
Received:  21  Januar  y  2026  .  Revised:  31  July  2026  .  Accepted:  03  August  2026  

©  The  Author(s)  2026.  Published  by  Oxford  University  Press.

 This  is  an  Open  Access  article  distributed  under  the  terms  of  the  Creative  Commons  Attribution  License  (https://creativecommons.org  /licenses/by/4.0/),  which  permits  unrestricted  reuse,  distribution,

 and  reproduction  in  any  medium,  provided  the  original  work  is  properly  cited.  

Burns  &  Trauma,  2026,  14,  tkag052

https://doi.org  /10.1093/burnst  /tkag052

Published:  10  August  2026

 Research  Article

A  novel  CAVIN1/GAS5  axis  suppresses  skin  fibrosis
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Abstract  

Background:  Keloids,  which  are  characterized  by  excessive  collagen  deposition  and  fibroblast  hyperactivation,  present

 significant  therapeutic  challenges  because  of  their  high  recurrence  rates  and  incompletely  understood  pathogenesis.  The

 transforming  growth  factor-β  (TGF-β  )  pathway  is  a  central  driver,  but  its  upstream  regulators  in  the  development  of  skin

 fibrosis  remain  elusive.  In  this  study,  we  aimed  to  identify  novel  upstream  modulators  of  skin  fibrosis  and  to  elucidate  the

 underlying  molecular  mechanisms  by  which  these  modulators  regulate  TGF-β  signaling  in  keloid  pathogenesis.
 

Methods:  We  integrated  results  of  transcriptomic  and proteomic  analyses  of  patient-derived  keloid  and  normal  skin  tissues.

 Functional  validation  was  performed  by  using  primar  y  keloid  fibroblasts  (KFs)  with  gain-  and  loss  -of-function  approaches,

 RNA  immunoprecipitation  sequencing  (RIP-seq),  and  actinomycin  D  chase  assays.  Two  independent  bleomycin-induced  skin

 fibrosis  mouse  models  were  employed  for  in  vivo  validation.
 

Results:  Multiomics  profiling  revealed  that  caveolae  -associated  protein  1  (CAVIN1)  was  consistently  downregulated  in  keloids.

 CAVIN1  overexpression  in  KFs  suppressed  fibrotic  phenotypes,  including  migration,  invasion,  collagen  contraction,  and  extra-

 cellular  matrix  protein  expression.  Mechanistically,  CAVIN1  directly  bound  to  and  stabilized  the  mitochondrial  long  noncoding

 RNA  GAS5.  This  CAVIN1/GAS5  axis  inhibited  Drp1/Fis1-mediated  mitochondrial  fission  and  subsequent  reactive  oxygen  species

 (ROS)  production,  leading  to  the  attenuation  of  the  canonical  TGF-β  /Smad2/3  signaling  pathway.  Critically,  GAS5  silencing

 abrogated  the  antifibrotic  effects  of  CAVIN1.  Furthermore,  database  screening  revealed  that  the  histone  deacetylase  inhibitor

 vorinostat  was  a  CAVIN1-upregulating  compound.  Both  AAV-mediated  CAVIN1  overexpression  and  vorinostat  treatment  sig-

 nificantly  ameliorated  skin  fibrosis  in  the  mouse  models.
 

Conclusions:  Our  study  reports  a  novel  CAVIN1/GAS5  axis  that  concurrently  targets  mitochondrial  fission  and  the  TGF-β  /Smad

 pathway  to  suppress  skin  fibrosis.  These  findings  not  only  reveal  a  previously  unrecognized  mechanistic  link  in  keloid

 pathogenesis  but  also  identify  CAVIN1  as  a  promising  therapeutic  target,  with  vorinostat  as  a  potential  repurposable  drug

 for  treating  fibrotic  skin  disorders.
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Graphical  abstract
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Highlights  

• Identifies  CAVIN1  as  a  key  downregulated  factor  in  keloid  pathogenesis. 

• Elucidates  a  novel  CAVIN1/GAS5  axis  that  directly  binds  and  stabilizes  mitochondrial  long  non-coding  RNA  GAS5,  thereby

 suppressing  Drp1/Fis1-mediated  mitochondrial  hyperfission,  reducing  reactive  oxygen  species  production,  and  blocking

 TGF-β  /Smad2/3  signaling  to  exert  anti-fibrotic  effects. 

• Identifies  Vorinostat  as  a  compound  capable  of  upregulating  CAVIN1  expression  and  alleviating  skin  fibrosis  in  a  mouse

 model,  highlighting  its  potential  for  drug  repurposing  in  fibrotic  diseases. 

Background  
Keloids  are  a  common  fibroproliferative  skin  disorder,  and  its  core
 pathological  features  are  abnormal  hyperactivity  of  fibroblasts
 and  excessive  deposition  of  the  extracellular  matrix  (ECM)  colla-
 gen  during  aberrant  wound  healing  [ 1].  Keloids  not  only  impair
 patients’  motor  function  but  also  affect  their  quality  of  life  and
 can  even  lead  to  psychological  distress  of  var  ying  severity  [ 2,  3].
 Currently,  despite  the  availability  of  various  treatment  modalities,
 such  as  surgical  excision,  laser  therapy,  and  intralesional  corti-
 costeroid  injections,  issues  such  as  unstable  efficac  y  and  high
 recurrence  rates  are  prevalent  [ 4–  6].  The  fundamental  reason  lies
 in  the  fact  that  the  pathogenesis  of  keloids  has  not  yet  been  fully
 elucidated. 

Currently,  the  transforming  growth  factor-β  (TGF-β  )  signaling
 pathway  is  recognized  as  the  core  driver  of  the  process  of  fibrosis
 [ 7].  In  skin  fibrosis,  TGF-β  signaling  is  persistently  activated,
 leading  to  the  phosphor  ylation  of  its  downstream  effector
 molecules,  Smad2/3.  Subsequently,  phosphor  ylated  Smad2/3
 (p  -Smad2/3)  translocate  into  the  nucleus,  where  they  initiate
 

the  fibrotic  program  and  directly  upregulate  gene  expression  of
 core  ECM  components,  ultimately  resulting  in  skin  thickening  and
 hardening  [ 8].  Simultaneously,  the  recruitment  of  a  large  number
 of  inflammator  y  cells  to  the  wound  area  establishes  a  sustained
 low-grade  inflammator  y  microenvironment  ,  which  in  turn  further
 stimulates  TGF-β  production,  creating  a  vicious  inflammation–
 fibrosis  c  ycle  that  promotes  continuous  progression  of  fibrosis
 [ 9].  Consequently,  targeting  the  TGF-β  pathway  remains  a  corner-
 stone  of  antifibrotic  drug  development  .  However,  its  upstream
 regulator  y  network  is  complex  and  not  fully  delineated,  which
 necessitates  the  identification  of  novel  master  regulators.
 

Integrated  multiomics  approaches  have  emerged  as  powerful
 tools  for  systematically  deciphering  key  disease  modulators  [ 10].
 In  this  study,  we  combined  the  transcriptomic  and  proteomic
 profiles  of  patient-derived  keloid  and  normal  skin  tissues.  This
 strateg  y  led  to  the  identification  of  caveolae  -associated  protein  1
 (CAVIN1),  also  known  as  polymerase  I  and  transcript  release  factor
 (PTRF),  as  a  key  molecule  that  is  consistently  downregulated  at
 both  the  mRNA  and  protein  levels  in  keloids.  CAVIN1  is  a  multi-
 functional  protein  involved  in  the  formation  and  transcriptional
 

D
ow

nloaded from
 academ

ic.oup.com
/burnstraum

a/article/doi/10.1093/burnst/tkag052/8758412 by guest on 12 O
ctober 2026



Burns  &  Trauma,  2026,  Vol.  14,  tkag052  3

regulation  of  caveolae  [ 11,  12].  Notably,  it  has  been  reported  to
 play  a  protective  role  in  cardiac  fibrosis  [ 13];  however,  its  function
 and  mechanism  in  skin  fibrosis  remain  entirely  unexplored.
 

