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Abstract  

Background:  Hypertrophic  scars  (HTSs)  are  characterized  by  excessive  extracellular  matrix  deposition and  impaired  scar

 remodelling.  Fibroblasts  are  central  to  HTS  pathogenesis,  yet  clinical  strategies  remain  limited  by  an  incomplete  understand-

 ing  of  fibroblast  heterogeneity  and  transcriptional  regulation.  This  study  aimed  to  identify  a  key  fibroblast  subpopulation  and

 its  regulator  y  transcription  factors  to  address  this  translational  gap.
 

Methods:  Single  -cell  RNA  sequencing  was  performed  on  dermal  cells  from  freshly  excised  human  HTS  and  normal  skin  (NS)

 tissues.  Fibroblast  subsets  and  transcriptional  regulators  were  identified  using  Seurat,  pseudotime,  transcription  factor

 prediction,  and  cell–cell  communication  analyses.  Functional  validation  involved  lentiviral  overexpression  of  Yin  Yang  1  (YY1)

 in  fibroblasts  derived  from  patients  with  hypertrophic  scars,  followed  by  bulk  RNA  sequencing,  western  blotting,  CUT&Tag,

 and  immunofluorescence  assays.
 

Results:  Clinical  HTS  specimens  showed  characteristic  collagen  overproduction  and  vascular  hyperplasia.  Single  -cell  analysis

 of  43  303  cells  revealed  disease  -specific  shifts  in  cellular  composition,  including  pronounced  pericyte  expansion  and  reduced

 fibroblast  abundance.  Notably,  fibroblast  subcluster  Fib_5  (ADAM12 +  COMP +  POSTN hi
 )  increased  despite  the  overall  fibroblast

 decline  in  HTS  and  exhibited  upregulated  fibrotic  gene  expression.  Cross  -validation  using  combined  public  datasets  compris  -

 ing  21  samples  indicated  that  the  Fib_5-like  subcluster  is  conser  ved  across  fibrotic  conditions.  Pseudotime  analyses  placed

 Fib_5  within  an  HTS  -dominant  branch,  State  6;  transcription  factor  prediction  from  branch-dependent  differentially  expressed

 genes  identified  YY1  as  the  only  predicted  transcription  factor  also  differentially  expressed  in  State  6.  Functional  validation

 showed  that  YY1  overexpression  in  fibroblasts  derived  from  patients  with  HTS  reversed  fibrotic  gene  expression  profiles,  with

 Fib_5  identified  as  a  primar  y  responder  by  Scissor.  CUT&Tag  analysis  validated  these  findings  at  the  epigenomic  level.  Cell–cell

 communication  analyses  further  revealed  marked  reprogramming  of  fibroblast-pericyte  signalling  across  multiple  fibrosis  -

 related  pathways  in  HTS.
 

Conclusion:  This  work  establishes  the  Fib_5-YY1  axis  as  a  central  hub  in  HTS  pathogenesis,  with  YY1-mediated  fibroblast

 plasticity  as  a  key  transcriptional  mechanism  underlying  skin  fibrogenesis.
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Graphical  abstract
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Highlights  

• We  identified  a  counter-trend  expansion  of  a  fibroblast  subpopulation  (Fib_5:  ADAM12 +  COMP +  POSTN hi
 )  exhibiting

 a  markedly  fibrogenic  phenotype  in  hypertrophic  scars  (HTSs),  consistent  with  conser  ved  pro-fibrotic  cellular  states

 obser  ved  in  other  fibrotic  skin  disorders. 

• Our  findings  demonstrated  that  YY1  downregulation  exerts  pro-fibrotic  effects  in  HTS  fibroblasts,  while  its  overexpression

 attenuates  fibrogenic  activation,  highlighting  YY1  as  a  key  transcriptional  regulator  of  fibroblast  fibrotic  programs. 

• We  revealed  significant  changes  in  fibroblast–pericyte  signalling  in  HTS,  which  was  associated  with  multiple  fibrosis  -

 related  pathways  through  cell–cell  communication  analyses. 

Background  
Hypertrophic  scars  (HTSs)  are  pathological  outcomes  of  aberrant
 wound  healing,  characterized  by  excessive  extracellular  matrix
 (ECM)  deposition  and  persistent  myofibroblast  activation,  leading
 to  disfigurement  ,  pruritus,  and  functional  impairment  that
 severely  affect  quality  of  life.  Fibroblasts,  particularly  myofi-
 broblasts,  are  widely  recognized  as  central  mediators  of  scar
 formation  [ 1];  however,  current  antifibrotic  therapies  targeting
 these  cells  have  limited  efficac  y  because  of  an  incomplete
 understanding  of  their  heterogeneity  [ 2–  4].  Recent  studies
 indicate  that  fibroblasts  in  scars  may  arise  not  only  locally  but  also
 from  peric  ytes  or  through  endothelial-to  -mesenchymal  transition
 [ 5–  8],  underscoring  the  need  for  subtype  -specific  therapeutic
 strategies.
 

Single  -cell  RNA  sequencing  (scRNA-seq)  has  transformed  the
 analysis  of  fibroblast  heterogeneity  in  HTS.  Although  previous
 studies  identified  disease  -specific  subsets  [ 9–  13],  key  gaps  remain
 in  identifying  master  transcriptional  regulators  amenable  to
 pharmacological  modulation.  Notably,  transcription  factors  (TFs)
 such  as  ETV4,  TWIST2,  and  CREB1  drive  fibrotic  reprogramming
 

[ 10,  14,  15],  yet  effective  TF-targeted  therapies  for  HTS  remain
 elusive,  underscoring  the  need  for  new  approaches.
 

In  this  study,  we  generated  a  high-resolution  cellular  atlas  of
 dermal  tissues  from  normal  skin  (NS)  and  HTS  using  scRNA-seq.
 We  sought  to  identify  a  key  fibroblast  subcluster  and  define  the
 role  of  its  regulator  y  TFs  in  modulating  the  fibrotic  phenotype  of
 HTS  fibroblasts.  By  examining  fibroblast  heterogeneity  and  tran-
 scriptional  regulation,  this  study  provides  insight  into  the  mecha-
 nisms  underlying  HTS  patholog  y,  prioritizes  candidate  regulator  y
 programmes  for  further  mechanistic  investigation,  and  expands
 the  dermal  scRNA-seq  resource  for  future  studies.
 

Methods 

Collection  of  normal  and  hypertrophic

 scar  skin  samples  

NS  samples  for  the  control  group  were  obtained  from  patients
 undergoing  abdominal  plastic  surger  y  or  breast  reduction  surger  y.
 HTS  tissue  samples  were  obtained  from  patients  undergoing  scar
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Table  1  Clinical  and  demographic  details  of  the  patients 

Sample  name Group  Age Sex Collection  site Post-trauma Scarring  time 

CON0514  NS  45  Male Abdomen 

CON0517  NS  25  Female Breast 

CON0715  NS  18  Female Breast 

SC1  HTS  44  Female Upper  arm  Scald 3  years  

DIS0129  HTS  16  Male Thigh  Burn  4  years  

DIS0201  HTS  20  Male Breast Scald 19  years  

DIS0306  HTS  8  Female Breast Burn  5  years  

excision;  the  scars  were  prominently  raised  above  the  skin  surface,
 located  on  the  trunk  or  limbs,  had  been  present  for  at  least  1  year,
 and  had  received  no  prior  treatment  .  In  total,  seven  patients  were
 included  in  this  study;  additional  clinical  and  demographic  details
 are  provided  in  Table  1.  The  study  was  approved  by  the  Ethics
 Committee  of  the  Plastic  Surger  y  Hospital,  Chinese  Academy  of
 Medical  Sciences  and  Peking  Union  Medical  College  (approval
 number,  2021(179)).  Informed  consent  was  obtained  from  all
 patients  before  surger  y.
 

