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Purpose: Hypertrophic scarring (HS) is commonly described as an abnormal post-traumatic tissue repair characterized by excessive
hypercellularity and extracellular matrix (ECM) deposition. Mounting evidence suggests that MALAT1 is maladjusted in many fibrotic
diseases, but its contribution to HS progression remains poorly understood. Hence, we sought to elucidate the fundamental role of
MALATI in HS.

Methods: The expression of MALAT1, miR-29a-3p, and Smurf2 in skin tissues and fibroblasts was assessed by RT-qPCR and
Western blotting. Furthermore, lentiviruses, RNAI, or plasmids were utilized to transfect hypertrophic scar fibroblasts (HSFs) for gene
overexpression or downregulation. The biological behaviors of HSFs were quantified by the CCK-8 assay, wound healing assay,
transwell assay, and flow cytometry. Mechanistically, bioinformatics analysis, dual-luciferase reporter assays, and rescue experiments
were performed to verify the relationship between miR-29a-3p and MALAT1 or Smurf2.

Results: Our data indicate that MALAT1, Smurf2 were overexpressed while miR-29a-3p was suppressed in HS tissues and
fibroblasts. Downregulation of MALAT1 may lead to decreased proliferation, migration, and invasion of fibroblasts, accompanied
by enhanced apoptosis, reduced TGF-B signal transduction, and ECM accumulation in HSFs, by enhancing miR-29a-3p and
suppressing Smurf2 expression. Mechanistically, MALAT1 acted as a sponge for miR-29a-3p, while miR-29a-3p directly targeted
Smurf2. More importantly, rescue experiments suggested that MALAT1 downregulation induced impact on the proliferation, migra-
tion, and invasion of HSFs could be partially overturned through miR-29a-3p knockdown or Smurf2 overexpression.

Conclusion: MALAT1 knockdown inhibits the proliferation, migration, invasion, and collagen deposition of HSFs via targeting the
miR-29a-3p/Smurf2 axis, which may reveal a promising therapeutic exploitable vulnerability to HS.
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Introduction

Hypertrophic scarring (HS) is characterized by a fibroproliferative disorder resulting from an irregular healing process
triggered by trauma, burns, surgery, skin ailments etc.' HS can result in intense itching, pain, and contracture, negatively
affecting the physical and psychological well-being of patients.? The pathological processes underlying HS are intricate
and not fully understood. At present, prophylactic and treatment strategies such as topical silicone gel, corticosteroid
injections, pressure therapy, laser therapy, and surgical excision remain unsatisfactory, leaving HS with a high recurrence
rate, which is a difficult problem in clinical practice.> Thus, further investigation of the detailed mechanisms and
identification of new effective therapeutic agents for HS are crucial for the management of this condition.
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LncRNAs are a subgroup of RNAs greater than 200 nucleotides in length that have little or no protein-coding
capacity. Increasing evidence suggests that IncRNAs are involved in a series of biological processes including develop-
ment, differentiation, and metabolism,® and can exert their functions by sponging microRNAs (miRNAs).’
In addition, IncRNAs have been shown to play critical roles in the development of HS.® Among the
numerous IncRNAs, MALATI, one of the most extensively studied, has drawn our attention and has been documented
to participate in various fibrotic conditions including liver fibrosis,” renal fibrogenesis,'® cardiac fibrosis,'" and skin
fibrosis.'? Hence, considering fibrosis as the primary pathological mechanism of HS, our hypothesis suggests a potential
association between MALAT1 expression and HS progression. However, MALAT1 is not completely understood in
terms of its biological functions and underlying mechanisms in HS.

MicroRNAs (miRNAs) are a class of RNAs that without protein-coding ability, and are typically composed of
approximately 21-23 nucleotides. Generally, miRNAs can hinder translation or enhance the breakdown of target genes
via post-transcriptional regulation by targeting the 3°UTR of mRNAs,'® which enables miRNAs to regulate diverse
biological processes. Accumulating evidence suggests that miRNAs are pivotal factors in the development of HS.*'*
Importantly, miR-29 has been suggested to be down-regulated in HS and other fibrotic disorders.'>"’

Smurf2, an E3 ubiquitin ligase known as Smad ubiquitin regulatory factor 2, has the ability to impede and facilitate
the TGF-B signaling pathway, which is considered essential for scar formation.'®'* Moreover, previous research has
demonstrated that Smurf2 is overexpressed in hypertrophic scar fibroblasts (HSFs), potentially leading to the degradation
of Smad7 protein through ubiquitin, thus, the ability of Smad7 to provide negative feedback on TGF-B1 and hinder HS
formation of HS was weakened.”*

In accordance with previous studies, we explored the relationship between MALAT1, miR-29a-3p, and Smurf2 in
HS formation. First, the abundance of MALATI1, miR-29a-3p, and Smurf2 was determined in HS tissues and
fibroblasts. Moreover, we investigated the influence of MALAT1 on proliferation, migration, invasion, apoptosis,
TGF-p signaling pathway, and extracellular matrix (ECM) accumulation in HSFs. Additionally, we investigated the
underlying regulatory network of MALAT 1/miR-29a-3p/Smurf2 in HSFs. We aimed to acquire a deeper understanding
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of the pathogenesis of HS by clucidating a new mechanism, thereby providing prophylactic and therapeutic strategies
for hypertrophic scars.