We  further  discovered  that  CAVIN1  exerted  its  antifibrotic  effect
 by  posttranscriptionally  regulating  the  long  noncoding  RNA  GAS5.
 GAS5  is  an  lncRNA  that  is  enriched  in  mitochondria  and  is  known
 to  modulate  the  cell  c  ycle  and  apoptosis  [ 14].  Notably,  it  has  been
 shown  to  inhibit  fibrosis  in  cardiac,  hepatic,  and  renal  contexts
 [ 15– 17].  However,  its  role  in  skin  fibrosis,  particularly  in  relation
 to  mitochondrial  dynamics,  is  unknown.  We  hypothesized  that
 CAVIN1  might  stabilize  GAS5  to  influence  keloid  pathogenesis.
 Mechanistically,  we  identified  a  novel  axis  through  which  CAVIN1
 binds  to  and  stabilizes  the  GAS5  transcript  .  This  action  suppresses
 Drp1/Fis1-mediated  mitochondrial  fission  and  subsequent  gen-
 eration  of  reactive  oxygen  species  (ROS),  ultimately  leading  to
 the  inhibition  of  the  canonical  TGF-β  /Smad2/3  signaling  pathway
 and  the  amelioration  of  fibrosis.  Furthermore,  by  leveraging  this
 mechanism,  we  screened  the  DSigDB  and  identified  vorinostat  ,  a
 histone  deacetylase  (HDAC)  inhibitor  [ 18],  as  a  candidate  drug  that
 is  capable  of  upregulating  CAVIN1  expression.
 

In  summar  y,  this  study  employed  a  multiomics  approach  to
 identify  CAVIN1  as  a  pivotal  antifibrotic  hub  in  keloids.  We  eluci-
 dated  a  previously  unrecognized  CAVIN1/GAS5  axis  that  was  found
 to  attenuate  skin  fibrosis  by  concurrently  inhibiting  mitochondrial
 fission  and  the  TGF-β  /Smad  pathway.  Our  work  not  only  pro  -
 vides  novel  insights  into  keloid  pathogenesis  but  also  highlights
 CAVIN1  as  a  promising  therapeutic  target  ,  which  is  supported  by
 the  preclinical  validation  of  vorinostat  as  a  potential  translational
 strateg  y  for  treating  fibrotic  skin  disorders.
 

Methods 

Clinical  sample  collection  and  analysis  

The  study  sample  set  comprised  keloid  tissues  from  patients  who
 under  went  keloid  surger  y  and  healthy  skin  tissues  from  patients
 who  under  went  benign  mass  resection  at  the  First  Affiliated  Hos  -
 pital  of  Sun  Yat-sen  University,  Guangdong  Province,  China.  All
 keloid  tissues  were  obtained  from  patients  with  clinically  and  his  -
 tologically  confirmed  keloids  who  had  not  received  any  prior  treat-
 ment  for  at  least  6  months  before  surger  y.  Healthy  skin  tissues
 were  collected  from  patients  who  under  went  benign  mass  resec-
 tion  and  who  had  no  histor  y  of  keloid  formation  or  fibrotic  dis  -
 orders.  To  minimize  confounding  effects,  we  matched  the  keloid
 and  control  groups  by  age  (±5  years),  sex  ,  and  anatomical  site  (all
 samples  were  obtained  from  the  chest  or  auricular  region).  Keloid
 samples  were  classified  as  active  lesions  on  the  basis  of  clinical
 criteria  (progression  beyond  the  original  wound  boundar  y,  persis  -
 tent  pruritus  or  pain,  and  a  duration  <2  years).  The  tissue  samples
 were  transferred  to  the  laborator  y  on  ice  within  30  minutes  after
 surgical  resection.  Keloid  tissues  were  har  vested  from  the  central
 region  of  the  lesion,  avoiding  the  margins  and  adjacent  normal  tis  -
 sue.  Normal  skin  tissues  were  collected  from  the  incisional  margin
 at  least  2  cm  away  from  the  lesion  border.  Each  tissue  sample  was
 divided  into  two  portions;  one  was  immediately  snap  -frozen  in
 liquid  nitrogen  and  stored  at  − 80 ◦  C  for  subsequent  RNA  and  pro  -
 tein  extraction,  and  the  other  was  fixed  with  4%  paraformaldehyde
 and  embedded  in  paraffin  for  histological  analysis.  This  study  was
 approved  by  the  Ethics  Committee  of  the  First  Affiliated  Hospital
 

of  Sun  Yat-sen  University  (Approval  No.  2021858),  and  each  patient
 provided  written  informed  consent  .
 

Transcriptome  and  proteome  analyses  were  conducted  on  the
 same  sets  of  keloid  (n  =  3)  and  normal  skin  (n  =  3)  tissues  with
 the  assistance  of  Forevergen  Biotechnolog  y  Co.,  Ltd  (Guangzhou,
 China).  RNA  sequencing  (RNA-seq)  was  performed  by  using
 the  Illumina  NovaSeq  6000  platform  with  a  paired-end  150-bp
 read  length.  Proteomic  analysis  was  conducted  by  using  liquid
 chromatography–tandem  mass  spectrometr  y  (LC–MS/MS)  on  a
 Q  Exactive  HF-X  mass  spectrometer  (Thermo  Fisher  Scientific).
 Protein  quantification  was  performed  by  using  the  label-free
 quantification  (LFQ)  algorithm  in  MaxQuant  .  Proteins  with  at
 least  two  unique  peptides  were  retained  for  analysis.  Genes
 with  adjusted  P  values  (false  discover  y  rates,  FDRs)  ≤.001  and
 |log 2  fold  changes|  ≥  1  were  considered  significantly  differen-
 tially  expressed  genes  (DEGs).  Proteins  with  adjusted  P  values
 (FDRs)  ≤.05  and  |log 2  fold  changes|  ≥2  were  considered  signifi-
 cantly  differentially  expressed  proteins  (DEPs).  The  methods  used
 for  sequencing  processing  can  be  found  in  previous  literature
 reports  [ 19].
 

Isolation  and  culture  of  fibroblasts  

Primar  y  keloid  and  normal  human  skin  fibroblasts  were  isolated
 from  keloid  and  normal  skin  samples,  respectively,  by  using  estab  -
 lished  protocols  [ 20].  The  tissues  were  thoroughly  washed  with
 PBS  to  remove  the  epidermis  and  subcutaneous  adipose  tissue
 and  then  cut  into  1–3  mm 3  pieces.  Following  digestion,  the  result-
 ing  suspension  was  filtered  and  centrifuged  at  1500  rpm  for  5  min-
 utes.  Both  keloid  and  normal  fibroblast  cultures  were  maintained
 in  a  CO

 2  incubator.  To  investigate  the  effect  of  vorinostat  on  keloid
 fibroblasts  (KFs),  the  cells  were  treated  with  vorinostat  (MedChem-
 Express,  USA)  at  a  concentration  of  0.5  μ M  for  48  hours.
 

Cell  transfection 

For  overexpression,  full-length  human  CAVIN1  or  GAS5  cDNA
 was  cloned  into  the  pcDNA3.1(+)  vector  to  generate  CAVIN1-
 OE  and  GAS5-OE  plasmids.  For  knockdown,  specific  siRNA  s
 against  CAVIN1  (siCAVIN1)  and  GAS5  (siGAS5),  along  with  a
 nontargeting  control  (siNC),  were  synthesized.  All  plasmids  and
 siRNA  s  were  synthesized  and  verified  by  Shanghai  GeneChem  Co.,
 Ltd.  Fibroblasts  were  transfected  at  60%–70%  confluence  with
 the  Lipofectamine  3000  reagent  according  to  the  manufacturer’s
 protocol.  The  cells  were  har  vested  48  hours  posttransfection
 for  further  analysis. Transcriptome  analysis  was  assisted  by
 Nobliobio  Biotechnolog  y  Co.,  Ltd  (Guangzhou,  China).  Total
 RNA  was  extracted  from  the  samples,  and  ribosomal  RNA  was
 removed  to  enrich  for  lncRNA  s  and  mRNA  s.  Strand-specific
 libraries  were  constructed  and  sequenced  on  the  Illumina
 NovaSeq  6000  platform  with  a  paired-end  150-bp  read  length.
 For  differential  expression  analysis,  genes  or  lncRNA  s  with  a
 fold  change  ≥2  or  ≤0.5  and  a  P  value  ≤.05  were  considered
 significantly  differentially  expressed.  RNA  immunoprecipitation
 (RIP)  experiments  were  performed  by  using  the  Magna  RIP  RNA-
 binding  protein  immunoprecipitation  kit  (No.  17–701;  Millipore)
 according  to  the  manufacturer’s  instructions.  For  RIP-sequencing
 (RIP-seq),  immunoprecipitated  RNA  libraries  were  constructed
 and  sequenced  with  the  technical  support  of  Nobliobio  Biotech-
 nolog  y  Co.,  Ltd  (Guangzhou,  China).  Sequencing  was  performed
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on  the  Illumina  NovaSeq  6000  platform  with  a  paired-end  150-bp
 read  length.  Peaks  with  a  q  value  ≤0.05  (MACS2)  were  considered
 significant  .  For  differential  expression  analysis,  genes  or  lncRNA  s
 with  a  fold  change  ≥2  or  ≤0.5  and  a  P  value  ≤.05  were  considered
 significantly  differentially  expressed.  The  methods  used  for
 sequencing  processing  can  be  found  in  previous  literature  reports
 [ 19].  To  further  validate  the  RIP-seq  results,  the  RNA  fraction
 precipitated  by  RIP  was  analyzed  via  quantitative  PCR  (RT–qPCR).
 