Single  -cell  RNA  sequencing 

Preparation  of  dermal  single  -cell  suspension  

Freshly  excised  NS  and  hypertrophic  scar  tissues  were  rinsed  twice
 with  sterile  Dulbecco’s  phosphate  -buffered  saline  (DPBS;  Solarbio,
 China),  cut  into  thin  strips  ∼0.1  ×  1  cm  in  size,  and  placed  in  0.25%
 dispase  II  solution  (Sigma,  USA)  for  2  h  at  37 ◦  C.  After  incubation,
 the  tissues  were  removed,  the  dermis  was  separated  from  the
 epidermis,  and  the  dermal  tissue  was  minced.  The  minced  dermal
 tissue  was  then  added  to  30  ml  of  enzyme  digestion  solution
 containing  0.2%  type  I  collagenase  solution  (Sigma)  and  60  U/ml
 DNase  I  (Sigma,  then  placed  on  a  shaker  at  100  rpm  and  37 ◦  C  for
 2  h.  The  digested  tissue  was  filtered  through  a  40  μ m  cell  strainer
 (BD,  USA),  and  the  filtrate  was  centrifuged  at  300  g  and  4 ◦  C  for
 5  min.  After  the  supernatant  was  discarded,  1–5  ml  of  red  blood
 cell  lysis  solution  was  added  to  the  pellet  ,  which  was  placed  on  ice
 for  4  min,  followed  by  centrifugation  at  300  g  and  4 ◦  C  for  5  min.
 The  cells  were  rinsed  twice  with  ice  -cold  DPBS  and  centrifuged
 again  at  300  g  and  4 ◦  C  for  another  5  min.  After  discarding  the
 supernatant  ,  the  cells  were  resuspended  in  0.4%  bovine  serum
 albumin  (BSA)–phosphate  -buffered  saline  (PBS),  and  the  cell  con-
 centration  was  adjusted  to  (0.8–1.2)  ×  10 6  /ml;  the  cell  suspension
 was  then  placed  on  ice.  Cell  counting  and  morphological  assess  -
 ment  were  performed  under  a  light  microscope  after  mixing  the
 cell  suspension  with  tr  ypan  blue.
 

Single  -cell  transcriptome  librar  y  construction  and
 sequencing  

Single  -cell  complementar  y  DNA  (cDNA)  librar  y  preparation  and
 sequencing  were  performed  by  Novogene  (Beijing,  China).  The
 10x  Genomics  Chromium  platform  was  used;  Chromium  Single
 Cell  3 ′  Librar  y  &  Gel  Bead  Kit  v3  and  Chromium  Single  Cell  3 ′  Chip
 Kit  v3  were  used  for  single  -cell  partitioning;  and  Illumina  NovaSeq
 6000  was  used  for  sequencing.  Single  -cell  suspensions  with  the
 required  cell  viability  (≥80%)  were  combined  with  enzymes  and
 

barcode  -carr  ying  gel  beads,  then  encapsulated  in  oil  droplets
 within  the  microfluidic  device  to  form  Gel  bead-in-Emulsion  (GEM)
 structures.  Effective  GEMs  contained  a  single  cell,  MasterMix  ,  and
 gel  bead  containing  pre  -loaded  10×  primers,  where  cell  lysis  and
 reverse  transcription  occurred.  Librar  y  construction  was  initiated
 after  cDNA  amplification  passed  quality  control.  After  librar  y
 preparation  and  quality  control  were  completed,  RNA-sequencing
 was  performed  using  the  Illumina  NovaSeq  6000  platform.
 

Single  -cell  data  processing  and  analysis  

Raw  data  processing  

Raw  FASTQ  files  were  processed  using  Cell  Ranger  version  3.0.0.
 Sequencing  reads  were  first  aligned  to  a  predefined  reference
 genome  for  unique  molecular  identifier  (UMI)  counting  and  gen-
 eration  of  a  UMI  count  matrix  for  each  gene  in  each  cell.  Data  fil-
 tering  was  performed  using  the  following  parameters:  a  maximum
 mitochondrial  gene  proportion  of  30%,  a  maximum  red  blood  cell
 gene  proportion  of  5%,  and  gene  counts  ranging  from  200  to  8000,
 with  genes  expressed  in  fewer  than  three  cells  excluded.  Finally,
 doublets  were  removed  using  the  R  package  DoubletFinder  ver-
 sion  2.0.2  [ 16].
 

Cell  clustering  and  annotation 

Unsuper  vised  clustering  was  performed  using  Seurat  version  3.1.5
 [ 17],  and  batch  effects  were  corrected  by  canonical  correlation
 analysis;  the  results  were  visualized  using  Uniform  Manifold
 Approximation  and  Projection  (UMAP).  The  resolution  was  tested
 incrementally  from  0.2  to  0.8  in  steps  of  0.05  and  selected  using
 cluster  expression  heatmaps.  The  FindAllMarkers  function  was
 used  for  differentially  expressed  gene  (DEG)  analysis,  and  cell
 types  were  manually  annotated  based  on  the  expression  of
 marker  genes  identified  in  previous  studies.  Subsequently,  the
 FindVariableFeatures  function  was  used  to  identify  variable  genes,
 and  Spearman’s  rank  correlation  coefficient  was  used  to  assess
 correlations  among  different  cell  types  or  subclusters.
 

Advanced  analyses  

The  R  package  clusterProfiler  [ 18]  was  used  for  Gene  Ontolog  y  and
 Kyoto  Enc  yclopedia  of  Genes  and  Genomes  pathway  enrichment
 analyses.  For  intergroup  DEGs,  the  online  tool  Metascape  [ 19]  was
 used.  Pseudotime  trajector  y  analysis  was  then  performed  sepa-
 rately  on  the  whole  dataset  and  the  fibroblast  subset  using  the
 R  package  monocle3  version  0.2.1  [ 20].  Variable  genes  identified
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by  Seurat  were  used  to  construct  pseudotime  trajectories,  fol-
 lowed  by  branched  expression  analysis  modelling  to  detect  highly
 variable  genes  at  branch  points  and  branch-specific  DEGs.  The
 TRRUST  v2  database  [ 21]  was  then  used  to  predict  TFs  from  the
 DEGs  identified  in  the  previous  step.  Using  the  Scissor  package
 [ 22]  (version  2.1.0),  the  scRNA-seq  data  were  integrated  with  the
 bulk  RNA-sequencing  (bulk-seq)  results  to  identify  fibroblast  sub  -
 populations  associated  with  the  phenotype  induced  by  Yin  Yang
 1  (YY1)  overexpression,  following  the  steps  described  in  the  pack-
 age  tutorial.  The  selection  results  were  then  added  to  the  Seurat
 object  metadata  for  subsequent  visualization  and  DEG  analyses
 using  the  methods  described  above.  The  CellChat  package  [ 23]
 (version  2.1.2)  was  used  to  identify  and  visualize  significant  cell–
 cell  communication  networks  between  fibroblast  subclusters  and
 peric  ytes.  Pathway  centrality  scores  were  calculated  using  the
 built-in  functions. 

Validation  of  publicly  available  data 

Public  datasets  from  the  National  Center  of  Biotechnolog  y  Infor-
 mation  (NCBI)  Gene  Expression  Omnibus  database  ( https://www.
ncbi.nlm.nih.gov/geo/)  were  used  to  cross  -validate  the  prelimi-
 nar  y  findings.  For  the  NS  group,  five  samples  were  obtained  from
 GSE130973  [ 24],  five  from  GSE151177  [ 25],  three  from  GSE156326
 [ 26],  and  one  from  GSE181316  [ 27],  totalling  14  NS  samples.  For
 the  HTS  group,  three  samples  were  obtained  from  GSE156326  [ 26],
 three  from  GSE181316  [ 27],  and  one  from  GSE243716,  totalling
 seven  HTS  samples.  Following  dataset  integration  and  batch  cor-
 rection,  unsuper  vised  clustering  and  cell  type  annotation  were
 performed  as  described  above.  For  correlation  analyses,  the  aver-
 age  log-normalized  expression  of  the  subclusters  of  interest  was
 used  to  compute  and  visualize  Pearson’s  r  .
 

Overexpression  of  YY1  in  hypertrophic

 scar  fibroblasts  

YY1-overexpressing  plasmid  construction  and
 amplification 

The  coding  sequence  of  the  human  YY1  gene  (Gene  ID:  7528)  was
 first  obtained  from  the  NCBI  website.  Restriction  sites  within  the
 sequence  were  then  identified  and  matched  to  those  in  the  pCDH-
 CMV-MCS  -EF1-CopGFP  plasmid  to  select  suitable  sites.  Construc-
 tion  of  the  target  plasmid  was  commissioned  to  Tsingke  (Beijing,
 China).  Briefly,  the  plasmid  was  digested  with  restriction  enzymes
 at  the  selected  sites,  followed  by  confirmation  by  agarose  gel  elec-
 trophoresis.  The  YY1-overexpressing  plasmid  was  then  introduced
 by  heat  shock  transformation,  and  monoclonal  positive  strains
 were  selected  for  amplification  to  obtain  a  sufficient  amount  of
 plasmid.  Plasmid  extraction  was  performed  using  the  EndoFree
 Plasmid  Maxi  Kit  (Qiagen,  Germany)  according  to  the  manufac-
 turer  ’s  instructions.  Finally,  plasmid  concentration  was  measured
 with  a  UV-Vis  spectrophotometer  (NanoDrop,  USA),  and  the  solu-
 tion  was  stored  at  −  20 ◦  C  for  subsequent  experiments.
 