Materials and Methods

Specimen Collection

The study was approved by the Medical Research Ethics Committee of the First Affiliated Hospital, Jiangxi Medical
College, Nanchang University (approval number is (2023)CDYFYYLK(02-009). Written informed consent was obtained
from all patients. We collected HS and corresponding normal skin (NS) tissues from patients undergoing surgery at the
Medical Center of Burn Plastic and Wound Repair and the Department of Plastic Surgery in our hospital, according to the
specified inclusion and exclusion criteria. Totally, 8 HS tissues with their adjacent normal skin tissues were collected, the
demographic characteristics of each involved participants were represented in Table 1. Each specimen was divided into
three sections under low-temperature conditions: one section for isolating fibroblasts, another for hematoxylin-eosin (HE)

staining and Masson staining, and the third section for RNA and protein detection.

Hematoxylin-Eosin and Masson Staining

The HS and NS tissues were preserved in 4% formaldehyde at room temperature (RT) for more than 48 h. Subsequently,
they were dehydrated, embedded, sliced into sections that were 4-um-thick, and finally stained using the HE staining kit
(AR1180; Boster Biological Technology, Wuhan, China) and with Masson staining kit (BA4079; BaSO Biological
Technology, Zhuhai, China), obeying the guidelines provided by the manufacturer. An Olympus microscope was used to
capture the images.

Cell Culture

Skin fibroblasts obtained from the HS and NS groups were extracted and cultivated according to the “tissue block
adherence” methodology. In brief, HS and NS specimens were individually rinsed three times with sterile PBS, then we
removed the epidermis and hypodermal adipose tissues, the remaining dermis specimens were chopped into pieces
approximately 3mm x 3mm x 3mm size, then modest amounts of 0.25% trypsin were added to digest the tissue pieces for
4 h at 37°C. Upon completion of digestion, the pieces were meticulously affixed to a petri dish in the absence of DMEM.
Subsequently, cells were incubated in a cell incubator with inverted dishes for 1 h. Following Next, moderate amount of
mixed medium containing DMEM (Solarbio, Beijing, China), 10% FBS (Gibco, USA), and 1% penicillin/streptomycin
was added to the dishes, the dermal tissue fragments were then cultivated in an incubator with 5% CO,. Daily inspections
were conducted to observe regular cell development. After reaching confluence, cells were subcultured. The third to fifth
passages (P3-P5) of the fibroblasts were used for further experiments.

Table | The Demographic Characteristics of Each Involved Participants

Samples | Gender Age Duration Biopsy Etiology
(Years) (Months) Site
NS/HS | Male 3 9 Leg Trauma
NS/HS 2 Male I 10 Neck Burn
NS/HS 3 Male I | Scalp Trauma
NS/HS 4 Male Il 12 Neck Burn
NS/HS 5 Female 9 I Leg Trauma
NS/HS 6 Female 5 13 Foot Burn
NS/HS 7 Male 13 I Upper arm Surgery
NS/HS 8 Female | 4 Hand Burn
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Cell Identification

Immunofluorescence staining was used to identify fibroblasts. After attachment to cell climbing sheets, cells were fixed
for 30 min in 4% paraformaldehyde, treated with 0.05% Triton X-100 for 10 min, then incubated with 2% goat serum for
1 h at RT to prevent non-specific binding. Next, vimentin primary antibody (Proteintech,10,366-1-AP) was then diluted
1:100 and incubated overnight on the fixed cells at 4°C. The secondary antibody (Abcam; ab150077) conjugated with
Alexa Fluor 488 was added in the dark environment at 37 °C for 1 hour, using a dilution of 1:1000. Then, the nuclei were
stained with DAPI. Confocal microscopy (Olympus) was used to observe and photograph the cells. A positive status was
assigned to fibroblasts exhibiting cytoplasmic coloration in green. Three randomly selected areas were used to determine
the percentage of positive cells.

RT-qPCR

TRIzol reagent (catalogue no.ET111-01-V2) was used to extract the total RNA. EasyScript® One-Step gDNA Removal
and cDNA Synthesis SuperMix (catalogue no. AE311) was used to synthesize the cDNA. The PerfectStart” Green gPCR
SuperMix (catalogue no. AQ601) was used for RT-qPCR according to the manufacturer’s instructions (Bio-Rad). Data
were calculated using the 2**“T method and standardized to GAPDH and U6 as internal references. The primer
sequences are presented in Table 2. All the reagents were purchased from TransGen Biotech (Shanghai, China).