Actinomycin  D  chase  assay  

Transcript  stability  was  evaluated  by  using  actinomycin  D  (S7418;
 Selleck).  At  48  hours  posttransfection,  the  cell  culture  medium
 was  replaced  with  fresh  complete  medium  containing  1  μ M  acti-
 nomycin  D.  Total  RNA  was  then  isolated  from  replicate  wells  at
 predetermined  inter  vals  (e.g.  0,  1,  2,  4,  and  8  hours)  after  the
 addition  of  actinomycin  D.  The  relative  remaining  levels  of  target
 mRNA  s  at  each  time  point  were  determined  by  quantitative  RT–
 PCR,  and  RNA  decay  rates  were  calculated  accordingly.
 

Western  blot  analysis  

Protein  was  extracted  from  the  cells  and  quantified  with  a  BCA  kit  .
 A  total  of  30  μ g  of  protein  per  sample  was  used  for  western  blot
 analysis.  The  proteins  were  separated  by  10%  SDS–PAGE  and  sub  -
 sequently  transferred  onto  polyvinylidene  fluoride  (PVDF)  mem-
 branes.  Following  blocking  with  5%  BSA  at  room  temperature  for
 1  h,  the  blots  were  incubated  overnight  at  4 ◦  C  with  specific  pri-
 mar  y  antibodies.  On  the  following  day,  the  blots  were  incubated
 with  secondar  y  antibodies  for  another  hour.  Finally,  image  acqui-
 sition  was  performed  by  using  a  MiniChemi  chemiluminescence
 imager.  The  antibodies  used  are  listed  in  Supplementar  y  File  1.
 

Reverse  transcription–RT–qPCR  

Total  RNA  was  isolated  from  tissues  with  the  TRIzol  reagent
 (Invitrogen),  followed  by  reverse  transcription  according  to  the
 manufacturer’s  instructions  (TaKaRa ™ )  and  real-time  polymerase
 chain  reaction  with  the  TaKaRa  SYBR  Premix  Ex  Taq  II  (Perfect  Real
 Time).  GAPDH  was  used  as  an  internal  control,  and  the  primer
 sequences  are  provided  in  Supplementar  y  File  2.  Relative  gene
 expression  levels  were  calculated  by  using  the  2 −  �  � Ct  method,
 with  the  expression  values  normalized  to  those  of  the  control
 group.  For  graphical  presentation,  the  control  group  value  was
 set  to  1. 

Collagen  gel  contraction,  migration  and

 invasion  assays 

The  KFs  were  combined  with  rat  tail  collagen  (5  mg  /ml)  and
 10×  DMEM,  followed  by  incubation  in  a  24-well  plate  at  37 ◦  C
 for  30  minutes.  Subsequently,  the  resulting  collagen  gels  were
 photographed  after  24  hours.  The  difference  in  the  gel  areas
 was  then  calculated.  Cell  migration  and  invasion  assays  were
 conducted  according  to  previously  described  methods.  For
 quantification,  five  random  fields  per  well  were  selected  under
 magnification,  and  the  number  of  stained  cells  was  counted.  Each
 experiment  was  independently  repeated  three  times.  The  data  are
 

presented  as  the  fold  change  relative  to  the  control  group,  which
 was  normalized  to  1. 

Immunofluorescence 

The  cells  were  washed  three  times  with  PBS,  fixed  with  4%
 paraformaldehyde  for  20  minutes,  and  permeabilized  with  0.5%
 Triton  X-100  for  20  minutes.  After  being  blocked  with  5%  goat
 serum  for  40  minutes,  the  cells  were  incubated  overnight  at
 4 ◦  C  with  antibodies  against  collagens  I  and  III,  followed  by
 incubation  for  60  minutes  at  room  temperature  with  Cy3-  or
 CoraLite  488-conjugated  secondar  y  antibodies  and  nuclear
 counterstaining  with  DAPI.  Finally,  the  samples  were  washed,
 mounted  with  an  anti-fluorescence  quencher,  and  obser  ved  under
 a  fluorescence  microscope.  The  antibodies  used  are  listed  in
 Supplementar  y  File  1.
 

Detection  of  ROS 

After  being  washed  with  PBS,  the  treated  cells  were  incubated  with
 a  DCFH-DA  fluorescent  probe  (Beyotime,  China)  for  30  minutes
 at  37 ◦  C.  After  the  incubation,  the  cells  were  washed  to  remove
 any  unbound  probe.  The  ROS  fluorescence  intensity  was  then
 measured  via  fluorescence  microscopy.
 

Animal  models  

All  experimental  protocols  received  approval  from  the  First
 Affiliated  Hospital  of  Sun  Yat-sen  University’s  Animal  Care  and
 Use  Committee  (Approval  No.  2021858).  The  first  animal  model
 was  a  bleomycin-induced  dermal  fibrosis  model  established
 with  6-week-old  male  C57BL/6  mice.  Twenty-one  days  before
 fibrosis  induction,  the  mice  received  a  single  subcutaneous
 injection  (100  μ l)  of  either  AAV-CAVIN1  or  AAV-control  (AAV-CTR)
 (both  at  1  ×  10 12

 vg  /ml)  into  the  dorsal  skin.  The  AAV  vectors
 expressing  mouse  CAVIN1  (AAV-CAVIN1)  or  control  (AAV-CTR)
 were  constructed  by  using  the  pAAV-CMV-EGFP-3FLAG  backbone
 (GeneChem,  Shanghai,  China).  Fibrosis  was  then  initiated  by
 daily  subcutaneous  injection  of  100  μ l  of  bleomycin  (0.5  mg  /ml;
 MedChemExpress,  USA)  at  the  same  site  for  four  consecutive
 weeks.  The  preventive  regimen  was  designed  primarily  to  assess
 and  demonstrate  the  protective  role  of  CAVIN1  by  evaluating
 whether  overexpression  of  CAVIN1  could  attenuate  the  initiation
 and  progression  of  bleomycin-induced  skin  fibrosis.
 

The  second  animal  model  was  a  bleomycin-induced  dermal
 fibrosis  model  established  with  8-week-old  male  C57BL/6  mice.
 Fibrosis  was  first  induced  by  daily  subcutaneous  injection  of  100  μ l
 of  bleomycin  (1  mg  /ml)  into  the  dorsal  skin.  Beginning  on  Day
 16  after  the  initial  bleomycin  injection,  the  mice  were  randomly
 divided  into  a  treatment  group  and  a  vehicle  control  group.  The
 treatment  group  received  subcutaneous  injections  of  vorinostat
 (MedChemExpress,  USA)  at  a  concentration  of  50  μ M  in  a  100- μ l
 volume,  which  was  administered  around  the  fibrotic  lesion  site
 ever  y  other  day  for  a  total  of  six  doses.  The  vehicle  control  group
 received  an  equivalent  volume  of  dimethyl  sulfoxide  (DMSO)  on
 the  same  schedule.  After  the  skin  fibrosis  model  was  established,
 therapeutic  inter  vention  was  performed  to  determine  whether
 vorinostat  could  reverse  established  fibrosis,  thereby  modeling  a
 clinically  relevant  treatment  scenario.
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All  the  mice  were  sacrificed  4  weeks  after  the  start  of  the
 bleomycin  injections.  Dorsal  skin  samples  were  har  vested  for
 subsequent  analysis,  including  RT–qPCR,  hematoxylin  and  eosin
 (H&E)  staining,  Sirius  Red  staining,  and  Masson’s  trichrome
 staining.
 

Immunohistochemical  and  histological

 analyses 

Skin  samples  were  paraffin-embedded  and  sectioned  into  4- μ m
 sections,  followed  by  H&E,  Masson’s  trichrome,  or  Sirius  Red
 staining.  For  immunohistochemical  staining,  tissue  sections  from
 patients  were  deparaffinized  with  xylene,  and  antigen  retrieval
 was  performed  in  10  mM  sodium  citrate  buffer  (pH  8.0)  via  full-
 power  pressure  cooking  for  5  minutes.  The  sections  were  then
 treated  with  3%  hydrogen  peroxide  at  room  temperature  for
 25  minutes  to  inhibit  endogenous  peroxidase  activity,  after  which
 endogenous  antigens  were  blocked  by  using  3%  bovine  serum
 albumin  (BSA).  The  sections  were  subsequently  incubated  with
 both  primar  y  and  secondar  y  antibodies.  The  antibodies  used
 are  listed  in  Supplementar  y  File  2.  The  sections  were  visualized
 with  a  3,3 ′  -diaminobenzidine  (DAB)  chromogenic  solution  and
 counterstained  with  hematoxylin  before  they  were  mounted.
 