Lentivirus  packaging  

HEK  293  T  cells  were  cultured  in  high-glucose  Dulbecco’s  modified
 Eagle’s  medium  (DMEM;  Gibco,  USA)  supplemented  with  10%
 foetal  bovine  serum  (FBS;  Gibco),  as  described  for  fibroblast
 

culture.  When  the  cells  reached  80%  confluence,  transfection  was
 performed  using  jetPRIME  transfection  reagent  (Polyplus,  France)
 according  to  the  manufacturer  ’s  instructions.  The  transfection
 mixture  contained  5  μ g  target  plasmid,  3.75  μ g  psPAX2  plasmid,
 and  1.25  μ g  of  pMD2.G  plasmid.  Viral  supernatants  were  collected
 at  24,  48,  and  72  h  after  transfection.  The  supernatants  were
 centrifuged  at  200  g  for  5  min  to  remove  precipitates,  and  cell
 debris  and  impurities  were  removed  using  a  0.45  μ m  syringe
 filter  (Millipore,  USA).  The  collected  lentiviral  supernatants  were
 then  ultracentrifuged  at  22  500  rpm  (P70AT-1584  rotor,  Himac,
 Japan)  for  3  h.  After  the  supernatant  was  discarded,  the  lentiviral
 pellet  at  the  bottom  of  the  ultracentrifuge  tube  was  resuspended
 in  low-glucose  DMEM  (Gibco)  and  stored  at  4 ◦  C  for  subsequent
 experiments  or  at  − 80 ◦  C  for  long-term  storage.
 

Isolation  and  transduction  of  hypertrophic  scar
 fibroblasts 

To  isolate  fibroblasts  from  HTS,  scar  tissue  was  first  prepared
 using  the  method  described  above.  When  the  cells  reached  70%
 confluence,  lentiviral  suspension  and  10  μ g  /ml  polybrene  reagent
 (Millipore)  were  added  to  the  medium  for  transduction.  After  18–
 24  h,  the  medium  was  replaced  with  fresh  complete  medium,  and
 the  cells  were  cultured  for  a  further  48  h,  after  which  RNA  and  pro  -
 tein  were  collected  for  subsequent  experiments.  The  remaining
 cells  were  cr  yopreser  ved  for  future  use.
 

Gene  expression  difference  evaluation  with  RNA
 sequencing  

RNA  from  YY1-overexpressing  HTS  fibroblasts  was  extracted  using
 TRIzol  reagent  (Sigma).  Librar  y  construction  and  sequencing
 were  again  performed  by  Novogene.  RNA  integrity  was  first
 assessed  using  the  2100  Bioanalyzer  system  (Agilent  ,  USA)
 in  combination  with  the  RNA  6000  Nano  Kit  (Agilent). Raw
 sequencing  data  were  quality-checked  using  FastQC,  and  low-
 quality  reads  were  removed  by  Next  Generation  Sequencing
 Quality  Control  (NGSQC)  procedures.  FPKM  values,  defined  as
 fragments  per  kilobase  of  exon  per  million  mapped  fragments,
 were  calculated  using  StringTie.  After  filtering  with  the  set  thresh-
 old  (|log2FC|  ≥  1,  adjusted  P-value  ≤  0.05),  DEGs  were  analysed
 using  the  R  packages  DESeq2  version  1.20.0  [ 28]  and  edgeR
 version  3.22.5  [ 29].
 

Protein  expression  evaluation  by  western  blot 

According  to  the  manufacturer  ’s  instructions,  protease  inhibitor
 cocktail  (Beyotime,  China)  and  phosphatase  inhibitor  cocktail
 (Beyotime)  were  added  to  RIPA  lysis  buffer  (Beyotime)  for  protein
 extraction.  All  procedures  were  performed  at  low  temperature
 to  minimize  protein  degradation.  After  extraction,  protein  con-
 centration  was  determined  using  the  BCA  Protein  A  ssay  Kit  (Bey-
 otime);  absorbance  was  measured  using  a  multimode  microplate
 reader  (Perkin  Elmer,  USA)  at  562  nm,  and  concentrations  were
 calculated  using  the  standard  cur  ve.  Protein  samples  were  then
 separated  by  Sodium  Dodec  yl  Sulfate  –  Polyacr  ylamide  Gel
 Electrophoresis  (SDS  -PAGE)  and  transferred  to  Polyvinylidene
 Fluoride  (PVDF)  membranes  (Millipore)  using  a  wet  transfer
 system.  The  membranes  were  blocked  in  Tris  -Buffered  Saline
 with  Tween  20  (TBST,  Applygen,  China)  containing  5%  skim
 milk  (Fujifilm,  Japan)  on  a  shaker  at  room  temperature  for  1  h.
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The  PVDF  membranes  were  incubated  overnight  at  4 ◦  C  with
 diluted  primar  y  antibodies:  Anti-Glyceraldehyde  -3-phosphate
 dehydrogenase  (GAPDH,  1:25000,  HRP-60004,  Proteintech,  USA),
 Anti-YY1  (1:500,  sc-7341,  Santa  Cruz,  USA),  Anti-COL1  (1:2000,
 14  695-1-AP,  Proteintech),  Anti-COL3  (1:500,  22  734-1-AP,  Pro  -
 teintech),  Anti-FN1  (1:20000,  15  613-1-AP,  Proteintech),  Anti-
 AKT  (1:25000,  60  203-2-Ig,  Proteintech),  and  Anti-pAKT  (Ser473;
 1:5000,  66  444-1-Ig,  Proteintech).  Following  incubation,  the
 membranes  were  incubated  with  the  corresponding  secondar  y
 antibodies  at  room  temperature  for  1  h;  specifically,  goat  anti-
 rabbit  (1:3000,  ab6721,  Abcam,  UK)  was  used  for  anti-COL1,
 anti-COL3,  and  anti-FN1,  while  goat  anti-mouse  (1:5000,  ab6789,
 Abcam)  was  used  for  anti-GAPDH,  anti-YY1,  anti-AKT,  and  anti-
 pAKT.  Finally,  protein  expression  was  visualized  using  the  ECL
 Chemiluminescent  Substrate  Reagent  Kit  (Invitrogen,  USA).  Band
 intensities  were  quantified  using  ImageJ  software  (version  2.14.0).
 Protein  expression  levels  were  converted  to  greyscale  values
 and  normalized  to  GAPDH  as  the  internal  control.  For  intergroup
 comparisons,  the  normalized  values  were  further  scaled  to  the
 mean  expression  level  of  the  NS  group  or  PCDH  control  group.  Sta-
 tistical  analyses  and  graphs  were  generated  using  GraphPad  Prism
 (version  10.1.1).
 

Immunofluorescence  staining  

Frozen  sections  were  first  equilibrated  to  room  temperature  for
 15  min  and  washed  three  times  with  PBS  (Solarbio)  for  5  min
 each.  The  sections  were  then  permeabilized  with  0.1%  Triton
 X-100  (Solarbio)  at  room  temperature  for  20  min,  washed  three
 times  with  PBS,  and  blocked  with  10%  goat  serum  (Gibco)  at
 room  temperature  for  1  h.  The  sections  were  then  incubated
 overnight  at  4 ◦  C  in  a  humidified  chamber  with  primar  y  antibodies
 diluted  in  1%  BSA  (Invitrogen),  including  anti-YY1  (1:250,  sc-7341,
 Santa  Cruz),  anti-COL1  (1:500,  14  695-1-AP,  Proteintech),  anti-
 COL3  (1:500,  22  734-1-AP,  Proteintech),  anti-FN1  (1:200,  15  613-
 1-AP,  Proteintech),  and  anti-RGS5  (1:100,  ab138019,  Abcam).
 Secondar  y  antibodies  were  also  diluted  in  1%  BSA  and  incubated
 with  the  sections  in  the  dark  at  37 ◦  C  for  1  h.  Specifically,
 Alexa  Fluor  647  Goat  Anti-Rabbit  (1:500,  ab150079,  Abcam)  was
 used  for  anti-COL1,  anti-COL3,  anti-FN1,  and  anti-RGS5,  while
 Alexa  Fluor  647  Goat  Anti-Mouse  (1:500,  ab150115,  Abcam)  was
 used  for  anti-YY1.  The  sections  were  then  incubated  with  4 ′  ,6-
 diamidino  -2-phenylindole  (DAPI)  for  7  min  in  the  dark  at  room
 temperature,  mounted  with  antifade  reagent  (Invitrogen),  and
 cover-slipped.  Images  were  acquired  using  a  confocal  microscope
 (SP8,  Leica,  Germany).  Immunofluorescence  signal  quantification
 was  performed  using  ImageJ.  The  fluorescence  intensity  of  target
 proteins  was  normalized  to  the  DAPI  signal  to  account  for  variation
 in  cell  number.  The  normalized  values  were  further  scaled  to
 the  mean  fluorescence  intensity  of  the  PCDH  control  group.
 Quantitative  analyses  and  data  visualization  were  performed
 using  GraphPad  Prism.
 