Western Blot (WB)
RIPA lysis buffer (Solarbio, Beijing, China) containing phenylmethylsulfonyl fluoride (PMSF) and protease inhibitors

was used to extract total proteins. The BCA method was used to determine protein concentrations. SDS-PAGE was used
to separate the protein samples. The PVDF membranes were then used to transfer the protein bands. The blots were

Table 2 Sequences of the Primers Used in RT-qPCR

Gene Sequences (5’-3’)
MALATI Forward CCAGGTGCTACACAGAAGTGGATTC
Reverse CTTGCTCGCTTGCTCCTCAGTC
miR-29a- RT GTCGTATCCAGTGCAGGGTCCGAGGT
3p ATTCGCACTGGATACGACTAACCG
Forward AACCTCCTAGCACCATCTGAAA
Reverse CAGTGCAGGGTCCGAGGT
Smurf2 Forward CGGTTGTGTTCGTCTTCTTTCC
Reverse GCCCGAGTTTGCATAAATCCA
Smad7 Forward GGACAGCTCAATTCGGACAAC
Reverse GTACACCCACACACCATCCAC
Smad2 Forward CCGACACACCGAGATCCTAAC
Reverse GAGGTGGCGTTTCTGGAATATAA
Smad3 Forward GCGTGCGGCTCTACTACATC
Reverse GCACATTCGGGTCAACTGGTA
a-SMA Forward CTATGCCTCTGGACGCACAACT
Reverse CAGATCCAGACGCATGATGGCA
COLIAI Forward AGACATCCCACCAATCACCT
Reverse CGTCATCGCACAACACCTT
TBRI Forward ACGGCGTTACAGTGTTTCTG
Reverse GCACATACAAACGGCCTATCTC
0] RT GTCGTATCCAGTGCAGGGTCCGAGGTA
TTCGCACTGGATACGACAAAATATG
Forward CTCGCTTCGGCAGCACA
Reverse AACGCTTCACGAATTTGCGT
GAPDH Forward TGACTTCAACAGCGACACCCA
Reverse CACCCTGTTGCTGTAGCCAAA
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blocked for 2 h at RT with 5% skim milk (Yili, Beijing, China). Then probed at 4°C overnight using the primary
antibodies as follow: Smurf2 (1:1000, ab53316, Abcam), TBR1 (1:1000, ab235578, Abcam), Smad2 (1:1000, no. 5339,
Cell Signaling Technology), Smad3 (1:1000, no.9523, Cell Signaling Technology), COL1A1 (1:2000, ab138492,
Abcam), a-SMA (1:4000, no0.55135-1-AP, Proteintech), Smad7 (1:1000, no0.25840-1-AP, Proteintech), GAPDH
(1:1000, n0.60004—1, Proteintech). The membranes were incubated with horseradish peroxidase—conjugated immuno-
globulin G (IgG) anti-mouse/rabbit secondary antibodies (1:5000, SA00001-1/SA00001-2, Proteintech) for 1 h at RT.
A chemiluminescent reagent (S6009S; UE, Beijing, China) was used to treat the membranes, and a ChemiDoc XRS
Imaging System (Bio-Rad) was used to visualize the results. GAPDH was used as an internal control. Relative protein
abundance was quantified using ImagelJ software.

Cell Transfection

MALAT1 knockdown lentiviruses were provided by the Genechem Company (Shanghai, China). The constructed
target sequences were sh-MALATI1-1:5-ATGCGAGTTGTTC TCCGTCTA-3,’sh-MALAT1-2:5-CATGACGGA
GGTTGAGATGAA-3,’and sh-MALAT1-3: 5-CTGCTATCTTAGCTGTCCTTA -3'. We screened for appropri-
ate transfection conditions (MOI= 10+ HiTransG P). After 72 hours of transfection, puromycin was added to select
stably infected HSFs.

The miR-29a-3p mimic, mimic negative control (mimic-NC), miR-29a-3p inhibitor, and inhibitor negative control
(inhibitor-NC) were obtained from GeneChem. The pcDNA-Smurf2 overexpression plasmid (oe-Smurf2) and empty
pcDNA vector (oe-NC) were provided by GenePharma (Shanghai, China). Lipofectamine 3000 Reagent (Invitrogen) was
used for transfection. The sequences of synthetic oligonucleotides and vectors are listed in Table 3.

Dual-Luciferase Reporter Assay

Bioinformatic databases were used to predict the possible complementary sequences between miR-29a-3p and MALAT1
or Smurf2. GenePharma manufactured the wild-type reporter plasmid (MALAT1-WT, Smurf2-WT) and mutant-type
plasmid (MALAT1-MUT, Smurf2-MUT) according to the anticipated miR-29a-3p binding sites. Subsequently, the
constructed reporter vector and miR-29a-3p mimic or mimic-NC were cotransfected into HSFs. Finally, a dual-
luciferase Reporter Assay System (Promega, USA) was used to evaluate luciferase activity after 48 h.