Statistical  analysis  

Data  analysis  and  figure  generation  were  conducted  by  using
 GraphPad  Prism  version  8.0  (GraphPad  Software,  San  Diego,
 CA,  USA).  The  results  are  presented  as  the  mean  ±  standard
 deviation  (SD)  from  at  least  three  independent  experiments,
 unless  other  wise  specified.  The  normality  of  the  data  distribution
 was  assessed  with  the  Shapiro–Wilk  test  .  For  normally  distributed
 data,  comparisons  between  two  groups  were  performed  by
 using  two  -tailed  unpaired  Student’s  t  tests,  and  comparisons
 among  more  than  two  groups  were  performed  by  using  one  -
 way  analysis  of  variance  (ANOVA),  followed  by  Tukey’s  post  hoc
 test  for  multiple  comparisons  to  adjust  for  the  familywise  error
 rate.  For  data  that  did  not  pass  the  normality  test  ,  nonparametric
 tests  were  applied,  including  the  Mann–Whitney  U  test  for  two  -
 group  comparisons  and  the  Kruskal–Wallis  test  ,  followed  by
 Dunn’s  post  hoc  test  ,  for  multiple  -group  comparisons.  For  the
 two  -factor  design,  data  were  analyzed  using  two  -way  ANOVA
 with  ˇ Sídák’s  multiple  comparisons  test  .  In  all  the  analyses,  a  P
 value  <0.05  was  considered  to  indicate  statistical  significance.
 No  statistical  methods  were  used  to  predetermine  the  sample
 size;  however,  sample  sizes  were  chosen  on  the  basis  of  the
 conventions  in  the  field  and  preliminar  y  experiments  to  ensure
 adequate  power  to  detect  biologically  meaningful  differences.
 For  in  vitro  experiments,  each  independent  biological  replicate
 consisted  of  cells  from  a  distinct  donor  or  passage.  For  in  vivo
 experiments,  group  sizes  are  indicated  in  the  figure  legends.
 

Results 

Identification  of  CAVIN1  as  a  key  target  in

 keloid  pathogenesis 

To  identify  key  molecules  involved  in  keloid  pathogenesis,  we  first
 performed  a  transcriptomic  analysis  on  patient-derived  keloid
 

tissues  and  healthy  skin  controls.  A  total  of  4237  significant
 DEGs  were  identified  ( Figure  1a).  Kyoto  Enc  yclopedia  of  Genes
 and  Genomes  (KEGG)  pathway  enrichment  analysis  revealed
 that  these  DEGs  were  prominently  enriched  in  the  ECM–receptor
 interaction  pathway  ( Figure  1b).  A  GO  term  clustering  network
 that  was  constructed  from  the  enriched  terms  demonstrated
 a  strong  functional  synerg  y  between  ‘collagen  formation’  and
 ‘extracellular  matrix  organization’  ( Figure  1c).  Proteomic  profiling
 of  the  same  tissue  sets  revealed  21  significant  DEPs,  from
 which  key  molecules  were  selected  to  construct  a  GO  pathway
 clustering  network  that  displayed  notable  similarity  to  the
 transcriptomic  enrichment  profile  ( Figure  1d).  Integration  of
 the  transcriptomic  and  proteomic  datasets  via  Venn  diagram
 analysis  revealed  7  overlapping  molecules  ( Figure  1e).  Among
 these  molecules,  CAVIN1  was  uniquely  downregulated  at  the
 protein  level  in  keloids,  a  finding  consistent  with  its  transcriptional
 downregulation,  as  visualized  in  a  heatmap  displaying  the
 mean  expression  values  for  each  group  ( Figure  1f,  g).  Molecular
 interaction  network  analysis  revealed  that  CAVIN1  interacted
 with  multiple  signaling  factors  and  was  primarily  associated  with
 gene  regulation  ( Figure  1h).  Collectively,  our  multiomics  data
 reveal  that  CAVIN1  is  significantly  downregulated  during  keloid
 pathogenesis,  which  suggests  that  it  may  exert  regulator  y  effects
 through  the  modulation  of  fibrosis  -related  pathways.
 

CAVIN1  attenuates  the  fibrotic  phenotype

 by  inhibiting  fibroblast  activation 

Normal  skin  and  keloid  tissues  were  obtained  from  the  enrolled
 patients,  and  corresponding  fibroblasts  were  subsequently
 isolated  from  these  tissues  ( Figure  2a).  Immunohistochemical
 staining  confirmed  a  marked  decrease  in  CAVIN1  expression  in
 keloid  tissues  compared  with  normal  skin  ( Figure  2b).  Consistent
 with  these  findings,  western  blot  analysis  revealed  significantly
 lower  CAVIN1  protein  levels  in  KFs  than  in  normal  skin  fibroblasts
 (NFs)  ( Figure  2c).  Furthermore,  RT–qPCR  analysis  demonstrated
 significant  downregulation  of  CAVIN1  mRNA  in  both  keloid  tissues
 and  KFs  compared  with  their  respective  controls  ( Figure  2d).  To
 investigate  the  functional  impact  of  CAVIN1,  we  generated  CAVIN1-
 overexpressing  (CAVIN1-OE)  KFs.  Compared  with  control  cells,
 CAVIN1-OE  KFs  exhibited  significantly  suppressed  migration  and
 invasion  ( Figure  2e  and  f).  In  addition,  collagen  gel  contraction
 assays  revealed  that  ,  compared  with  that  in  the  control  group,
 the  contractile  capacity  of  fibroblasts  was  inhibited  in  the  CAVIN1
 overexpression  group  ( Figure  2g).  Immunofluorescence  (IF)  stain-
 ing  of  cultured  KFs  further  revealed  that  CAVIN1  overexpression
 led  to  a  marked  decrease  in  the  levels  of  both  collagen  I  and
 collagen  III  ( Figure  2h),  suggesting  that  CAVIN1  may  alleviate
 fibrosis  by  suppressing  collagen  production.  Collectively,  these
 results  indicate  that  CAVIN1  is  downregulated  in  keloids  and  that
 its  overexpression  can  attenuate  skin  fibrosis  by  inhibiting  key
 fibroblast  functions  and  reducing  collagen  deposition.
 

Regulator  y  mechanism  of  CAVIN1

 overexpression  in  KFs 

To  elucidate  the  mechanism  by  which  CAVIN1  attenuates  the
 fibrotic  phenotype,  we  performed  RNA-seq  on  CAVIN1-OE  and
 control  KFs  ( Figure  3a).  A  total  of  1077  DEGs  were  identified,
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Figure  1  Identification  of  CAVIN1  as  a  key  target  in  keloid  pathogenesis.  (a)  DEGs  between  keloid  and  normal  skin  among  the  total  genes.  Each  tag

 represents  a  single  gene.  Red  tags  indicate  upregulated  genes,  green  tags  indicate  downregulated  genes,  and  blue  tags  indicate  genes  that  were  not

 differentially  expressed.  (b)  Results  of  the  KEGG  pathway  enrichment  analysis  of  the  DEGs.  (c)  Network  modules  depicting  enriched  biological  processes

 of  the  DEGs.  (d)  DEPs  between  keloid  and  normal  skin  and  their  associated  biological  process  network  .  (e)  Venn  diagram  showing  the  overlap  between

 the  screened  DEGs  and  DEPs.  (f)  Results  of  the  differential  analysis  of  overlapping DEPs.  (g)  Heatmap  of  overlapping  DEGs.  The  data  are  presented  as  the

 mean  expression  values  for  each  group.  The  color  scale  represents  Z  score  -normalized  expression  levels  (blue:  low  expression;  red:  high  expression).