Additionally,  for  immunofluorescence  staining  of  YY1-
 overexpressing  HTS  fibroblasts,  cells  infected  with  the  target
 lentivirus  were  seeded  onto  glass  slides  (Solarbio)  placed  in  the
 bottom  of  a  six-well  plate.  After  cell  attachment  was  confirmed
 microscopically,  the  slides  were  removed  and  washed  twice  with
 PBS,  followed  by  fixation  with  4%  paraformaldehyde  (Sigma)  for
 10  min.  The  remaining  steps  were  the  same  as  those  described
 above. 

CUT&Tag  sequencing 

Cell  line  culture 

The  BJ  human  foreskin  fibroblast  cell  line  (CXH00618)  was
 obtained  from  Wuhan  EnkiLife  Biotech  Co.,  Ltd.  Cells  were
 cultured  in  high-glucose  DMEM  (Gibco)  supplemented  with  10%
 FBS  (Gibco)  and  1%  penicillin–streptomycin  (Gibco)  at  37 ◦  C  in  a
 humidified  atmosphere  containing  5%  CO 2  .  Cells  were  passaged
 at  80%–90%  confluence  using  0.25%  tr  ypsin.
 

Cell  preparation  and  YY1  modulation 

BJ  fibroblasts  were  divided  into  three  groups:  a  YY1-
 overexpressing  group  transduced  with  the  YY1-carr  ying  lentivirus
 as  described  above,  a  YY1-knockdown  group  transfected  with
 a  YY1-targeting  small  interfering  RNA  (sense:  5 ′  -CGACGACUACA
 UUGAACAA(dT)(dT)-3  ′  ,  antisense:  5 ′  -UUGUUCAAUGUAGUCGU
 CG(dT)(dT)-3 ′  ;  high-performance  liquid  chromatography–purified,
 Tsingke,  China)  using  Lipofectamine  3000  (Invitrogen)  according
 to  the  manufacturer’s  instructions,  and  an  untreated  control
 group.  Overexpression  and  knockdown  efficienc  y  were  verified  by
 quantitative  real-time  Polymerase  Chain  Reaction  (PCR)  using  the
 following  primers:  YY1-F,  5 ′  -GTTCAGGGATAACTCGGCCA-3 ′  ;  YY1-R,
 5 ′  -TTCGAACGTGCACTGAAAGG-3  ′  . 

Librar  y  construction,  sequencing,  and  data  processing  

Librar  y  construction  and  sequencing  were  again  performed  by
 Novogene  following  the  protocol  of  Kaya-Okur  et  al.  [ 30],  using
 anti-YY1  (sc-7341  X,  Santa  Cruz).  Libraries  were  sequenced  on
 the Illumina  NovaSeq  platform,  generating  150  bp  paired-end
 reads.  Raw  reads  were  quality  filtered  with  fastp  (version  0.20.0)
 [ 31],  aligned  to  the  human  reference  genome  using  BWA  (version
 0.7.12)  [ 32],  and  filtered  for  uniquely  mapped  reads  (MAPQ
 ≥13).  Peaks  were  called  with  MACS2  (version  2.1.0)  [ 33]  (q-value
 <0.05),  and  motif  discover  y  was  performed  using  HOMER  (version
 4.9.1)  [ 34].  Peak  annotation  was  conducted  using  ChIPseeker
 [ 35].  For  differential  peak  analysis,  peaks  were  merged  with
 BEDTools  [ 36],  and  those  with  an  RPM  fold  change  >2  were
 considered  differential.  Genome  browser  tracks  were  visualized
 using  Integrative  Genomics  Viewer  (IGV,  version  2.19.7).
 

Statistical  analysis  

Data  are  presented  as  mean  ±  standard  deviations.  Statistical
 analyses  were  performed  using  R  (version  4.2.0),  GraphPad  Prism
 (version  10.1.1),  and  the  corresponding  packages  described
 above.  All  statistical  tests  were  two  -sided,  and  a  P  -value  <  0.05
 was  considered  statistically  significant  .  For  scRNA-seq  data,  DEGs
 were  identified  using  the  Seurat  package  (version  4.4.0),  with  fold
 change  thresholds  tailored  to  each  analysis  as  detailed  in  the
 relevant  sections.  For  bulk  RNA-seq  data,  DEGs  were  identified
 using  DESeq2  (version  1.20.0)  and  edgeR  (version  3.22.5),  using
 thresholds  of  |log 2  FC|  ≥  1  and  adjusted  P  -value  ≤  0.05.  Multiple
 testing  correction  was  performed  using  the  Benjamini–Hochberg
 method  where  applicable.  Spearman’s  rank  correlation  was  used
 for  within-dataset  cell-type  comparisons,  whereas  Pearson’s
 correlation  was  used  for  cross  -dataset  expression  comparisons.
 Western  blot  band  intensities  and  immunofluorescence  signals
 were  quantified  using  ImageJ  (version  2.14.0),  normalized  as
 described  above,  and  compared  between  groups  using  unpaired
 two  -tailed  t  -tests.
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Results 

Comparative  analysis  of  dermal  cell

 composition  between  normal  skin  and

 hypertrophic  scar 

After  raw-data  processing  and  filtering,  43  303  high-quality
 cells  were  retained,  including  18  137  from  the  NS  cohort  and
 25  166  from  the  HTS  cohort  .  Following  sample  integration,
 

clustering  and  visualization  using  UMAP  showed  that  dermal
 tissue  could  be  classified  into  21  distinct  cell  clusters  (c0–c20),
 which  were  annotated  into  nine  cell  types:  vascular  endothelial
 cells,  peric  ytes,  fibroblasts,  T  cells,  mast  cells,  dendritic  cells,
 lymphatic  endothelial  cells,  Schwann  cells,  and  keratinoc  ytes,
 each  with  distinct  transcriptional  patterns  ( Figure  1b–d).  A  s  shown
 in  the  stacked  percentage  plot  ( Figure  1e),  a  significant  shift
 in  cell-type  distribution  between  the  NS  and  HTS  groups  was
 evident  .  Notably,  peric  ytes  showed  the  greatest  increase  in  HTS
 

Figure  1  Over  view  of  single  -cell  RNA  sequencing  results.  (a)  Schematic  over  view  of  patient  sampling  and  the  sequencing  workflow.  (b–d)  UMAP

 visualization  of  the  data  after  dimensionality  reduction  and  clustering,  with  cells  coloured  by  group  (b),  separated  into  21  clusters  (c),  and  annotated

 into  nine  cell  types  with  distinct  transcriptional  characteristics  (d).  (e)  Stacked  percentage  bar  charts  showing  changes  in  the  proportions  of  different  cell

 types  in  the  dermis  of  NS  and  HTS,  with  the  greatest  increase  in  pericytes  (log
 2  FC  =  1.73)  and  the  greatest  decrease  in  T  cells  (log

 2  FC  =  − 3.53).  (f)  Stacked

 bar  charts  showing  the  total  number  of  DEGs  (|log
 2  FC|  >  0,  adjusted  P  value  <0.05)  by  cell  type,  with  red  bars  indicating  upregulated  DEGs  and  bluebars

 indicating  downregulated  DEGs.  Fibroblasts  show  the  highest  total  number  of  DEGs,  indicating  a  marked  shift  in  biological  function  in  HTS.  UMAP  Uniform

 Manifold  Approximation  and  Projection,  NS normal  skin,  HTS  hypertrophic  scars,  PCs  pericytes,  VECs  vascular  endothelial  cells,  LECs  lymphatic  endothelial

 cells,  FIBs  fibroblasts,  TCs  T  cells,  MCs  mast  cells,  DCs  dendritic  cells,  SCs  Schwann  cells,  KRTs  keratinocytes,  DEGs  differentially  expressed  genes  
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Figure  2  Selective  increase  of  the  subcluster  Fib_5  and  its  fibrotic  phenotype.  (a,  b)  UMAP  visualization  of  fibroblasts  coloured  by  group  (a)  and

 reclustered  into  13  subclusters  by  unsuper  vised  clustering  (b).  (c)  Transcriptional  heatmap  showing  distinct  transcriptomic  patterns  across  subclusters.

