent decrease in the expression of a-SMA, a quintessential
marker of fibroblast activation, relative to that in the cell group treated with only TGF-f1 (Fig. 4C). In parallel,
Western blotting was utilized to assess and quantify the levels of fibroblast-specific biomarkers, namely, the
a-SMA, CoL-1, and Fn proteins. These findings indicated that while the induction of TGF-B1 increased the
levels of these protein biomarkers, their expression was attenuated upon lapatinib treatment (Fig. 4D, G). In
summary, these experiments demonstrate that lapatinib can inhibit the proliferation, migration, and activation
of PSFs induced by TGF-B1.

Lapatinib inhibits fibroblast activation in skin fibrosis via TGF-B1/Smad2/3 and non-Smad
signaling pathways

Skin fibrosis is characterized by excessive deposition of dysfunctional extracellular matrix (ECM), which
impedes the complete regeneration of tissue structure and function during the wound healing process. The
TGF- signalling pathway has been identified as a key player in these phenomena, indicating that interventions
targeting the TGF-B pathway could enhance the outcomes of wound healing and scarring'®?”?, Tomasso et
al.? demonstrated that sustained high levels of ERK activity are a hallmark of complex tissue regeneration,
with the fibroblast growth factor and ErbB signalling pathways acting as upstream regulators of ERK in the
regenerative process. On the basis of these studies, we hypothesize that lapatinib may inhibit fibroblast activation
in skin fibrosis through both the TGF-p1/Smad and non-Smad signalling pathways. To test this hypothesis, we
conducted in vitro validations with WB assays on keloid fibroblasts and PSFs.

The results indicated that treatment with lapatinib significantly reduced the protein expression levels of
phosphorylated Smad2/3 in keloid fibroblasts, whereas the total protein expression levels of Smad2/3 remained
unchanged. Furthermore, lapatinib also significantly decreased the protein expression levels of p-ERK and
p-AKT (Fig. 5A, E). Similar experimental outcomes were validated in PSFs induced by TGF-f1 (Fig. 5E, J),
suggesting a critical role of lapatinib in alleviating fibroblast activation in skin fibrosis.

Lapatinib Inhibits the proliferation and activation of xenografted keloid fibroblasts via the
TGF-B1/smad and non-Smad signalling pathways

We established a xenograft model of keloid fibroblasts to assess the effects of lapatinib in a humanized animal
model. Each mouse was implanted with a keloid fibroblast cluster obtained from a keloid patient, and when the
cluster volume reached approximately 100 mm?, the treatment was administered via intratumoral injection, with
daily treatments for one week, after which the grafted tissues were excised for further analysis.

Initially, we measured the volume of the nodules after one week of treatment with triamcinolone acetonide
(TA) as the positive control drug group, as it is commonly used in the clinical treatment of skin fibrosis**-*2, and
the results revealed that the nodule volume in the lapatinib-treated group was smaller than that in the control
group but that lapatinib was less effective compared with the positive control drug group (Fig. 6A). Images of
the excised tissues also supported this conclusion (Fig. 6B), indicating that lapatinib inhibits the proliferation of
xenografted keloid fibroblasts in nude mice.

We subsequently extracted RNA from the grafted tissues for gene expression analysis. After one week of
lapatinib treatment, the expression of the fibrosis-related proteins a-SMA, Coll, Col3, and Fn in the keloid graft
tissues was significantly decreased (Fig. 6C, F). Western blot experiments to assess the expression of fibrotic
activation proteins in the tissues also revealed that lapatinib reduced the levels of a-SMA, Coll, and Fn in the
keloid graft tissues (Fig. 6G, J). Collectively, these results suggest that lapatinib can inhibit the activation of
xenograft keloid fibroblasts.
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Fig. 4. Lapatinib Suppresses the Proliferation, Migration, and Activation of Primary Mouse Dermal
Fibroblasts (PSF) Induced by TGF-p1 (A) CCK-8 assay of PSF after treating with different concentration of
Lapatinib (2.5, 5, 10, and 20 uM ) or/and TGF-p (10ng/ml) . (B) Wound-healing assay to test the effects of
Lapatinib on the migration of PSE. (C) Relative mRNA expression of a-SMA in PSF analyzed by RT-qPCR
after treating with different concentration of Lapatinib (2.5, 5, 10, and 20 uM) or/and TGF- (10ng/ml) .
(D-G) Relative protein expression of a-SMA, COL1, and FN in PSF analyzed by Western Blot after treating
with different concentration of Lapatinib (2.5, 5, 10, and 20 pM) or/and TGF-f (10ng/ ml) . The data which
presented in this study are expressed as mean + SD (n = 3). Statistical analysis revealed significant differences
when compared with the control group, denoted as ####P < 0.0001, *P < 0.05, **P < 0.01, ***P <0.001, ****P
<0.0001 as compared with TGF- model group.