CCK-8 Assay

Cell proliferation was estimated using the CCK-8 reagent (Dojindo, Japan). Each well of a 96-well plate was filled with
100uL of HSFs at a density of 5x10* cells/mL. After 0, 24, 48, and 72 h, the 100uL mixture containing 10uL CCK-8

Table 3 The Small Interferences Sequence

Gene Sequences

miR-29a-3p mimic sense (5’-3"):UAGCACCAUCUGAAAUCGGUUA
antisense (5’-3'):ACCGAUUUCAGAUGGUGCUAUU
mimic NC sense (5-3"):UUCUCCGAACGUGUCACGUTT
antisense (5’-3'):ACGUGACACGUUCGGAGAATT
miR-29a-3p inhibitor | sense (5’-3’):UAACCGAUUUCAGAUGGUGCUA

inhibitor NC sense (5-3"):CAGUACUUUUGUGUAGUACAA
Smurf2-siRNA-| sense (5-3"):CGGGCCAAAUGACAAUGAUTT
antisense (5'-3'):AUCAUUGUCAUUUGGCCCGTT
Smurf2-siRNA-2 sense (5’-3"):GUGGACUGCAGUCGUUUAUTT
antisense (5'-3'):AUAAACGACUGCAGUCCACTT
Smurf2-siRNA-3 sense (5’-3'):GGCAGAACCAAUUGAAAGATT
antisense (5'-3'):UCUUUCAAUUGGUUCUGCCTT
si-NC sense (5°-3"):UUCUCCGAACGUGUCACGUTT

antisense (5’-3'):ACGUGACACGUUCGGAGAATT
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reagent and 90uL DMEM was added to each well and incubated for 2h. A microplate reader was used to assess the
absorbance at 450 nm. Data were collected from six independent replicate wells for each group.

Wound Healing Assays

The wound healing assay was performed using the 2 wells ibidi Culture—Insert (ibidi, Germany) to detect the cell
migration abilities of different groups. First, the culture inserts were placed in the center of 6-well plates to ensure that
the bottoms were closely attached to the Petri dishes. Next, apply 70 uL of cell suspension at a density of approximately
5x10° cells/mL and incubated under the standard conditions of 37°C and 5% CO2. Avoiding shaking as it can lead to
uneven distribution of cells. The outer region can be optionally filled with a regular amount of the cell suspension or cell
medium. The culture insert was gently removed when the cells reached confluence (approximately 24 h), using sterile
tweezers. To aid the removal of cells that were not attached or had debris, the cells were washed twice with PBS. Then
fill the wells with serum-free medium or medium containing 2%FBS. At 0, 12, 24, and 36-hour time intervals a Leica
microscope (Leica, Germany) was used to capture digital images of scratch distance. Three independent replicate wells
were used for each group.

Transwell Migration and Invasion Assays

The Transwell migration assay was performed using Transwell chambers (Corning, USA) containing 8-pum permeable
pores. The upper chambers were filled with 100pL of cell suspension at a concentration of approximately 2x10° cells/mL
in serum-free medium. Meanwhile, the lower chambers were supplemented with 600uL medium containing 10% FBS.
After incubated for 36h, the trans-membrane cells were treated with 4% paraformaldehyde and subsequently subjected to
staining with 0.1% crystal violet. Images were obtained from three random areas using a microscope (Olympus). The
obtained results were analyzed using Imagel] software. Notably, for the Transwell invasion assay, Matrigel (BD
Biosciences, USA) was introduced into the upper chamber, and the following procedures resembled those of the
migration test.

Flow Cytometry Apoptosis Assay

The Annexin V-FITC/propidium iodide (PI) Staining Apoptosis Detection Kit (catalogue no. FA101, TransGen Biotech,
Beijing, China) or an Annexin V-APC/PI staining apoptosis detection kit (catalogue no.BB41033; Bestbio, Beijing,
China) was used to detect cell apoptosis by Flow Cytometry (FCM). Briefly, when the cells were successfully
transfected, the samples were collected, resuspended in 1xPBS Binding Buffer, and adjusted to the appropriate
concentration. Next, 5 uL of Annexin V-APC or Annexin V-FITC along with 5uL of PI were introduced into a single-
cell suspension in each labeled tube and cultivated in the dark for the appropriate time according to the manufacturer’s
instructions. A NovoCyte D3000 flow cytometer (Agilent Technologies, USA) was used to analyze apoptotic cells.

Statistical Analysis

Analyses were conducted using GraphPad Prism software (version 8.0). Data are presented as the mean + SEM of at least
three independent experiments. To analyze the variation between groups, we used #-tests, one-way ANOVA, and two-way
ANOVA. The correlation between miR-29a-3p and MALAT1 or Smurf2 expression was investigated using Pearson’s
correlation analysis. Statistical significance was set at P< 0.05.