 (d)  Stacked  percentage  plot  showing  differences  in  the  proportions  of  fibroblast  subclusters  between  NS  and  HTS;  abbreviations  for  fibroblast  subtypes

 are  shown  after  the  subcluster  legend.  (e)  Stacked  bar  charts  showing  the  total  number  of  DEGs  (|log
 2  FC|  >  0.25,  adjusted  P  value  <  0.05)  by  subcluster,

 with  red  bars  indicating  upregulated  DEGs  and  blue  bars  indicating  downregulated  DEGs;  Fib_5  (c5)  shows  the  highest  total  number  of  DEGs. (f)  Bar  plots

 showing  GO  biological  process  enrichment  of  filtered  upregulated  (left)  and  downregulated  (right)  DEGs  in  Fib_5.  (g)  Split  violin  plots  showing  intergroup

 comparisons  of  selected  fibrotic  gene  expression  in  Fib_5  versus all  other  subclusters;  statistical  significance  was  assessed  using  the  Wilcoxon  rank-sum

 test  .  ∗∗∗∗
 P  <  0.0001.  GO  Gene  Ontolog  y,  Sr  secretor  y-reticular  fibroblasts,  Sp  secretor  y-papillar  y  fibroblasts,  Pi  pro-inflammator  y  fibroblasts,  M

 mesenchymal  fibroblasts,  U  unidentified  fibroblasts,  UMAP  Uniform  Manifold  Approximation  and  Projection,  NS  normal  skin,  HTS  hypertrophic  scars  
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Figure  3  Cross  -validation  using  public  datasets.  (a)  Overall,  14  NS  and  7  HTS  publicly  available  samples  were  used  to  generate  the  combined  dataset  ,

 visualized  by  UMAP  (lower).  (b)  Feature  plots  of  selected  genes  for  fibroblast  identification.  (c)  UMAP  visualization  of  subset  fibroblasts,  separated  into  11

 subclusters  and  coloured  accordingly.  (d)  Stacked  percentage  bar  chart  showing  shifts  in  the  proportions  of  different  subclusters  between  the  NS  and

 HTS  groups,  with  public  dataset  fibroblast  subcluster_4  (PDFS_4,  striped  in  the  figure)  showing  the  most  marked  expansion  in  HTS.  (e)  Feature  plots  of

 subset  fibroblasts  coloured  by  the  expression  of  marker  genes  previously  identified  for  Fib_5.  (f)  Correlation  scatter  plots  of  the  average  log-normalized

 expression  of  Fib_5  and  PDFS_4  based  on  all  genes  (left)  and  Fib_5  marker  genes  (right).  (g)  Heatmap  showing  cluster-to-cluster  correlation  between  the

 fibroblast  subset  in  the  present  study  and  that  in  the  public  datasets.  UMAP  Uniform  Manifold  Approximation  and  Projection,  NS  normal  skin,  HTS
 hypertrophic  scars  
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Figure  4  Transcription  factor  prediction  from  a  fibroblast  cell  state  predominant  in  hypertrophic  scars.  (a)  Pseudotime  trajectories  of  fibroblasts  coloured

 by  pseudotime  (left),  state  (middle),  and  identified  cell  fates  (right).  (b)  Transcriptional  heatmap  of  Cell  fate  1,  Cell  fate  2,  and  the  prebranch  state.  (c)

 Pseudotime  trajector  y  showing  fibroblasts  from  different  groups,  with  Fib_5  shown  in  a  darker  colour.  (d)  Volcano  plot  of  DEGs  in  State  6  (|log
 2  FC|  >  0.25,

 adjusted  P  value  <  0.05).  (e)  Bar  plots  showing  GO  biological  process  enrichment  of  filtered  upregulated  (left)  and  downregulated  (right)  DEGs  in  State  6.

 (f)  Protein–protein  interaction  network  of  the  16  predicted  TFs.  (g)  Venn  diagram  of  predicted  TFs  and  differentially  expressed  TFs  in  State  6,  with  YY1  as

 the  only  overlapping  factor.  NS  normal  skin,  HTS  hypertrophic  scars  
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Figure  5  Overexpression  of  YY1  downregulates  fibrosis  -related  gene  expression.  (a)  Bar  plots  comparing  YY1  expression  between  groups  based  on

 single  -cell  RNA  sequencing  data.  (b)  Western  blot  analysis  of  YY1  expression  in  NS  and  HTS  fibroblasts,  with  three  independent  biological  replicates  per

 group.  (c)  Bar  plots  showing  intergroup  comparison  of  FPKM  values  for  YY1  and  fibrosis  -related  genes.  (d)  Intergroup  comparison  of  representative

 western  blot  results  from  total  protein  extracts  of  control  (PCDH)  and  YY1-overexpressing  (OE)  HTS  fibroblasts;  quantitative  analyses  were  based  on  four

 independent  biological  replicates  per  group.  (e)  Intergroup  comparison  of  immunofluorescence  staining  for  FN1,  COL1,  COL3,  and  YY1.  NS  not

 significant  ,  ∗  P  <  0.05,  ∗∗
 P  <0.01,  ∗∗∗

 P  <  0.001,  ∗∗∗∗
 P  <  0.0001.  FPKM  fragments  per  kilobase  of  exon  per  million  mapped  fragments,GFP  green

 fluorescent  protein,  NS  normal  skin,  HTS  hypertrophic  scars  

(log
 2  FC  =  1.73),  whereas  T  cells  showed  the  most  pronounced

 decrease  (log
 2  FC  =  −  3.53).  Differential  expression  analysis  further

 showed  that  peric  ytes  had  the  largest  number  of  upregulated
 DEGs,  whereas  fibroblasts  had  the  largest  number  of  downreg-
 ulated  DEGs.  However,  fibroblasts  exhibited  the  greatest  total
 number  of  DEGs,  indicating  the  most  pronounced  biological
 differences  between  NS  and  HTS  ( Figure  1f).
 

Fibroblast  subcluster  5  increased  despite

 the  overall  decline  in  hypertrophic  scar

 fibroblasts  

Fibroblasts  were  subset  into  13  subclusters  (Fib_0–Fib_12)  by
 unsuper  vised  clustering  to  further  define  their  heterogeneity
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Figure  6  CUT&Tag  sequencing  identifies  direct  genomic  targets  of  YY1  in  fibroblasts.  (a)  Summar  y  of  differential  peaks  identified  in  OE  vs  WT  comparison.

 Peaks  were  classified  as  upregulated  or  downregulated  according  to  the  indicated  cutoff  criteria  (|logFC|  >  1,  P  <  0.05).  (b)  Genomic  annotation

 distribution  of  peaks  in  WT  and  OE  groups.  (c)  Specific  binding  peak  intensities  of  BMP7,  BACH2,  and  COL1A1  in  WT  and  OE  groups  in  IGV  visualization.

 (d)  The  top  10  enriched  motifs  in  peaks  increased  after  YY1  overexpression  were  predominantly  AP-1  family  motifs,  identified  by  HOMER  de  novo  motif

 analysis  

( Figure  2a  and  b).  The  transcriptional  heatmap  showed  distinct
 transcriptomic  profiles  for  each  subcluster  ( Figure  2c).  Intergroup
 compositional  variability  is  shown  in  Figure  2d.  A  s  noted  above,
 the  overall  fibroblast  proportion  was  markedly  reduced  in  HTS
 compared  with  NS;  however,  contrar  y  to  this  decline,  subcluster
 Fib_5  (ADAM12 +  COMP +  POSTN hi

 )  showed  a  marked  increase
 in  HTS  (log

 2  FC  =  2.52).  DEGs  across  subclusters  were  analysed,
 filtered  (|log

 2  FC|  >  0.25,  adjusted  P  -value  <0.05),  and  totalled
 ( Figure  2e).  Fib_6  had  the  most  upregulated  DEGs,  whereas  Fib_5
 had  the  most  downregulated  DEGs;  overall,  however,  Fib_5  had
 the  highest  DEG  count  .  These  findings  identify  Fib_5  as  a  key
 subcluster  with  the  greatest  biological  divergence  between  NS
 and  HTS,  suggesting  an  important  role  in  maintaining  the  fibrotic
 phenotype  of  HTS.  A  s  shown  in  Figure  2f,  this  interpretation  was
 further  supported  by  biological  process  enrichment  analysis  of
 Fib_5  DEGs,  which  showed  that  the  upregulated  processes  in
 this  subcluster  were  closely  linked  to  fibrosis,  including  collagen
 fibre  and  ECM  organization.  We  then  examined  intergroup
 differences  in  the  expression  of  the  canonical  fibrotic  genes
 COL1A1,  COL1A2,  COL3A1,  and  FN1  in  Fib_5  vs  other  subclusters.
 These  genes  were  generally  upregulated  in  HTS  fibroblasts,
 with  Fib_5  showing  the  highest  expression  across  all  four  genes
 ( Figure  2g).
 