To further explore the mechanism of action of lapatinib in this model, we used Western blot experiments
to examine the proteins involved in the TGF-B1/Smad and non-Smad signalling pathways in xenograft keloid
fibroblasts. The results indicated that treatment with lapatinib significantly reduced the phosphorylation levels
of Smad2 and Smad3 without significantly affecting the total protein levels of Smad2/3. Moreover, lapatinib
markedly inhibited the protein expression levels of p-ERK and p-AKT (Fig. 6K, O).
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Fig. 5. Lapatinib Inhibits Fibroblast Activation in Skin Fibrosis via TGF-$1/Smad2/3 and Non-Smad Signaling
Pathways (A-E) Relative protein expression of P-smad2, Smad2, Smad3, P-Smad3, Akt, P-Akt, Erk, and P-Erk
in KF analyzed by Western Blot after treating with different concentration of Lapatinib (2.5, 5, 10, and 20 uM)
) . (F-J) Relative protein expression of P-smad2, Smad2, Smad3, P-Smad3, Akt, P-Akt, Erk, and P-Erk in PSF
analyzed by Western Blot after treating with different concentration of Lapatinib (2.5, 5, 10, and 20 pM) or/
and TGF-B (10ng/ml) . The data which presented in this study are expressed as mean + SD (n = 3). Statistical
analysis revealed significant differences when compared with the control group, denoted as #P < 0.05, ##P <
0.01, ####P < 0.0001, *P < 0.05, **P < 0.01, ***P <0.001, ****P <0.0001 as compared with model group.

In summary, these results demonstrate that lapatinib effectively inhibits the activation of xenograft keloid
fibroblasts and the deposition of collagen in a humanized animal model by TGF-B1/Smad and non-Smad

signalling pathways.

Lapatinib mitigates skin fibrosis by inhibiting TGF-B1/smad and non-Smad signalling
pathways to suppress fibroblast activation in a bleomycin-induced murine model

To explore the therapeutic efficacy of lapatinib on cutaneous fibrosis in vivo, we established a murine model
of systemic sclerosis by administering bleomycin (0.5 U) and subsequently conducted histopathological
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Fig. 6. Lapatinib Inhibits the Proliferation and Activation of Xenografted Keloid Fibroblasts via TGF-f1/Smad
and Non-Smad Signaling Pathways. (A) The nodule volume in the patient-derived keloid fibroblast transplant
murine model (B) Image of the excised tissues in each group. (C-F) Relative mRNA expression of a-SMA,
COL1, COL3, and EN in the patient-derived keloid fibroblast transplant murine model analyzed by RT-qPCR.
(G-J). Relative protein expression of a-SMA, COL1, and EN analyzed by Western Blot. (K-O) Relative protein
expression of P-smad2, Smad2, Smad3, P-Smad3, Akt, P-Akt, Erk, and P-Erk analyzed by Western Blo The
data which presented in this study are expressed as mean + SD (n = 4). Statistical analysis revealed significant
differences when compared with the control group, denoted as *P < 0.05, **P < 0.01, ***P <0.001, ***P
<0.0001.
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assessments of the dorsal skin®~3%. The skin sections were subjected to haematoxylin and eosin (H&E) and
Masson’s trichrome staining (Fig. 7A) to evaluate the fibrotic state and quantify the dermal layer thickness.
The staining results revealed that the dermal layer in the mice was considerably thicker after BLM induction,
characterized by the presence of dense collagen fibres, compared to that in the NaCl group. In contrast to the
model group, lapatinib treatment led to a significant reduction in BLM-induced skin fibrosis, as evidenced by
a decrease in skin thickness and collagen accumulation in the mice (Fig. 7B). Furthermore, statistical analysis
of dermal layer thickness confirmed that lapatinib was capable of significantly mitigating BLM-induced skin
fibrosis in a murine model. Hydroxyproline content analysis of equal masses of skin revealed that the content was
significantly elevated after BLM induction and was significantly reduced in a dose-dependent manner following
treatment with lapatinib (Fig. 7C). Additionally, the results of the immunohistochemical staining revealed that
lapatinib dose-dependently reduced the levels of a-SMA, CoL1, and Fn in mouse skin tissue (Fig. 7D, G).