Results
MALAT | Was Up-Regulated and TGF-f Signaling Pathway Was Overactivated in HS
and HSFs

Tissues were collected from both the HS and matched normal skin (NS). Figures from HE and Masson staining revealed
that the dermis layer in HS exhibited notable thickening due to the irregular deposition of collagen fibers, along with
a substantial increase in fibroblast count compared to NS (Figure 1A and B). Primary skin fibroblasts were cultured using
a previously established protocol,? as illustrated in Figure 1C. Pieces of dermal tissue were affixed to a petri dish filled
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Figure 1 MALATI| was up-regulated and TGF-f signaling pathway was over activated in HS and HSFs. (A and B) HE and Masson staining were used to analyze the
histopathological features of HS and the matched NS tissues (% 100, scale bar = 100 um). (C) The process of primary skin fibroblasts culture was described (%100, scale bar =
100 pm). (D) Immunofluorescence staining was applied for fibroblasts identification (%200, scale bar = 50 ym). (E-J) RT-qPCR and Western Blot were employed to
determine the abundance of MALAT, the genes associated with TGF-f signaling pathway, such as TPRI, Smad7, Smad2, Smad3, and fibrosis indicators such as 0-SMA and
COLIALI in HS and NS, as well as in HSFs and NSFs. ns P=0.05,*¥P<0.01, *** P<0.001.
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with moderate DMEM supplemented with 10% FBS. After approximately one week, a few fibroblasts were observed
around the tissue edges. Over time, fibroblasts persistently emerged from the periphery of the tissue, displaying elongated
spindle, triangular, or irregular shapes. Upon confluence, fibroblasts were closely arranged, intertwined, and cultured for
several passages. Further experiments were conducted using fibroblast passages ranging from three to five.
Immunofluorescence staining showed that the fibroblasts had blue nuclei and a green-stained cytoplasm, indicating the
presence of vimentin, a standard fibroblast marker. Almost all cells exhibited positive staining, confirming that the
cultured cells were indeed fibroblasts (Figure 1D).

RT-qPCR and WB were used to measure the abundance of MALAT1, along with genes associated with the TGF-f3
signaling pathway, including TPRI, Smad7, Smad2, Smad3, and fibrosis indicators such as a-SMA and COL1A1, in HS
and NS, as well as in HSFs and NSFs. The results showed that MALAT1, TBRI, Smad2, Smad3, a-SMA, and COL1A1
expression was significantly enhanced in HS and HSFs compared to that in NS and NSFs. However, no significant dif-
ference was observed between the two groups in terms of the abundance of Smad7, a suppressor of the TGF signaling
pathway. These findings suggest that MALAT1 is upregulated and that the TGF-p signaling pathway is overactivated in
HS tissues and fibroblasts (Figure 1E-J). Thus, we postulated that MALAT1 might play a crucial role in triggering the
TGF-p signaling pathway and promoting the advancement of HS.

MALAT | Downregulation Impeded the Proliferation, Migration, Invasion, Induced
Apoptosis and Suppressed TGF-f3 Signaling Pathway in HSFs

MALAT]1 downregulation lentiviruses (Genechem, Shanghai, China) were transfected into the HSFs. According to the
RT-qPCR findings, when compared to the blank and sh-NC groups, the expression of MALAT1 in sh-MALATI-1, sh-
MALAT1-2, and sh-MALAT1-3 groups was decreased in HSFs, while the reduction was more pronounced in the sh-
MALATI1-1 and sh-MALAT1-2 groups (Figure 2A), confirming that the transfection interference efficiency was
satisfactory and we successfully constructed the interference HSFs model.

We further verified the effects of MALAT1 on the physiological characteristics of HSFs. CCK-8 assays showed that
MALATT1 silencing significantly inhibited the proliferation of HSFs (Figure 2B). Notably, wound healing and Transwell
assays revealed that MALAT1 downregulation restrained the migration of HSFs (Figure 2C and D). Matrigel invasion
assays suggested that MALAT1 knockdown represses the invasion of HSFs (Figure 2E). Moreover, flow cytometry
(FCM) assay results showed that the apoptosis were increased after MALAT1 downregulation in HSFs (Figure 2F).
Western blotting results indicated that MALAT1 downregulation significantly reduced the protein abundance of TPRI,
Smad2, Smad3, a-SMA, and COL1Al and increased the protein expression of Smad7 (Figure 2G). Conclusively,
MALAT1 knockdown negatively affects HS formation through the regulation of proliferation, migration, invasion,
apoptosis, and the TGF- signaling pathway in HSFs.

MALAT | Directly Targeted miR-29a-3p in HSFs

The prediction results of the BiBiServ2-RNAhybrid database exhibited that miR-29a-3p interacts with MALAT1 in
several regions (Figure 3A). MiR-29a-3p mimic co-transfection weakened the luciferase activity of HSFs in the WT-
MALAT1 group but did not affect the MUT-MALAT1 group (Figure 3B). RT-qPCR analysis implied that miR-29a-3p
expression in the HS and HSFs groups was lower than that in the NS and NSFs groups (Figure 3C and D).
Concomitantly, MALAT1 knockdown resulted in upregulation of miR-29a-3p in HSFs (Figure 3E). Pearson’s correlation
analysis indicated that MALAT1 was negatively correlated with miR-29a-3p expression in HS tissues (Figure 3F). In
conclusion, miR-29a-3p is a direct target of MALAT1 and is negatively regulated by MALAT1 in HSFs.