Cross  -validation  using  public  datasets

 showed  that  the  Fib_5-like  subcluster  is

 highly  conser  ved  in  hypertrophic  scar  

Following  batch  correction,  several  publicly  available  datasets
 were  combined  to  generate  a  single  -cell  atlas  comprising  14  NS
 samples  and  7  HTS  samples,  totalling  39  609  NS  dermal  cells  and
 63  372  HTS  dermal  cells  ( Figure  3a).  Cell  types  were  annotated  as
 described  above,  with  the  upper-right  three  clusters  identified
 as  fibroblasts  (30  333  cells,  including  11  045  NS  fibroblasts  and
 19  288  HTS  fibroblasts),  and  canonical  marker  expression  is
 shown  in  Figure  3b.  Fibroblasts  were  then  subset  for  unsuper  vised
 clustering  ( Figure  3c),  and  public  dataset  fibroblast  subcluster  4
 (PDFS_4)  showed  a  marked  increase  in  the  HTS  group,  from  2.07%
 to  15.35%,  similar  to  Fib_5  ( Figure  3d).  Marker  genes  identified
 for  Fib_5  were  also  upregulated  in  PDFS_4  ( Figure  3e),  prompting
 further  examination  of  cluster  correlation  between  our  dataset
 and  the  public  dataset  .  Based  on  either  all  genes  or  the  marker
 genes  of  Fib_5,  PDFS_4  and  Fib_5  showed  strong  correlation
 ( Figure  3f),  and  the  cluster-to  -cluster  correlation  matrix  indicated
 that  PDFS_4  and  Fib_5  had  the  highest  correlation  ( Figure  3g).
 Notably,  despite  batch  correction,  technical  differences  across
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Figure  7  Scissor-positive  fibroblasts  responding  to  YY1  overexpression  are  crucial  in  hypertrophic  scar  formation.  (a)  UMAP  visualization  of  the  Scissor

 results  (using  an  alpha  of  0.05  and  the  binomial  family).  (b)  Stacked  bar  plots  showing  the  distribution  of  Scissor-selected  cells  across  different

 subclusters  (upper)  and  pseudotime  states  (lower).  (c)  Volcano  plot  of  DEGs  in  Scissor-positive  cells  (|log
 2  FC|  >  1,  adjusted  P  value  <  0.05).  (d)  Bar  plots

 showing  GO  biological  process  enrichment  of  all  filtered  DEGs  in  Scissor-positive  cells  

platforms  may  persist  and  should  be  considered  when  interpret-
 ing  cross  -dataset  comparisons. 

Pseudotime  analysis  identified  a  key  cell

 state  for  transcription  factor  prediction 

Considering  the  intrinsic  heterogeneity  of  dermal  fibroblasts,  we
 next  performed  pseudotime  analysis  to  determine  where  Fib_5
 was  enriched  along  the  differentiation  trajector  y.  The  fibroblast
 pseudotime  trajector  y  comprised  four  branch  points  and  nine  cell
 states,  of  which  States  6  and  7  corresponded  to  Cell  fates  1  and
 2,  respectively  ( Figure  4a).  Cells  in  both  fates  showed  transcrip  -
 tional  features  distinct  from  those  in  the  pre  -branch  state,  with
 collagen-  and  fibronectin-encoding  genes  markedly  upregulated
 in  Cell  fate  1  ( Figure  4b).  Analysis  of  state  distribution  in  both
 groups  also  revealed  a  marked  increase  in  State  6  cells  in  HTS;
 State  6  was  predominantly  enriched  for  HTS  fibroblasts,  whereas
 NS  fibroblasts  predominated  in  State  7  ( Figure  4c).  The  leading
 subclusters  in  State  6  were  Fib_5  (48.27%),  Fib_0  (18.99%),  and
 Fib_7  (15.42%);  notably,  70.34%  of  Fib_5  cells  were  distributed
 

in  State  6,  14.83%  in  State  7,  and  5.81%  in  State  8.  Considering
 the  enrichment  of  HTS  fibroblasts  in  State  6  and  an  anomalous
 proportional  increase  in  Fib_5  in  HTS,  State  6  was  appraised  as
 a  key  state  in  HTS  fibrotic  pathogenesis.  On  examining  State  6
 DEGs  (|log

 2  FC|  >  0.25,  adjusted  P  -value  <  0.05),  13  upregulated
 and  60  downregulated  DEGs  were  identified  ( Figure  4d).  A  s  shown
 in  Figure  4e,  the  upregulated  DEGs,  including  IGF2,  MDK  ,  COL1A1,
 SFRP2,  and  SPARC  ,  were  enriched  in  biological  processes  such  as
 collagen  fibril  organization,  ECM  organization,  extracellular  struc-
 ture  organization,  external  encapsulating  structure  organization,
 and  collagen  biosynthetic  process.  Subsequently,  16  key  TFs  were
 predicted  from  these  73  DEGs  using  the  TRRUST  database  and
 ranked  by  node  degree  using  the  Search  Tool  for  the  Retrieval
 of  Interacting  Genes/Proteins  (STRING)  database:  HDAC1,  ETS1,
 SP1,  YY1,  EGR1,  NFKB1,  RELA,  GATA1,  MYB,  PPARA,  STAT6,  CIITA,
 RFX1,  SNAI2,  HMGA1,  and  RFX5  ( Figure  4f).  To  prioritize  among
 these  predicted  TFs,  we  further  compared  State  6  against  the
 preceding  state  and  identified  differentially  expressed  TFs  in  this
 contrast  ;  YY1  was  the  only  candidate  present  in  both  analyses
 ( Figure  4g),  warranting  its  selection  for  downstream  mechanistic
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Figure  8  Homogeneous  expansion  of  pericytes  and  their  potential  trans  -differentiation  relationship  with  fibroblasts.  (a)  Intergroup  comparison  of  RGS5

 immunofluorescence  staining.  (b)  UMAP  visualization  of  pericytes  reclustered  into  11  subclusters  by  unsuper  vised  clustering.  (c)  Stacked  percentage  plot

 showing  differences  in  the  proportions  of  pericyte  subclusters  between  NS  and  HTS.  (d)  Pseudotime  trajectories  from  joint  analysis  of  fibroblasts  and

 pericytes,  coloured  by  cell  type  (left).  (e)  Pseudotime  trajector  y  of  the  merged  dataset  ,  coloured  by  group  and  cell  type,  suggesting  a  potential

 trans-differentiation  relationship  between  pericytes  and  Fib_5.  (f)  Centrality  score  heatmaps  of  selected  significant  signalling  pathways  identified  by

 CellChat  .  ∗  P  <  0.05.  UMAP  Uniform  Manifold  Approximation  and  Projection,  NS  normal  skin,  HTS  hypertrophic  scars  
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investigation.  Previous  studies  have  identified  significant  associa-
 tions  between  YY1  and  fibrosis  in  the  heart  ,  kidney,  and  lung,  yet
 no  study  to  date  has  examined  its  role  in  the  skin.
 

Overexpression  of  YY1  downregulated

 fibrotic  gene  expression  in  hypertrophic

 scar  fibroblasts  

To  investigate  the  role  of  YY1  in  HS  fibrotic  pathogenesis,  we  first
 examined  YY1  expression  in  fibroblasts  from  NS  and  HTS  at  both
 the  messenger  RNA  (mRNA)  and  protein  levels.  A  s  shown  in  the
 box  plot  ( Figure  5a),  YY1  expression  was  downregulated  in  the
 HTS  group  at  the  mRNA  level.  In  addition,  western  blotting  of
 total  protein  extracts  from  fibroblasts  in  both  groups  showed
 significantly  reduced  YY1  protein  expression  in  HTS  fibroblasts
 ( Figure  5b).  We  then  constructed  YY1-overexpressing  plasmid
 vectors  to  determine  whether  YY1  could  modulate  the  expression
 of  fibrosis  -associated  genes  in  HTS  fibroblasts.  The  YY1  gene
 sequence  was  first  aligned  with  the  multiple  cloning  site  of  the
 pCDH-CMV-MCS  -EF1-CopGFP  plasmid  vector,  and  XbaI  (T ∧  CTAGA)
 and  NheI  (G ∧  CTAGC)  were  selected  as  restriction  sites.  After  liga-
 tion,  the  YY1-pCDH  overexpression  plasmid  was  quality-checked
 by  digestion  and  gel  electrophoresis.  Lentiviruses  produced
 by  HEK  293  T  cells  were  used  to  infect  HTS  fibroblasts,  and
 successful  overexpression  was  confirmed  by  transcriptomic  RNA-
 sequencing.  A  s  illustrated  in  Figure  5c,  bulk-seq  results  showed
 significantly  increased  YY1  expression  in  the  overexpression  group
 (OE)  compared  with  that  of  the  control  group  (PCDH);  although
 the  expression  of  the  profibrotic  transforming  growth  factor  beta-
 1  (TGFB1)  remained  upregulated  in  the  OE  group,  other  canonical
 genes  involved  in  organ  fibrosis  showed  changes  indicative  of
 a  transition  towards  an  antifibrotic  phenotype.  Additionally,
 western  blot  results  showed  a  significant  increase  in  YY1  and
 marked  reductions  in  COL1,  COL3,  FN1,  AKT,  and  p  -AKT  in  the  OE
 group  at  the  protein  level  ( Figure  5d).  These  findings  were  further
 supported  by  the  increased  immunofluorescence  staining  of  YY1,
 together  with  marked  reductions  in  COL1,  COL3,  and  FN1  in  YY1-
 overexpressing  HTS  fibroblasts  ( Figure  5e).
 