 (h)  Molecular  interaction  network  of  CAVIN1  and associated  functional  annotations.  Nodes  are  color  coded  by  function  type,  and  edges  are  distinguished

 by  color  to  represent  different  interaction  categories.  DEGs  differentially  expressed  proteins,  CAVIN1  caveolae  -associated  protein  1  
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Figure  2  CAVIN1  attenuates  the  fibrotic  phenotype  by  inhibiting  fibroblast  activation.  (a)  Schematic  diagram  of  fibroblast  isolation  from  normal  skin  and

 keloid  tissues.  (b)  Representative  images  and  quantification  results  of  immunohistochemical  staining  for  CAVIN1  in  tissue  sections  (n  =  3).  Scale  bar  :

 0.1  mm.  (c)  Results  of  the  western  blot  analysis  and  quantification  of  CAVIN1  expression  in  NFs  versus  KFs  (n  =  3).  (d)  Results  of  the  quantitative  analysis

 of  CAVIN1  mRNA  levels  in  tissues  and  cultured  fibroblasts  from  normal  skin  and  keloids  (n  =  3).  (e,  f)  representative  images  and  quantification  results  of

 the  cell  migration  and  invasion  assays  in  CTR  and  CAVIN1-OE  KFs  (n  =  3).  Scale  bar  :  500  μ  m.  (g)  Representative  images  and  quantification  results  of  the

 collagen  gel  contraction  assays  at  24  hours  posttreatment  in  CTR  and  CAVIN1-OE  KFs  (n  =  3).  The  dashed  lines  outline  the  gel  boundaries.  (h)

 Representative  IF  images  and  quantification  results  of  collagen  I  (red)  and  collagen  III  (green)  costaining  in  in  vitro-cultured  CTR  and  CAVIN1-OE  KFs

 (n  =  3).  Nuclei  were  counterstained  with  DAPI  (blue).  Scale  bar  :  100  μ  m.  ∗  P  <0.05,  ∗∗
 P  <0.01,  ∗∗∗

 P  <0.005,  ∗∗∗∗
 P  <0.001.  NFs  normal  skin  fibroblasts,  KFs

 keloid  fibroblasts,  Ctrl  control  CAVIN1  caveolae  -associated  protein  1,  CAVIN1-OE  CAVIN1-overexpressing 
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comprising  819  upregulated  and  258  downregulated  genes
 ( Figure  3b).  KEGG  enrichment  analysis  of  the  upregulated  DEGs
 revealed  significant  enrichment  of  the  TGF-β  signaling  pathway
 ( Figure  3c),  a  central  driver  of  fibrosis,  which  is  known  to
 promote  fibroblast  activation  and  ECM  deposition.  Consistent
 with  these  findings,  the  results  of  the  GO  enrichment  analysis
 highlighted  related  biological  processes  and  molecular  functions,
 including  “cell–cell  adhesion  via  plasma-membrane  adhesion
 molecules,”  “homophilic  cell  adhesion  via  plasma-membrane
 adhesion  molecules”,  “transforming  growth  factor  beta  recep  -
 tor  binding”,  and  “extracellular  matrix  structural  constituent”
 ( Figure  3d).  Given  the  pivotal  role  of  the  canonical  TGF-β  /Smad
 pathway  in  fibrogenesis,  we  next  investigated  whether  CAVIN1
 overexpression  modulates  this  signaling  cascade.  IF  staining
 demonstrated  that  CAVIN1  overexpression  markedly  reduced  the
 nuclear  accumulation  of  Smad2/3  ( Figure  3e),  indicating  impaired
 transcriptional  activity  of  this  pathway.  These  obser  vations  were
 further  corroborated  by  the  data  of  western  blot  analysis,  which
 revealed  that  CAVIN1  overexpression  significantly  suppressed  the
 phosphor  ylation  of  Smad2/3  ( Figure  3f).  Collectively,  these  results
 demonstrate  that  CAVIN1  attenuates  skin  fibrosis  by  inhibiting
 the  TGF-β  /Smad2/3  signaling  pathway  in  KFs.  However,  the
 upstream  molecular  mechanism  through  which  CAVIN1  represses
 this  transcriptional  activation  remains  unknown.  We  therefore
 sought  to  identify  direct  targets  of  CAVIN1  that  could  mediate  its
 antifibrotic  effects. 

CAVIN1  maintains  the  mRNA  stability  of

 the  lncRNA  GAS5  

Given  that  CAVIN1  is  involved  in  gene  transcription  regulation
 and  can  function  as  an  RNA-binding  protein,  we  hypothesized
 that  it  might  exert  its  antifibrotic  effects  by  posttranscriptionally
 modulating  specific  RNA  targets  [ 21].  To  test  this  hypothesis,  we
 first  identified  differentially  expressed  long  noncoding  RNA  s  (lncR-
 NA  s)  between  CAVIN1-OE  and  control  KFs  ( Figure  4a).  To  elucidate
 potential  RNA  targets  of  CAVIN1,  we  then  performed  RNA-binding
 protein  immunoprecipitation,  followed  by  RIP-seq,  with  an  anti-
 CAVIN1  antibody  to  identify  RNA  s  that  directly  interacted  with
 CAVIN1  ( Figure  4b).  Analysis  of  the  immunoprecipitates  revealed  a
 specific  set  of  RNA  s  that  were  significantly  enriched  in  the  CAVIN1-
 IP  samples  compared  with  the  IgG  control  samples  ( Figure  4c);
 the  compositional  profile  of  the  RNA  s  is  detailed  in  Figure  4d.  To
 identify  candidate  RNA  s,  we  performed  an  intersection  analysis  of
 the  following  three  distinct  RNA  sets:  (i)  differentially  expressed
 lncRNA  s;  (ii)  a  curated  list  of  the  top  30  CAVIN1-associated
 lncRNA  s;  and  (iii)  fibrosis  -linked  lncRNA  s  from  the  Fibrotic
 Disease  -associated  RNAome  database  (FDRdb).  This  integrated
 approach  led  to  the  identification  of  the  lncRNA  GAS5  as  the  sole
 overlapping  candidate  ( Figure  4e).  Quantitative  analysis  revealed
 that  compared  with  their  normal  counterparts,  both  keloid  tissues
 and  KFs  exhibited  significant  downregulation  of  GAS5  ( Figure  4f),
 in  parallel  with  the  downregulation  of  CAVIN1  itself.  To  confirm
 the  direct  interaction  between  CAVIN1  and  GAS5,  as  suggested
 by  RIP-seq,  we  performed  RIP-qPCR,  which  revealed  a  specific
 enrichment  of  GAS5  in  the  CAVIN1  immunoprecipitates  relative  to
 that  in  the  IgG  control  ( Figure  4g).  We  then  investigated  whether
 CAVIN1  regulates  GAS5  expression.  RT–qPCR  analysis  revealed
 that  compared  with  those  in  control  KFs,  GAS5  mRNA  levels  in
 

CAVIN1-OE  KFs  significantly  increased  ( Figure  4h).  Conversely,
 knocking  down  CAVIN1  in  the  GAS5  overexpression  background
 effectively  reduced  GAS5  expression  ( Figure  4i).  To  determine
 whether  this  regulation  occurs  at  the  posttranscriptional  level,  we
 assessed  GAS5  mRNA  stability  by  using  actinomycin  D  to  inhibit
 new  RNA  synthesis.  Decay  cur  ve  analysis  (0–8  h)  revealed  that
 GAS5  mRNA  degradation  was  significantly  slower  in  CAVIN1-OE
 KFs  than  in  control  KFs,  demonstrating  that  CAVIN1  improves  the
 transcriptional  stability  of  GAS5  ( Figure  4j).  Given  that  GAS5  is
 a  mitochondrion-localized  lncRNA  and  is  implicated  in  fibrosis
 in  other  contexts,  we  next  investigated  whether  it  mediates
 the  antifibrotic  function  of  CAVIN1  by  regulating  mitochondrial
 dynamics  in  KFs. 

Targeting  the  CAVIN1/GAS5  axis attenuates

 fibrosis  by  inhibiting  mitochondrial  fission 

The  lncRNA  GAS5  is  localized  to  mitochondria  and  has  been
 reported  to  attenuate  fibrosis  in  other  organ  systems  by  regulating
 mitochondrial  dynamics;  however,  its  role  and  the  involvement  of
 mitochondrial  fission  in  skin  fibrosis  remain  unknown  [ 15].  To
 address  this  gap,  we  first  examined  markers  of  mitochondrial
 fission.  Compared  with  those  in  normal  controls,  both  the  mRNA
 and  protein  levels  of  the  key  fission  regulators  Drp1  and  Fis1  were
 significantly  elevated  in  keloid  tissues  and  KFs  ( Figure  5a  and  b),
 indicating  the  aberrant  activation  of  mitochondrial  fission  during
 keloid  pathogenesis.
 