MALAT | knockdown regulated the proliferation, migration, invasion and apoptosis of
HSFs by impacting miR-29a-3p

HSFs were transfected with mimic-NC, miR-29a-3p mimic, inhibitor-NC, or miR-29a-3p inhibitor. Initially, the
transfection efficiency of miR-29a-3p was calculated by RT-qPCR. As presented in Figure 4A after transfection, the
abundance of miR-29a-3p was increased in the miR-29a-3p mimic group but decreased in the miR-29a-3p inhibitor
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Figure 2 MALATI| downregulation impeded the development of HS. HSFs were transfected with sh-NC, sh-MALAT -1, sh-MALATI-2 or sh-MALATI-3. (A) The
interference efficiency of MALAT| downregulation lentiviruses was evaluated by RT-qPCR. (B) Cell proliferation ability was manifested by CCK-8 assay. (C and D)
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estimate by Western blot assay. *P<0.05, **P<0.01, *** P<0.001.

group, suggesting satisfactory transfection efficiency in HSFs. Subsequently, the effects of miR-29a-3p on the biological
processes of HSFs were investigated. CCK-8 assays indicated that miR-29a-3p downregulation enhanced the prolifera-
tion of HSFs, whereas miR-29a-3p overexpression markedly reduced cell proliferation (Figure 4B). As shown in
Figure 4C and D Transwell migration assay and wound healing assay results both indicated that in the miR-29a-3p
mimic group, the migration capacity of HSFs was repressed, but in the miR-29a-3p inhibitor group, cell migration was
enhanced. Matrigel invasion assays showed that the number of invasive HSFs was lower than that in the mimic-NC
group, whereas there were more invasive cells in the miR-29a-3p inhibitor group than in the inhibitor-NC group
(Figure 4E). These findings demonstrated that miR-29a-3p is crucial for inhibiting the progression of HS.

To further elucidate whether the involvement of MALATT in the progression of HS was mediated by its interaction
with miR-29a-3p, rescue assays were performed. HSFs were transfected with sh-NC, sh-MALAT1-2, sh-MALAT1-2+
inhibitor-NC, or sh-MALAT1-2 + miR-29a-3p inhibitors. CCK-8, scratch, transwell migration, and invasion assays
indicated that the decrease in miR-29a-3p partially mitigated the suppressive effect of MALAT1 deficiency on prolifera-
tion, migration, and invasion (Figure 4F—I). These data revealed that MALAT1 knockdown regulates the proliferation,
migration, invasion, and apoptosis of HSFs by affecting miR-29a-3p.

MiR-29a-3p Negatively Regulated Smurf2 Expression in HSFs
Bioinformatic analysis indicated that several predicted binding sites existed between Smurf2 and miR-29a-
3p (Figure 5A). In addition, the luciferase activity of HSFs in the Smurf2 3 UTR-WT group was significantly repressed
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by the miR-29a-3p mimic, but in the Smurf2 3 UTR-MUT group, the luciferase activity was unaffected (Figure 5B). In
addition, the mRNA and protein expression of Smurf2 was elevated in HS and HSFs compared to that in the
corresponding NS and NSFs, respectively (Figure SC-F). Additionally, increased miR-29a-3p expression led to
decreased Smurf2 expression in HSFs (Figure 5G and H). Finally, correlation analysis demonstrated that Smurf2 and
miR-29a-3p were negatively correlated with their expression in HS tissues (Figure S5I). In summary, Smurf2 was
overexpressed in HS and HSFs and was negatively regulated by miR-29a-3p in HSFs.
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Smurf2 Downregulation Suppressed Proliferation, Migration, Invasion, and TGF-f3
Signaling Pathway but Induced Apoptosis in HSFs

Since the expression of Smurf2 was elevated, we designed three small interfering RNAs (si-Smurf2-1, si-Smurf2-2, and
si-Smurf2-3) to knockdown the expression of Smurf2 in HSFs, thus investigating the influence of Smurf2 on the
progression of HS formation. RT-qPCR findings verified that Smurf2 mRNA expression significantly decreased
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assay were performed both to measure the interference efficiency of si-Smurf2. (C) CCK-8 assay was utilized to analyze cell proliferation. (D) The expression of TGF-$
signaling-related and ECM-related proteins were estimated by Western blot assay. (E and F) Scratch Assays and Transwell migration assay were used both to determine cell
migration abilities (%50, scale bar = 100 um). (G) Transwell invasion assay was utilized to assess migratory capabilities of cells (x50, scale bar = 100 uym). (H) Flow cytometry
was applied to test cell apoptosis. **P<0.01, **P<0.001.