To  further  define  the  direct  downstream  targets  of  YY1,  we
 performed  YY1  CUT&Tag  sequencing  in  BJ  human  fibroblasts  with
 YY1  knockdown  (KD),  YY1  overexpression  (OE),  or  no  treatment
 (WT),  using  three  biological  replicates  per  group.  De  novo  motif
 analysis  confirmed  the  specificity  of  the  assay,  with  YY1  identified
 as  the  most  enriched  motif  in  peaks  diminished  upon  knockdown
 (P  =  1  ×  10 −  48

 ;  Supplementar  y  Dataset  1).  Differential  peak  analy-
 sis  (|logFC|  >  1,  P  <  .05)  showed  that  OE  predominantly  increased
 YY1  binding,  with  83%  of  the  15  857  differential  peaks  exhibiting
 enhanced  occupanc  y  ( Figure  6a).  Peak  annotation  analysis
 revealed  that  YY1-binding  sites  were  mainly  enriched  in  promoter
 regions,  consistent  with  its  established  role  as  a  promoter-
 binding  TF.  Under  OE  conditions,  however,  the  proportion  of
 promoter-associated  peaks  decreased,  whereas  the  proportions
 of  intronic  and  distal  intergenic  peaks  increased,  suggesting  that
 YY1  overexpression  not  only  reinforced  promoter  binding  but  also
 expanded  occupanc  y  to  other  regulator  y  elements  ( Figure  6b).  Dif-
 ferentially  bound  genes  included  several  fibrosis  -related  targets.
 In  particular,  YY1  binding  at  antifibrotic  genes  BMP7  (log2FC  =  3.52,
 P  =  0.0004)  and  BACH2  (log2FC  =  1.84,  P  =  0.0005)  was  significantly
 increased  upon  overexpression,  whereas  binding  at  the  profibrotic
 

gene  COL1A1  was  significantly  reduced  (log2FC  =  − 0.39,  P  =  0.022)
 ( Figure  6c;  Supplementar  y  Dataset  2).  Notably,  HOMER  de  novo
 motif  analysis  revealed  that  9  of  the  top  10  enriched  motifs  in
 peaks  gained  upon  YY1  overexpression  belonged  to  the  AP-1
 family  ( Figure  6d,  Supplementar  y  Dataset  1).  This  suggests  that
 YY1  may  exert  antifibrotic  effects,  at  least  in  part  ,  by  occupying  AP-
 1-associated  regulator  y  elements  and  antagonizing  AP-1-driven
 fibrogenic  transcription.
 

Subsequently,  we  used  the  Scissor  package  to  jointly  analyse
 the  scRNA-seq  and  bulk-seq  data  to  identify  the  fibroblast
 populations  that  responded  to  YY1  overexpression.  The  Scissor
 results,  generated  using  an  alpha  of  0.05  and  a  binomial  family,
 were  visualized  using  UMAP  ( Figure  7a),  with  the  positive  region
 primarily  overlapping  Fib_0,  Fib_5,  and  Fib_9.  Specifically,  most
 Scissor-positive  cells  belonged  to  Fib_0  (46.66%)  and  Fib_5
 (22.33%)  or  to  State  6  (29.52%)  and  State  7  (33.92%)  based  on
 the  states  identified  by  pseudotime  analysis  ( Figure  7b).  The  DEGs
 (|log

 2  FC|  >  1,  adjusted  P  -value  <  0.05)  of  Scissor-positive  cells,
 compared  with  those  of  other  cells,  comprised  35  upregulated
 and  14  downregulated  genes  ( Figure  7c),  which  were  enriched  in
 key  biological  processes  involved  in  HTS  formation,  such  as  ECM
 organization  and  blood  vessel  development  ( Figure  7d).
 

Homogeneously  expanded  pericytes  may

 be  linked  to  the  key  fibroblast  subcluster

 in  hypertrophic  scar 

A  s  shown  above,  peric  ytes  also  under  went  marked  expansion  in
 HTS,  which  was  further  supported  by  increased  immunofluores  -
 cence  staining  of  RGS5  ( Figure  8a),  a  marker  of  activated  peric  ytes
 in  HTS.  To  determine  whether  peric  ytes  showed  a  disproportion-
 ate  pattern  of  subcluster  expansion  similar  to  that  of  fibroblasts,
 unsuper  vised  clustering  was  performed  separately  on  the  peric  yte
 subsets.  A  s  shown  in  Figure  8b  and  c,  peric  yte  expansion  between
 groups  was  relatively  uniform  across  subclusters.
 

A  s  previous  studies  have  shown  that  peric  ytes  contribute
 to  fibroblast  populations  in  tissue  fibrosis  [ 37– 43],  we  next
 performed  joint  pseudotime  analysis  on  the  merged  peric  yte  and
 fibroblast  dataset  ( Figure  8d).  A  s  shown  in  Figure  8e,  pseudotime
 analysis  delineated  a  bifurcating  trajector  y  comprising  three
 states,  with  peric  ytes  positioned  at  the  start  of  the  trajector  y
 and  Fib_5  at  the  terminal  fibrotic  state.  This  suggests  a  potential
 differentiation  trajector  y  from  peric  ytes  towards  the  Fib_5  fibrotic
 phenotype  in  HTS.  We  then  focused  on  fibroblast–peric  yte  com-
 munication  dynamics  to  explore  potential  intergroup  functional
 reprogramming.  A  s  shown  in  Figure  8f,  centrality  scores  of  fibrosis  -
 associated  signalling  pathways  revealed  marked  alterations,
 with  peric  ytes  alone  or  together  with  Fib_5  acting  as  principal
 effectors  in  HTS.  Notably,  these  centrality  scores  represent
 relative  importance  normalized  within  each  condition;  therefore,
 statistical  comparisons  between  conditions  were  not  applicable.
 

Discussion 
Hypertrophic  scars  impose  a  substantial  clinical  burden,  often
 causing  pain,  pruritus,  and  restricted  movement  ,  underscoring
 the  need  for  more  effective  targeted  therapies.  In  this  study,  we
 performed  scRNA-seq  on  the  dermis  to  generate  a  dermal  cell  atlas
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specific  to  HTS  pathogenesis.  Fibroblasts,  particularly  myofibrob  -
 lasts,  have  long  been  implicated  in  HTS  pathogenesis,  but  their
 characterization  remains  challenging  because  of  their  inherent
 heterogeneity.  The  diverse  functional  states  of  fibroblasts,  ranging
 from  matrix-secreting  to  pro  -inflammator  y  subtypes,  complicate
 therapeutic  targeting.  Solé  -Boldo  et  al.  [ 24]  suggested  that
 fibroblasts  can  be  further  divided  into  four  subtypes,  namely,
 secretor  y-reticular,  secretor  y-papillar  y,  pro  -inflammator  y,  and
 mesenchymal  fibroblasts;  in  this  study,  Fib_5  corresponded  to
 the  mesenchymal  subtype.  Deng  et  al.  [ 12]  confirmed  that  mes  -
 enchymal  fibroblasts  associated  with  collagen  overexpression  are
 significantly  increased  in  fibrotic  skin  diseases,  consistent  with
 our  obser  vation  that  Fib_5  expanded  despite  the  overall  decline  in
 HTS  fibroblasts.  Li  et  al.  [ 44]  identified  five  disease  -specific  fibrob  -
 last  populations,  namely,  PLCG2_Fibroblast  ,  P311_Fibroblast  ,
 GPX3_Fibroblast  ,  APCDD1_Fibroblast  ,  and  other  fibroblasts
 across  four  fibrotic  skin  states,  including  NS,  scar,  keloid,  and
 scleroderma,  and  identified  IRF4  as  a  fate  -determining  regulator
 of  scar-associated  GPX3_Fibroblast  .  Hong  et  al.  [ 9]  showed  that
 a  fibroblast  subcluster  with  elevated  TEM1  (CD248)  expression
 is  crucial  in  pathologic  scarring;  herein,  Fib_5  also  showed  the
 highest  mean  expression  of  TEM1  among  all  fibroblast  subclusters.
 Considering  the  relatively  small  sample  size  of  our  dataset  ,
 we  downloaded  publicly  available  sequencing  data  from  five
 additional  studies,  integrated  the  datasets,  and  repeated  the  same
 analyses.  We  found  that  a  subcluster  highly  correlated  with  Fib_5
 also  increased  markedly  in  the  HTS  group  of  the  public  dataset  ,
 indicating  that  this  fibrosis  -related  subcluster  is  highly  conser  ved
 in  HTS. 