The results from both the histopathological sections and the collagen content suggest that lapatinib can
significantly inhibit the progression of BLM-induced skin fibrosis in a murine model.

To elucidate the in vivo efficacy and underlying mechanisms of lapatinib, protein extracts were obtained
from murine skin tissues. Western blot analysis revealed that lapatinib treatment significantly downregulated
the expression of the fibrotic marker proteins a-SMA and Fn in the skin tissues of mice with BLM-induced skin
fibrosis (Fig. 8A,C), which aligned with the results of the immunohistochemical staining experiments. These
results suggest that lapatinib can mitigate the activation of dermal fibroblasts in mice, thus ameliorating BLM-
induced skin fibrosis. Additionally, we assessed the influence of lapatinib on the activation status of pivotal
proteins within the TGF-f1/Smad and non-Smad signalling cascades in mice. Western blotting demonstrated
that after BLM induction, lapatinib substantially reduced the phosphorylation of Smad2 and Smad3 in a dose-
dependent manner without significantly impacting the total protein levels of Smad2/3. In parallel, lapatinib also
significantly suppressed the protein expression levels of phosphorylated ERK (p-ERK) and phosphorylated AKT
(p-AKT) (Fig. 8D, H). In conclusion, these results indicate that lapatinib mitigates skin fibrosis by inhibiting
the TGF-p1/Smad and non-Smad signalling pathways to suppress fibroblast activation in a bleomycin-induced
murine model.

Discussion

Skin fibrosis represents an overactive wound healing process and is a fundamental component of the aetiology
of various dermatological conditions®. The socioeconomic impact of skin fibrosis is considerable, yet the
development of efficacious and long-lasting scar management strategies continues to be a critical deficiency in
clinical practice. The demand for groundbreaking therapeutic approaches that address both the prevention and
treatment of dermal fibrosis and aberrant scarring is substantial and unmet®’. Advancing our comprehension
of the regulatory mechanisms underlying cytokine function and identifying novel animal models that closely
mirror the human dermal fibrosis phenotype are essential steps towards the development of novel therapeutics.
Such advancements have the potential to not only decelerate disease progression but also to exert transformative
effects on the chronicity and trajectory of these fibrotic conditions®.

In this study, we mainly talked about the effect of lapatinib in the two types of skin fibrosis diseases. Keloids
are localized, exaggerated fibrotic responses to dermal injury, while systemic sclerosis is a broader autoimmune
disease affecting multiple organ systems, with skin sclerosis being one of its key manifestations. For distinctively
determined the effect of lapatinib in alleviating skin fibrosis of both types of diseases, we designed both in vitro
and in vivo experiment for them separately.