following the introduction of the three si-Smurf2 molecules, with the reduction being more pronounced in the si-Smurf2
-2 group. Moreover, the Western blot assay demonstrated a noticeable decrease in Smurf2 protein expression, suggesting
successful transfection of si-Smurf2-2 into HSFs (Figure 6A and B). The CCK-8 assay confirmed that Smurf2 knock-
down inhibited the proliferation of HSFs (Figure 6C). Transwell migration and wound healing assays showed that
Smurf2 downregulation inhibited the migration HSFs (Figure 6E and F). Transwell invasion assay results implied that the
downregulation of Smurf2 suppressed the invasion ability of HSFs (Figure 6G). Furthermore, FCM results suggested that
Smurf2 knockdown led to a significant increase in the apoptosis of HSFs (Figure 6H). In addition, we estimated the
protein expression after transfection with si-Smurf2 in HSFs. As presented in Figure 6D, the protein expression of TGF-f§
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signaling-related molecules, such as TPRI, Smad2, and Smad3, decreased, while that of Smad7 increased. Proteins
associated with the ECM, such as Collagen I and a-SMA, were repressed in the si-Smurf2 group compared to those in the
si-NC group. In summary, these data implied that Smurf2 downregulation suppressed proliferation, migration, and
invasion, reduced the TGF-B signaling pathway and ECM accumulation while inducing apoptosis in HSFs.

MALAT | Knockdown Hindered the Progression of HS via Downregulating Smurf2

Expression
Next, we explored the relationship between MALAT1 and Smurf2 expressions in HSFs. The findings manifested that
MALAT1 knockdown led to a decline in both RNA and protein levels of Smurf2 (Figure 7A and B), indicating that
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Figure 7 MALAT | knockdown hindered the progression of HS via downregulating Smurf2 expression. (A and B) RT-qPCR and Western blot assays were performed to detect the
mRNA and protein expression of Smurf2 in HSFs after downregulation of MALAT |. (C-F) HSFs were transfected with sh-NC, sh-MALAT |-2, sh-MALAT -2 + oe-NC, or sh-
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MALATT1 positively regulates Smurf2. Furthermore, we transfected HSFs with sh-NC, sh-MALAT1-2, sh-MALAT1-2
+0e-NC, and sh-MALATI1-2 +oe-Smurf2 for the purpose of further investigate whether the influence of MALAT1 was
mediated by Smurf2. These findings suggest that Smurf2 overexpression may be able to somewhat mitigate the inhibitory
effect of MALAT1 knockdown on proliferation, migration and invasion of HSFs (Figure 7C -F). These findings
suggested that through suppressing Smurf2 expression, MALAT1 knockdown hampers the development of HS.

Discussion

The overactivation of fibroblasts and excessive ECM deposition are typical features of HS.>® Substantial evidence
suggests that fibroblasts are key players in the pathophysiological mechanisms of HS and that abnormal proliferation of
fibroblasts directly affects scar formation.”**> Additionally, it is widely believed that the TGF-p signaling pathway
contributes significantly to the regulation of the biological functions of fibroblasts in HS.?**” Consistent with previous
studies, our findings also demonstrated that the TGF-3 signaling pathway is excessively activated in HS. Nonetheless, the
upstream regulatory mechanisms need to be thoroughly elucidated. With the development of modern biomedical science,
mounting evidence suggests that ncRNAs are involved in the development of HS.*? As mentioned previously, MALAT
is upregulated in various fibrotic diseases, and notably enhanced MALAT1 expression was confirmed in HS and HSFs in
this study. Furthermore, loss-of-function experiments indicated that MALAT1 knockdown suppressed proliferation,
migration, and invasion, inhibited the TGF- signaling pathway and excessive ECM accumulation, while simultaneously
enhancing apoptosis in HSFs. Our findings suggest that MALAT1 has the potential of being a biomarker of HS.

Moreover, IncRNAs are thought to attenuate the influence of miRNAs on target genes by acting as miRNA sponges.*®
Hence, we explored the possible binding regions between MALAT1 and miR-29a-3p using a bioinformatic website.
Subsequently, this prediction was confirmed through a dual-luciferase reporter assay, which demonstrated that MALAT1
is a direct target of miR-29a-3p. Furthermore, our findings demonstrate that MALAT1 downregulation results in the
upregulation of miR-29a-3p. As previously described, miR-29 is believed to be of importance in fibrotic diseases.” It
had been reported that the scar group exhibited significantly lower levels of miR-29a-3p, which negatively regulates
TGF-B1 and COLI expression and ECM deposition.'”** Further investigation revealed that miR-29 mimics suppressed
collagen accumulation and the development of fibroplasia, suggesting their potential as promising therapeutic agent for
HS.'® Analogously, in our study, RT-gPCR results showed downregulation of miR-29a-3p in HS and HSFs compared to
the corresponding NS and NSFs. We also observed a negative correlation between MALAT1 and miR-29a-3p expression
in the HS tissues. Next, we demonstrated that elevation of miR-29a-3p hindered the proliferation, migration, and invasion
abilities of HSFs. Conversely, knockdown of miR-29a-3p resulted in the opposite effect. Rescue experiments suggested
that MALAT1 knockdown’s detrimental effects on the proliferation, migration, and invasion abilities of HSFs may be
partially reversed by miR-29a-3p downregulation. The combined findings verified that MALAT1 functions as a ceRNA
by directly targeting miR-29a-3p, thereby positively regulating the formation of HS.