To  directly  investigate  the  role  of  GAS5  in  this  process,  we  over-
 expressed  GAS5  in  KFs  and  obser  ved  significant  downregulation
 of  both  Drp1  and  Fis1  expression  ( Figure  5c),  confirming  that  GAS5
 suppresses  mitochondrial  fission.  We  next  investigated  whether
 CAVIN1  inhibits  this  fission  pathway  and  the  fibrotic  TGF-β  /Smad
 axis  in  a  GAS5-dependent  manner.  Western  blot  analysis  revealed
 that  CAVIN1  overexpression  in  KFs  reduced  the  protein  levels  of
 Drp1  and  Fis1  while  concurrently  suppressing  Smad2/3  phospho  -
 r  ylation  and  the  expression  of  the  profibrotic  marker  periostin
 (POSTN)  ( Figure  5d).  Critically,  GAS5  silencing  completely  abro  -
 gated  these  suppressive  effects,  indicating  that  GAS5  is  an
 indispensable  downstream  effector  that  mediates  the  concurrent
 inhibition  of  mitochondrial  fission  and  the  TGF-β  /Smad  pathway
 by  CAVIN1.  Considering  that  the  overexpression  of  GAS5  alone
 was  sufficient  to  suppress  mitochondrial  fission,  these  findings
 demonstrate  that  GAS5  is  both  necessar  y  for  the  antifibrotic
 effects  of  CAVIN1  and  sufficient  to  regulate  the  fission  machiner  y.
 Given  the  established  link  between  excessive  mitochondrial  fis  -
 sion  and  elevated  ROS  levels  [ 22],  we  performed  ROS  staining.  The
 results  showed  that  CAVIN1-overexpressing  fibroblasts  exhibited
 significantly  reduced  ROS  levels,  an  effect  that  was  abolished  by
 GAS5  knockdown  ( Figure  5e).  These  results  indicate  that  CAVIN1
 attenuates  ROS  production  by  inhibiting  Drp1/Fis1-mediated
 mitochondrial  fission  via  GAS5.  A  s  ROS  directly  activate  the  TGF-
 β  /Smad  signaling  pathway,  these  findings  collectively  delineate
 a  mechanistic  cascade  in  which  the  CAVIN1/GAS5  axis  suppresses
 Drp1/Fis1-mediated  mitochondrial  fission,  reduces  ROS  gener-
 ation,  and  subsequently  inhibits  TGF-β  /Smad  activation  and
 fibrotic  gene  expression.
 

On  the  basis  of  the  central  role  of  CAVIN1  in  this  antifibrotic
 pathway,  we  explored  its  therapeutic  potential  by  screening  the
 DSigDB,  which  led  to  the  identification  of  vorinostat  ,  an  estab  -
 lished  HDAC  inhibitor,  as  a  candidate  drug  predicted  to  target
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Figure  3  Regulator  y  mechanism  of  CAVIN1  overexpression  in  KFs.  (a)  Schematic  workflow  of  the  RNA-seq  analysis  performed  in  KFs.  (b)  Volcano  plot

 displaying  DEGs  between  CAVIN1-OE  and  control  KFs.  (c)  Results  of  the  KEGG  pathway  enrichment  analysis  of  genes  that  were  significantly  upregulated

 upon  CAVIN1  overexpression.  (d)  Results  of  the  functional  enrichment  analysis  based  on  GO  terms,  including  BP,  MF,  and  CC  categories.

 (e)  Representative  IF  images  of  Smad2/3  (green)  expression  in  CTR  and  CAVIN1-OE  KFs.  Nuclei  were  counterstained  with  DAPI  (blue).  Scale  bar  :  50  μ  m.

 (f)  Results  of  the  western  blot  analysis  and  corresponding  quantification  of  total  Smad2/3  and  p-Smad2/3  protein  levels  in  the  indicated  groups  (n  =  3).
 ∗∗∗∗

 P  <  0.001;  ns  not  significant  .  KFs  keloid  fibroblasts,CAVIN1  caveolae  -associated  protein  1,  CAVIN1-OE  CAVIN1-overexpressing,  Ctrl  control,  BP
 biological  process,  MF  molecular  function,  CC  cellular  component  
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Figure  4  CAVIN1  maintains  the  mRNA  stability  of  the  lncRNA  GAS5.  (a)  Volcano  plot  displaying  lncRNA  s  that  were  differentially  expressed  between

 CAVIN1-OE  and  CTR  KFs.  (b)  Schematic  workflow  of  the  RIP-seq  analysis,  in  CAVIN1-OE  KFs.  (c)  Volcano  plot  of  RNA  s  that  were  significantly  enriched  in

 the  CAVIN1  IP  group  compared  with  the  input  control  group.  (d)  Pie  chart  showing  the  distribution  of  RNA  categories  identified  on  the  basis  of  the  CAVIN1

 RIP-seq  data.  (e)  Venn  diagram  showing  the  overlap  among  (i)  differentially  expressed  lncRNA  s  according  to  the  RNA-seq  data,  (ii)  the  top  30  lncRNA  s

 bound  to  CAVIN1  according  to  the  RIP-seq  data,  and  (iii)  62  fibrosis  -associated  lncRNA  s  from  a  public  database.  The  lncRNA  GAS5  was  identified  as  a

 common  candidate.  (f)  Results  of  the  quantitative  analysis  of  GAS5  expression  levels  in  normal  skin  and  keloid  tissues  and  cultured  fibroblasts  (n  =  3).

 (g)  RIP–qPCR  validation  of  GAS5  enrichment  by  using  a  CAVIN1-specific  antibody  in  CAVIN1-OE  KFs.  (h)  Relative  GAS5  expression  levels  in  CTR  and

 CAVIN1-OE  KFs  (n  =  3).  (i)  Relative  GAS5  expression  levels  in  CAVIN1-OE  KFs  following  transfection  with  siCAVIN1  (n  =  3).  (j)  Results  of  the  RT–qPCR

 analysis  of  the  expression  of  GAS5  in  CTR  and  CAVIN1-OE  KFs  treated  with  ActD  at  the  indicated  time  points  (n  =  3).  ∗∗
 P  <0.01,  ∗∗∗

 P  <  0.005,  ∗∗∗∗
 P  <  0.001.

 CAVIN1  caveolae  -associated  protein  1,  CAVIN1-OE  CAVIN1-overexpressing,  Ctrl  control,  NFs  normal  skin  fibroblasts,  KFs  keloid  fibroblasts,  IP
 immunoprecipitation  
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Figure  5  Targeting  the  CAVIN1/GAS5  axis attenuates  fibrosis  by  inhibiting  mitochondrial  fission.  (a)  Results  of  the  quantitative  analysis  of  Drp1  and  Fis1

 mRNA  levels  in  tissues  and  cultured  fibroblasts  from  normal  skin  and  keloids  (n  =  3).  (b)  Results  of  the  western  blot  analysis  and  quantification  of  Drp1

 and  Fis1  protein  expression  levels  in  NFs  versus  KFs  (n  =  3).  (c)  Results  of  the  western  blot  analysis  and  quantification  of  Drp1  and  Fis1  protein  expression

 levels  in  CTR  and  GAS5-OE  KFs  (n  =  3).  (d)  Results  of  the  western  blot  analysis  and  quantification  of  the  effects  of  the  vector,  CAVIN1-OE,  siNC,  and  siGAS5

 on  the  protein  levels  of  Drp1,  Fis1,  p-Smad2/3,  and  Postn  in  KFs  (n  =  3).  (e)  Representative  images  and  quantification  results  of  intracellular  ROS  levels

 detected  by  DCFH-DA  staining  in  the  indicated  groups  of  KFs  (n  =  3).  Scale  bar  :  50  μ  m.  (f)  Screening  results  from  the  DSigDB  to  identify  candidate  drugs

 targeting  CAVIN1.  (g)  Results  of  the  western  blot  analysis  and  quantification  of  CAVIN1,  p-Smad2/3,  and  Postn  levels  in  vorinostat-treated  KFs  (n  =  3).
 ∗∗

 P  <0.01,  ∗∗∗
 P  <  0.005,  ∗∗∗∗

 P  <  0.001.  CAVIN1  caveolae  -associated  protein  1,  NFs  normal  skin  fibroblasts,  KFs  keloid  fibroblasts,  Ctrl  control,  ROS
 reactive  oxygen  species  
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Figure  6  CAVIN1  is  a  druggable  target  for  ameliorating  skin  fibrosis  in  vivo.  (a)  Schematic  of  the  experimental  design  for  the  mouse  skin  fibrosis  model

 and  AAV-mediated  inter  vention.  (b)  Results  of  the  quantitative  analysis  of  CAVIN1  mRNA  expression  in  skin  tissues  from  the  indicated  groups  (n  =  3).  (c)

 Representative  H&E-stained  sections  and  quantification  results  of  epidermal  thickness  in  mice  treated  with  the  AAV-CTR  or  AAV-CAVIN1  (n  =  3).  Scale  bar  :

 100  μ  m.  (d)  Representative  Masson’s  trichrome  -stained  sections  (collagen  in  blue)  and  quantification  results  of  collagen  deposition  in  the  AAV-CTR  and

 AAV-CAVIN1  groups  (n  =  3).  Scale  bar  :  100  μ  m.  (e)  Representative  Sirius  red-stained  images  and  quantification  results  of  collagen  fibers  in  the  AAV-CTR

 and  AAV-CAVIN1  groups  (n  =  3).  Scale  bar  :  100  μ  m.  (f)  Schematic  of  the  mouse  fibrosis  model  and  the  drug  inter  vention  regimen  with  vorinostat  .