TFs  are  indispensable  for  maintaining  homeostasis,  and  their
 dysregulation  is  obser  ved  in  various  diseases  [ 45].  Targeting  TFs
 represents  a  promising  yet  largely  unexplored  therapeutic  avenue
 for  HTS.  Doeser  et  al.  [ 46]  reported  that  transient  induction  of
 certain  TFs  in  murine  cutaneous  wounds  downregulated  fibrotic
 gene  expression  and  thereby  reduced  scar  formation.  Wang
 et  al.  [ 47]  identified  that  suppressed  transcription  of  peroxisome
 proliferator–activated  receptors  contributes  to  hypertrophic  scar
 formation.  Our  previous  study  [ 14]  also  found  that  fetuin-A  could
 mitigate  the  fibrotic  properties  of  HTS  fibroblasts  by  upregulating
 the  TF  ETV4. In  the  present  study,  we  identified  75  TFs  that
 were  significantly  differentially  expressed  between  State  6  and
 its  preceding  state;  among  these,  only  YY1  overlapped  with  the
 16  TFs  predicted  in  State  6.  YY1  is  a  multifunctional  zinc  finger
 TF  that  is  instrumental  in  cell  proliferation,  differentiation,  and
 apoptosis  [ 48– 50].  Its  role  in  fibrosis  varies  across  organs.  Jin
 et  al.  [ 51]  identified  YY1  as  a  key  TF  in  keloid  fibroblasts  that
 promotes  keloid  pathogenesis  by  enhancing  oxidative  stress  and
 inflammation.  Yang  et  al.  [ 52]  reported  that  reduced  YY1  reversed
 epithelial–mesenchymal  transition  and  ameliorated  consequent
 renal  fibrosis.  Meanwhile,  Chen  et  al.  [ 53]  demonstrated  that  YY1
 knockout  exerted  protective  effects  against  pulmonar  y  fibrosis.
 Conversely,  Tan  et  al.  [ 54]  and  Huang  et  al.  [ 55]  showed  that  YY1
 protects  against  cardiac  fibrosis.  Despite  its  context-dependent
 pro  -  or  anti-fibrotic  roles  in  different  tissues,  YY1  was  found  to  be
 downregulated  in  HTS  fibroblasts.
 

Accordingly,  we  hypothesized  that  restoring  YY1  expression
 would  repress  fibrosis  -related  gene  expression,  and  indeed,
 YY1  overexpression  significantly  reduced  the  expression  of  key
 fibrosis  -associated  genes,  including  FN1,  COL1A1,  and  COL3A1.
 Therefore,  restoring  YY1  expression  in  HTS  fibroblasts  may
 

attenuate  fibrotic  programmes  and  partly  reverse  the  fibrotic
 phenotype,  supporting  YY1  as  a  potential  therapeutic  target  in
 HTS.  To  further  elucidate  the  antifibrotic  mechanism  of  YY1  in  HTS
 fibroblasts,  we  examined  changes  in  genes  previously  implicated
 in  fibrosis.  Despite  upregulation  of  the  profibrotic  TGFB1  in
 YY1-overexpressing  fibroblasts,  expression  of  its  receptors  was
 downregulated,  whereas  the  antifibrotic  transforming  growth
 factor  beta-3  was  upregulated.  Tan  et  al.  [ 54]  found  that  YY1  could
 upregulate  bone  morphogenetic  protein  7  and  downregulate
 connective  tissue  growth  factor  to  suppress  cardiac  fibrosis,
 which  was  also  obser  ved  in  YY1-overexpressing  fibroblasts.  Taken
 together,  YY1  may  exert  antifibrotic  effects  by  downregulating
 receptors  of  the  canonical  TGF-β  pathway,  thereby  attenuating
 downstream  fibrogenic  signalling. Additionally,  AKT  and  its
 activated  form,  phosphor  ylated  AKT  (p  -AKT),  have  been  reported
 to  play  important  roles  in  organ  fibrosis  [  56– 60]  and  contribute  to
 HTS  development  and  persistence  [ 61].  Consistent  with  previous
 studies  [  62– 67],  YY1  overexpression  also  downregulated  AKT  and
 p  -AKT  expression,  as  confirmed  by  western  blotting.  Thus,  YY1
 exerts  its  antifibrotic  effects  in  HTS  fibroblasts  through  multiple
 mechanisms,  including  modulation  of  TGF-β  and  AKT  signalling
 pathways,  which  should  be  validated  in  future  in  vivo  studies.
 

Additionally,  our  CUT&Tag  analysis  validated  these  findings  at
 the  epigenomic  level,  demonstrating  that  YY1  directly  binds  to
 the  regulator  y  regions  of  fibrosis  -related  genes.  Strikingly,  motif
 analysis  revealed  extensive  co  -occupanc  y  of  YY1  and  AP-1  motifs
 at  shared  regulator  y  elements.  AP-1  family  (comprising  Jun  and
 Fos  subunits)  is  a  versatile  dimeric  TF  family  that  has  been  demon-
 strated  to  play  a  crucial  role  in  advancing  tissue  and  organ  fibrosis
 via  induction  of  the  expression  of  fibrotic  molecules  and  activating
 fibroblasts  [ 68].  Our  findings  suggest  that  YY1  may  counteract  AP-
 1-driven  fibrogenic  transcription,  a  mechanism  previously  unrec-
 ognized  in  skin  fibrosis  that  warrants  further  investigation.
 

Lastly,  peric  ytes  showed  markedly  increased  abundance  in  HTS
 dermis,  consistent  with  the  pathological  angiogenesis  character-
 istic  of  scar  progression.  Beyond  angiogenesis,  peric  ytes  may
 also  contribute  to  the  fibrotic  phenotype.  Using  lineage  tracing,
 Dulauroy  et  al.  [ 69]  showed  that  peric  ytes  are  a  major  source  of
 dermal  myofibroblasts  in  scars;  peric  ytes  have  also  been  reported
 to  contribute  to  fibroblast  populations  in  multiple  fibrotic  organs
 [ 37– 43].  In  this  context  ,  our  pseudotime  analysis  suggested  that
 peric  ytes  may  support  the  fibrotic  phenotype  of  HTS  by  transdif-
 ferentiating  into  mesenchymal  fibroblasts,  although  this  requires
 further  validation.  Nevertheless,  intercellular  communication
 analysis  further  highlighted  marked  reprogramming  of  fibroblast–
 peric  yte  signalling  across  multiple  fibrosis  -associated  pathways
 in  HTS.  In  the  collagen  and  laminin  pathways,  peric  ytes  replaced
 fibroblasts  as  the  primar  y  sender  in  HTS,  indicating  greater
 importance  in  ECM  synthesis  under  fibrotic  conditions.  In  the  FN1,
 POSTN,  and  SEMA3  pathways,  Fib_5  emerged  as  the  predominant
 sender  and  peric  ytes  as  the  principal  receiver,  underscoring
 novel  profibrotic  crosstalk  between  these  populations.  Despite
 variation  in  the  marker  genes  of  fibrotic  subclusters  identified
 across  studies,  a  consistent  feature  is  upregulated  periostin
 expression,  which  has  been  reported  to  promote  fibroblast
 proliferation  and  persistence  of  myofibroblasts  in  HTS  [ 70].
 Recent  studies  demonstrated  that  POSTN  significantly  promotes
 peric  yte  proliferation,  thereby  facilitating  collagen  production
 and  scar  formation  after  spinal  cord  injur  y  [ 71].  In  addition,  the
 SEMA3  signalling  pathway,  which  has  been  reported  to  drive
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myofibroblast  differentiation  and  activation  [ 72,  73],  is  critical
 for  vascular  integrity.  Finally,  in  the  TGF-β  pathway,  the  primar  y
 receiver  shifted  from  Fib_0  in  NS  to  Fib_5  in  HTS,  highlighting
 Fib_5  as  a  critical  responder  in  canonical  fibrogenic  signalling.
 Thus,  Fib_5  may  drive  peric  ytes  towards  an  activated  profibrotic
 state,  positioning  these  cells  as  key  collaborators  in  sustaining  the
 fibrotic  phenotype  in  HTS  and  offering  new  insight  into  cellular
 interactions  in  HTS. 

Conclusions 
This  study  identifies  a  conser  ved  mesenchymal  fibroblast  cluster
 Fib_5  (ADAM12 +  COMP +  POSTN hi

 )  in  HTS  and  shows  that  restoring
 YY1  expression  may  reprogramme  HTS  fibroblasts  away  from  the
 fibrotic  state,  highlighting  the  Fib_5-YY1  axis  as  a  core  transcrip  -
 tional  module  underlying  fibroblast  plasticity  in  HTS.
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