Generally, miRNAs are thought to directly interact with the 3’-UTR region of mRNAs, thus emphasizing the negative
regulation of target genes.*! To identify the potential target of miR-29a-3p, we conducted bioinformatic prediction and found
that it could also bind to Smurf2. This result was further validated by a dual-luciferase test, which confirmed that miR-29a-3p
specifically targeted Smurf2 in HSFs. As an important member of the HECT-type E3 ubiquitin ligase family, Smurf2
regulates the degradation of TGF-P receptors (TPRs) and Smad-associated proteins via the Ubiquitin Proteasome Pathway
(UPP).** In addition, our prior investigation revealed crosstalk between UPP and the TGF-p signaling pathway.*® Smad7,
a member of the I-Smad subfamily, is believed to exert a detrimental influence on the TGF-f signaling pathway by inhibiting
the activation of SMAD proteins. According to several researches, Smad7 attracts Smurf2 to form I-Smad-Smurf2 in the
nucleus and then attaches to the TPRs in the cytoplasm to form the Smad7-Smurf2-TPRs complex, which facilitates the
breakdown of the TPRs through the UPP pathway.>**> A previous study showed that Smurf2 expression was notably
enhanced in HSFs and mediated the degradation of smad7 through the UPP, relieving the inhibitory impact of smad7 on
TGF-p signaling and promoting scar development.”' Likewise, RT-qPCR and WB assays confirmed that Smurf2 was also
upregulated in HS tissues and fibroblasts. Additionally, the abundance of Smurf2 and miR-29a-3p in HS tissues was
negatively correlated with the Pearson’s correlation analysis. Furthermore, miR-29a-3p upregulation suppressed the expres-
sion of Smurf2, whereas miR-29a-3p downregulation promoted Smurf2 expression. We then focused on the function of
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Smurf2 in HS. Following transfection with si-RNAs, the expression of Smurf2 was downregulated following siRNA
transfection. Subsequently, the proliferation, migration, invasion, TGF-B signal transduction, and collagen synthesis of
HSFs were attenuated, whereas cell apoptosis was enhanced. In summary, these findings imply that Smurf2 directly interacts
with miR-29a-3p and positively regulates the development of HS through elevated expression. In addition, our prior
investigation revealed crosstalk between UPP and the TGF-f signaling pathway.

Finally, we elucidated the regulatory connection between MALAT1 and Smurf2 in HS. We noticed that inhibition of
MALAT]1 impeded the RNA and protein expression of Smurf2. Furthermore, rescue assays indicated that the upregula-
tion of Smurf2 could partially overturn the effects of MALAT1 silencing on the proliferation, migration, and invasion
capabilities of HSFs.

Collectively, our investigation initially discovered that MALAT1 and Smurf2 exhibited increased expression,
whereas miR-29a-3p displayed decreased expression in both HS and HSFs. Furthermore, MALAT1 downregula-
tion hinders the development of HS by upregulating miR-29a-3p and downregulating Smurf2 expression.
Mechanistically, downregulation of MALAT1 hampered proliferation, migration, and invasion, while stimulating
apoptosis of HSFs, inhibited TGF-p signal transduction, and excessive accumulation of ECM by targeting the
miR-29a-3p/Smurf2 axis. This discovery could aid in elucidating the mechanisms underlying the development of
HS and provide new insights into potential therapeutic strategies for HS.

Nevertheless, there were certain limitations to our research. First, we discovered that MALAT1 expression was
enhanced in HS and HSFs; however, the factors responsible for the upregulation of MALAT1 have not been investigated.
Second, since the regulatory networks encompassing IncRNAs/miRNAs/mRNAs exhibit a high degree of complexity, we
only elucidated the underlying mechanism of the MALAT1/miR-29a-3p/Smurf2 axis in HSFs in vitro. Therefore, the
precise influence of the MALAT1/miR-29a-3p/Smurf2 axis on HS requires thorough in vivo researches in the further
investigations.

Conclusion

In conclusion, our results indicate that MALAT1 and Smurf2 are overexpressed in HS tissues and fibroblasts,
whereas miR-29a-3p is suppressed. MALAT1 knockdown inhibits the proliferation, migration, invasion, and
collagen deposition of HSFs via targeting the miR-29a-3p/Smurf2 axis, which may reveal a promising therapeutic
target for HS.
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