 (g)  Results  of  the  quantitative  analysis  of  CAVIN1  mRNA  expression  in  skin  tissues  after  vorinostat  treatment  (n  =  3).  (h)  Representative  H&E-stained

 sections  and  quantification  results  of  epidermal  thickness  in  the  vehicle  (DMSO)-  and  vorinostat-treated  groups  (n  =  3).  Scale  bar  :  100  μ  m.

 (i)  Representative  Masson’s  trichrome  -stained  sections  and  quantification  results  of  collagen  deposition  in  the  DMSO  and  vorinostat  groups  (n  =  3).  Scale

 bar  :  100  μ  m.  (j)  Representative  Picrosirius  red-stained  sections  and  quantification  results  of  collagen  fibers  in  the  DMSO  and  vorinostat  groups  (n  =  3).

 Scale  bar  :  100  μ  m.  ∗∗
 P  <0.01,  ∗∗∗

 P  <0.005,  ∗∗∗∗
 P  <0.001.  CAVIN1  caveolae  -associated  protein  1,  AAV  adeno-associated  virus,  Ctrl  control  
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CAVIN1  ( Figure  5f).  Treatment  of  fibroblasts  with  vorinostat  signif-
 icantly  upregulated  CAVIN1  expression  and  concurrently  inhibited
 the  activity  of  the  TGF-β  /Smad2/3/Postn  pathway  ( Figure  5g),  sup  -
 porting  the  potential  of  vorinostat  as  a  CAVIN1-modulating  agent  .
 In  summar  y,  our  findings  reveal  a  pathway  in  which  CAVIN1  sta-
 bilizes  GAS5  to  inhibit  mitochondrial  fission  and  ROS  generation,
 thereby  suppressing  the  TGF-β  /Smad  signaling  axis  and  exerting
 an  antifibrotic  effect  .  Furthermore,  the  identification  of  vorinostat
 as  a  CAVIN1-upregulating  compound  highlights  a  promising  trans  -
 lational  strateg  y  for  keloid  therapy.
 

CAVIN1  is  a  druggable  target  for

 ameliorating  skin  fibrosis  in vivo  

To  validate  the  antifibrotic  potential  of  targeting  CAVIN1  in  vivo,
 we  performed  two  independent  animal  experiments.  In  the  first
 experiment  ,  mice  were  pretreated  with  either  a  control  AAV  (AAV-
 CTR)  or  an  AAV  overexpressing  CAVIN1  (AAV-CAVIN1),  followed
 by  injection  of  bleomycin  to  induce  skin  fibrosis  ( Figure  6a).  RT–
 qPCR  confirmed  the  significant  upregulation  of  CAVIN1  expression
 in  skin  tissues  from  the  AAV-CAVIN1  group  compared  with  those
 from  the  control  group  ( Figure  6b).  Western  blot  analysis  revealed
 that  ,  compared  with  the  control  group,  skin  tissues  from  the
 AAV-CAVIN1  group  exhibited  significantly  upregulated  expression
 of  CAVIN1  protein,  accompanied  by  decreased  expression  of
 Drp1  and  Fis1  as  well  as  reduced  phosphor  ylation  of  Smad2/3
 ( Figure  S1a).  RT-qPCR  further  confirmed  that  GAS5  expression
 was  significantly  upregulated  at  the  RNA  level  in  the  AAV-CAVIN1
 group  compared  with  the  control  group  ( Figure  S1b).  Histological
 analyses  revealed  that  CAVIN1  overexpression  substantially
 ameliorated  fibrotic  patholog  y.  Thus,  H&E  staining  revealed
 reduced  epidermal  thickening  ( Figure  6c),  Masson’s  trichrome
 staining  indicated  decreased  collagen  deposition  ( Figure  6d),
 and  Sirius  Red  staining  further  confirmed  a  lower  percentage
 of  the  collagen  area  ( Figure  6e).  In  a  second  experiment  ,  which
 included  therapeutic  inter  vention,  a  bleomycin-induced  fibrosis
 model  was  first  established.  Beginning  on  Day  16,  the  mice
 received  subcutaneous  injections  of  either  vehicle  (DMSO)  or
 the  CAVIN1-inducing  agent  vorinostat  ( Figure  6f)  ever  y  other
 day.  RT–qPCR  analysis  demonstrated  that  vorinostat  treatment
 successfully  upregulated  CAVIN1  expression  ( Figure  6g).  Western
 blot  analysis  confirmed  that  vorinostat  treatment  increased
 CAVIN1  protein  expression,  accompanied  by  decreased  Drp1,
 Fis1,  and  p  -Smad2/3  levels  ( Figure  S1c).  In  addition,  RT-qPCR
 demonstrated  that  GAS5  RNA  expression  was  also  significantly
 upregulated  following  vorinostat  treatment  ( Figure  S1d).  Con-
 sistent  with  the  gene  overexpression  approach,  vorinostat
 administration  resulted  in  a  thinner  epidermis  ( Figure  6h),  less
 collagen  accumulation  ( Figure  6i),  and  a  reduced  collagen  area
 ( Figure  6j).  Together,  these  results  support  that  CAVIN1-mediated
 GAS5  stabilization  inhibits  mitochondrial  fission  and  SMAD
 pathway  activation,  demonstrating  that  both  genetic  upregulation
 and  pharmacological  activation  of  CAVIN1  effectively  attenuate
 skin  fibrosis  in  vivo.  These  findings  not  only  validate  CAVIN1
 as  a  promising  therapeutic  target  but  also  provide  preclinical
 evidence  supporting  the  translational  potential  of  vorinostat  ,  a
 drug  that  was  confirmed  to  act  upon  this  newly  characterized
 CAVIN1/GAS5  axis.
 

Discussion 
The  present  study  identified  CAVIN1  as  a  novel  antifibrotic  reg-
 ulator  against  keloid  pathogenesis,  demonstrating  that  its  over-
 expression  attenuates  fibroblast  activation  and  ECM  deposition
 by  stabilizing  the  long  noncoding  RNA  GAS5.  This  stabilization
 suppressed  Drp1/Fis1-mediated  mitochondrial  fission,  reduced
 ROS  generation,  and  consequently  inhibited  the  canonical  TGF-
 β  /Smad  signaling  pathway  ( Figure  7).  The  resulting  CAVIN1/GAS5
 axis  establishes  a  previously  unrecognized  link  between  caveolae  -
 associated  proteins  and  mitochondrial  dynamics  in  dermal  fibro  -
 sis,  highlighting  a  multifaceted  mechanism  that  concurrently  tar-
 gets  upstream  mitochondrial  dysfunction  and  downstream  profi-
 brotic  signaling.
 

TGF-β  signaling  is  the  predominant  driver  of  fibrosis  across
 organs,  including  the  skin,  with  its  sustained  activation  resulting
 in  the  phosphor  ylation  of  Smad2/3,  the  promotion  of  nuclear
 Smad2/3  translocation,  and  the  upregulation  of  ECM  genes,  such
 as  collagen  and  POSTN  [ 23].  This  process  is  amplified  by  a  self-
 perpetuating  inflammation–fibrosis  c  ycle  that  involves  inflamma-
 tor  y  cell  recruitment  and  persistent  low-grade  inflammation  [ 24].
 In  keloids,  aberrant  TGF-β  activation  contributes  to  the  resistance
 of  fibroblasts  to  apoptosis  and  their  uncontrolled  proliferation.
 Our  findings  align  with  the  established  antifibrotic  role  of  GAS5  in
 cardiac,  hepatic,  and  renal  fibrosis,  in  which  it  modulates  path-
 ways  such  as  the  PTEN/PI3K/Akt  or  Smad3–miRNA  interactions
 [ 16,  25,  26].  Notably,  we  extended  this  role  of  GAS5  to  skin  fibrosis
 by  revealing  the  novel  suppression  of  mitochondrial  fission  by
 GAS5—a  mechanism  that  is  unexplored  in  dermal  contexts  but  is
 increasingly  implicated  in  organ-specific  fibrogenesis  [ 27].
 