Fibroblasts serve as the principal effector cells under scrutiny, given their pivotal and dynamic role in
sophisticated tissue repair mechanisms and the fibrotic response’’. Recognized as the quintessential cellular
agents in the pathogenesis of scarring and fibrosis, fibroblasts have become a focal point in research endeavors
aimed at enhancing the outcomes of wound healing and dermal fibrosis*’. On the basis of the empirical
data supporting the importance of fibroblasts, we designed keloid patient-derived fibroblasts for keloid cell
experiments and used an in vitro experiment on TGF-B-induced PSFs to mimic the pathogenesis of SSc on the
basis of previous studies*>~4,

For the in vivo experiments, we established a keloid patient-derived fibroblast transplantation murine model
was used. Keloids are characterized by excessive and disorganized collagen deposition within the dermis, often
extending beyond the original wound margins. Our histopathological analysis in the keloid patient-derived
fibroblast transplantation murine model revealed that keloid tissues exhibited a more nodular and disorganized
collagen pattern and higher density of inflammatory cells. And the results showed that lapatinib could inhibit
the exaggerated fibrosis primarily confined to the dermis and the tendency to form a tumor-like protrusions
(Fig. 6A and B). And the results of qPT-PCR and western blot both revealed that lapatinib can inhibit the ECM
deposition. As for SSc, a BLM-induced SSc murine model to determine the effect of lapatinib in SSc-lead skin
fibrosis which marked by dense, hyalinized collagen fibers with a more uniform arrangement, leading to diffuse
skin thickening. we conducted histopathological analyses using H&E staining and Masson’s trichrome staining,
and the results showed that lapatinib can significantly decreasing the dermis thickness and collagen accumulation
in skin tissues (Fig. 7A C). Furthermore, the results of the immunohistochemical staining (Fig. 7D and G) and
western blot (Fig. 8A C) all revealed that lapatinib dose-dependently reduced the levels of the representative
biomarkers about skin fibrosis, a-SMA, CoL1, and Fn in mouse skin tissue. The expression of ErbB1 has been
found to be positively correlated with organ fibrosis. Zhou et al. demonstrated that the inhibition of ErbB1
ameliorates TGF-B-induced pulmonary fibrosis*®, Savage et al. reported that ErbB1 signalling is upregulated
during hepatic fibrogenesis*®, and Zhu et al. reported elevated ErbB1 expression at both the protein and mRNA
levels in renal tubulointerstitial fibrosis*’. Although ErbB1 has not been reported to be related to skin fibrosis,
some studies have shown that it may be involved in some skin disorders, such as squamous cell carcinoma of
the skin, cutaneous melanoma, and basal cell carcinoma of the skin*®*°. ErbB2 has been shown to be related
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Fig. 7. Lapatinib Mitigates BLM-Induced Skin Fibrosis in Mice (A) H&E and Masson staining of skin

tissues (Scale: 500 pm). (B) Quantification of skin thickness (C) Hydroxyproline contents in 10g skin tissues
per mouse. (D) Immunohistochemistry was used to analyze the expression levels of a-SMA, Coll and Fn.
Quantitative analysis was shown (E-G) Scale bars: 20 um. The data which presented in this study are expressed
as mean + SD (n = 7). Statistical analysis revealed significant differences when compared with the control
group, denoted as #P < 0.05, ##P < 0.01, ####P < 0.0001, *P < 0.05, **P < 0.01, ***P <0.001, ****P <0.0001 as
compared with model group.
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Fig. 8. Lapatinib Mitigates Skin Fibrosis by Inhibiting TGF-B1/Smad and Non-Smad Signaling Pathways to
Suppress Fibroblast Activation in Bleomycin-Induced Murine Model (A-C) Relative protein expression of
a-SMA and FN in BLM-induced murine model analyzed by Western Blot (D-H) Relative protein expression
of P-smad2, Smad2, Smad3, P-Smad3, Akt, P-Akt, Erk, and P-Erk in BLM-induced murine model analyzed by
Western Blot. The data which presented in this study are expressed as mean + SD (n = 7). Statistical analysis
revealed significant differences when compared with the control group, denoted as #P < 0.05, ##P < 0.01,
####P < 0.0001, *P < 0.05, **P < 0.01, ***P <0.001, ***P <0.0001 as compared with model group.
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to organ fibrosis and to promote keloid fibrosis by Jumper, Natalie et al.*’. Both markers, ErbB1 and ErbB2,
are commonly reported in organ fibrosis but rarely in skin fibrosis. In this study, we found that these genes
were highly expressed in keloid tissues and fibroblasts. To address the role of ErbB1 and ErbB2, we knocked
them out by transient transfection in keloid fibroblasts and surprisingly found that the expression levels of the
quintessential markers of fibroblast activation, CoL-1 and Fn, were decreased. The question thus arises as to
whether an inhibitor of both ErbB1 and ErbB2 could be effective in treating skin fibrosis.