Mitochondrial  dynamics  are  pivotal  for  cellular  homeostasis,
 with  excessive  fission,  which  is  driven  by  Drp1  and  Fis1,  promoting
 ROS  overproduction  and  fibrogenesis  in  pulmonar  y,  renal,  and
 hepatic  models  [ 28– 30].  In  keloids,  mitochondrial  fragmentation
 and  dysfunction  are  correlated  with  altered  bioenergetics  and
 resistance  to  apoptosis  [ 31].  Our  data  revealed  increased  expres  -
 sion  of  Drp1/Fis1  in  KFs  and  a  reduction  of  ROS  levels  via  GAS5-
 dependent  inhibition  by  CAVIN1,  which  is  consistent  with  evidence
 that  mitochondrial  fission–ROS  cascades  amplify  TGF-β  signaling
 [ 32].  This  vicious  c  ycle—in  which  ROS  activate  latent  TGF-β  and
 mitochondrial  fission  sustains  ROS  production—underpins  persis  -
 tent  fibrosis  [ 33].  Notably,  given  the  pleiotropic  nature  of  both
 mitochondrial  dynamics  and  GAS5,  additional  parallel  pathways
 may  also  contribute  to  the  obser  ved  antifibrotic  outcomes,  and
 the  relative  contributions  of  these  mechanisms  warrant  further
 investigation.
 

Critically,  the  role  of  CAVIN1  complements  that  of  related  cave  -
 olar  proteins;  for  example,  reduced  caveolin-1  (Cav-1)  expression
 increases  TGF-β  signaling  and  fibrosis  in  keloids,  suggesting  that
 caveolar  components  broadly  regulate  mechanotransduction
 and  ECM  remodeling  in  dermal  disorders  [ 34,  35].  While  the
 reduction  in  Drp1  and  Fis1  expression  strongly  supports  the
 conclusion  that  the  CAVIN1/GAS5  axis  suppresses  mitochondrial
 fission,  direct  ultrastructural  evidence—such  as  transmission
 electron  microscopy  or  live  -cell  MitoTracker  imaging  data—will
 be  valuable  in  future  studies  to  fully  characterize  the  dynamics  of
 mitochondrial  network  remodeling  in  KFs.
 

The  therapeutic  implications  of  our  findings  are  highlighted  by
 the  identification  of  vorinostat  ,  an  HDAC  inhibitor,  as  a  compound
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Figure  7  Proposed  mechanism  of  CAVIN1  in  keloids.  Schematic  model  illustrating  that  CAVIN1  stabilizes  the  lncRNA  GAS5,  which  in  turn  suppresses

 mitochondrial  fission  and  subsequent  ROS  production.  This  cascade  leads  to  the  inhibition  of  the  TGF-β  /Smad  signaling  pathway,  thereby  attenuating

 fibroblast  activation  and  collagen  deposition.  Vorinostat  has  been  identified  as  a  pharmacological  agent  that  upregulates  CAVIN1,  thus  potentiating  this

 antifibrotic  axis.  ROS  reactive  oxygen  species, CAVIN1  caveolae  -associated  protein  1  

capable  of  upregulating  CAVIN1  expression  and  mimicking  the
 antifibrotic  effects  of  the  CAVIN1/GAS5  axis.  HDAC  inhibitors,  such
 as  vorinostat  and  its  analog  trichostatin  A  (TSA),  have  demon-
 strated  antifibrotic  potential  in  various  models  by  modulating  epi-
 genetic  regulation  of  profibrotic  genes,  reducing  collagen  synthe  -
 sis,  and  normalizing  aberrant  gene  expression  in  fibroblasts  [ 36–
 39].  Although  direct  evidence  in  keloids  is  limited,  upregulation  of
 HDAC2  in  keloid  scars  and  normalization  of  epigenetic  alterations
 in  KFs  following  TSA  treatment  suggest  that  HDAC  inhibitors  may
 hold  promise  for  keloid  therapy  [ 40,  41].  However,  the  transla-
 tion  of  these  findings  into  clinical  applications  requires  compre  -
 hensive  evaluation,  including  dose–response  analyses,  long-term
 safety  assessments,  and  head-to  -head  comparisons  with  estab  -
 lished  keloid  treatments,  such  as  intralesional  corticosteroid  injec-
 tion  [ 42,  43].  Furthermore,  targeting  mitochondrial  fission  with
 Drp1  inhibitors,  such  as  Mdivi-1,  represents  a  complementar  y  pre  -
 cision  strateg  y  to  attenuate  the  mitochondrial  fission–ROS–TGF-
 β  cascade,  as  Mdivi-1  has  been  shown  to  ameliorate  fibrosis  in
 cardiac,  renal,  pulmonar  y,  and  hepatic  models  by  inhibiting  Drp1-
 mediated  mitochondrial  fragmentation  and  oxidative  stress  [ 28–
 30,  44,  45].  While  these  approaches  offer  theoretical  advantages
 over  broad  inhibition  of  TGF-β  ,  which  is  associated  with  the  risk
 

of  off-target  effects  because  of  the  essential  roles  of  TGF-β  in
 wound  healing,  immune  regulation,  and  tumor  suppression  [ 23],
 their  efficac  y  and  safety  in  keloid-specific  settings  remain  to  be
 rigorously  tested.
 

While  our  in  vivo  experiments  confirmed  that  AAV-mediated
 CAVIN1  overexpression  combined  with  vorinostat  treatment  sig-
 nificantly  ameliorated  skin  fibrosis,  the  results  of  the  current  study
 primarily  validated  the  antifibrotic  efficac  y  at  the  histological
 level.  Given  that  the  mechanistic  characterization  of  CAVIN1
 was  conducted  mainly  in  cultured  fibroblasts,  its  functional  role
 within  the  complex  in  vivo  microenvironment  warrants  further
 investigation.  To  this  end,  advanced  technologies,  such  as  single  -
 cell  RNA-seq  and  spatial  transcriptomics,  can  be  employed  to
 dissect  the  cellular  heterogeneity  and  intercellular  crosstalk
 underlying  CAVIN1-mediated  antifibrotic  effects  to  enable  a  com-
 prehensive  understanding  of  how  CAVIN1  orchestrates  molecular
 changes  across  diverse  cell  types  in  the  skin  microenvironment  .
 These  insights  will  deepen  our  understanding  of  the  therapeutic
 potential  of  CAVIN1  and  inform  more  precise  strategies  for
 targeting  fibrotic  skin  disorders.  Additionally,  although  our  study
 revealed  that  CAVIN1  directly  bound  to  and  stabilized  GAS5,  the
 precise  molecular  determinants  of  this  interaction—including  the
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specific  RNA-binding  domains  of  CAVIN1  and  the  degradation
 pathways  that  it  may  antagonize—remain  to  be  elucidated  and
 warrant  further  investigation.
 

This  study  employed  a  bleomycin-induced  mouse  model  of
 skin  fibrosis,  which  cannot  fully  recapitulate  all  the  pathophysio  -
 logical  features  of  human  keloids  [ 46].  Bleomycin-induced  fibro  -
 sis  is  typically  transient  and  spontaneously  resolves  after  ces  -
 sation  of  bleomycin  injections  [ 47],  whereas  keloids  in  humans
 are  characterized  by  persistent  and  progressive  fibrosis  that  does
 not  regress  spontaneously.  Furthermore,  the  bleomycin  model
 primarily  reflects  inflammation-driven  fibrosis,  while  the  patho  -
 genesis  of  keloids  involves  additional  factors,  such  as  mechanical
 tension  and  genetic  predisposition  [ 48].  These  differences  may
 limit  the  direct  applicability  of  our  findings  to  human  keloids.  Nev-
 ertheless,  owing  to  its  high  reproducibility  and  well-characterized
 fibrotic  response,  the  bleomycin  model  remains  valuable  for  initial
 mechanistic  studies  and  therapeutic  screening  [ 49].  In  future  stud-
 ies,  we  will  further  investigate  the  use  of  a  human  keloid  xenograft
 model  in  immunodeficient  mice.  Moreover,  the  initial  multiomics
 findings  in  this  study  were  based  on  a  limited  sample  size.  In  future
 studies,  we  will  collect  additional  clinical  samples  to  validate  the
 value  of  CAVIN1  as  a  novel  therapeutic  target  for  keloids  in  larger,
 independent  patient  cohorts.
 

Conclusions 
In  summar  y,  the  CAVIN1/GAS5/mitochondrial  fission  axis  repre  -
 sents  a  previously  unrecognized  mechanistic  link  among  the  func-
 tion  of  caveolae,  mitochondrial  homeostasis,  and  TGF-β  signal-
 ing  in  the  pathogenesis  of  keloids.  Strategies  aimed  at  upregulat-
 ing  CAVIN1  expression,  stabilizing  GAS5,  or  inhibiting  mitochon-
 drial  fission  thus  represent  innovative  therapeutic  avenues,  with
 vorinostat  emerging  as  a  promising  repurposable  drug  candidate
 that  warrants  further  translational  evaluation  in  fibrotic  skin  dis  -
 orders. 
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