Lapatinib has been previously shown to have effects on several breast cancer cell lines®! and patients with
breast cancer!?, and its effects on skin fibrosis were evaluated. According to previous studies, lapatinib has been
identified as a potential treatment for several skin disorders. Gholizadeh, Nasim et al. reported that lapatinib can
block the epithelial-mesenchymal transition in nonmelanoma skin cancers by interfering with the PI3K/AKT/
mTOR and Wnt/ErK/PI3K-AKT signalling pathways®2. Yao, Ming et al. reported that lapatinib interrupted the
PI3K/AKT/mTOR signalling pathway in human ¢SCC cells'’, and Hidaka, Takanori et al. successfully treated
HER-2-positive metastatic apocrine carcinoma of the skin with lapatinib®. Our in vitro and in vivo results
support that lapatinib can significantly alleviate skin fibrosis through the TGF-f1/Smad2/3 and non-Smad
signalling pathways.

We have conducted an in-depth analysis of the pivotal role of the TGF-p pathway in skin fibrosis, with a
particular focus on the involvement of ErbB1 and ErbB2 in the activation of fibroblasts induced by TGF-p,
which serves as a key instigator of tissue fibrosis, exacerbating pathological reparative processes by promoting
the proliferation of fibroblasts and the deposition of the extracellular matrix (ECM)**. Our findings reveal that
TGF- activates ErbB1 and ErbB2 in skin fibrosis, a process essential for the maintenance of the activated state
of fibroblasts. Lapatinib significantly inhibited TGF-B-induced fibroblast activation in this study. This finding
is congruent with the mechanism of action of lapatinib in the treatment of pancreatic cancer®>%; however, its
potential application in the treatment of skin fibrosis was explored for the first time in this study. Although
we did not stratify the various subpopulations of fibroblasts in this research, on the basis of the existing data
analysis, the response is likely dependent on the ErbB1/ErbB2 signalling pathway in mesenchymal fibroblasts®’.
These findings suggest that lapatinib may selectively target the pathological fibrotic process without disrupting
normal tissue repair mechanisms. Given the inhibitory effects of lapatinib on the TGF-B/ErbB1/ErbB2 signalling
cascade demonstrated in this study, we propose that lapatinib may emerge as a novel therapeutic option for the
treatment of skin fibrosis.

Future clinical studies are warranted to further investigate the treatment duration and potential combination
with other therapeutic modalities of lapatinib. Additionally, we advocate for the development of novel fibroblast-
specific genetically engineered mouse models (GEMM:s) to better understand the role of ErbB1/ErbB2-activated
fibroblasts in skin fibrosis in further research and to explore the combined application of lapatinib with other
immunotherapeutic strategies for the treatment of skin fibrosis.

Conclusion

This research revealed that ErbB1 and ErbB2 were both highly expressed in skin fibrosis tissue and fibroblasts,
which represents a pioneering evaluation of the impact of lapatinib on the aetiology of skin fibrosis through in
vitro and in vivo experimental approaches. These findings revealed that the pharmacological administration of
lapatinib effectively alleviated fibrotic manifestations in skin fibrosis by reducing the activation of ErbB1 and
ErbB2 in fibroblasts through regulating the TGF-B1/Smad and non-Smad signalling pathways. These cellular
and molecular insights have identified a critical molecular target within the fibrotic skin environment, which
presents a potential therapeutic target for the treatment of skin fibrosis.

Data availability
Data is provided within the manuscript or supplementary information files.
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