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ABSTRACT
Surgery  is  the  primary  treatment  for  skin  tumors,  but  it  can  result  in  scarring  and  distress  for  patients.  Developing
alternative  therapeutic  methods  necessitates  suitable in  vitro models,  which  are  currently  limited  in  accurately
representing  the in  vivo cell  types  and  microenvironment  of  skin  tumors.  Here,  we  present  a  practical  approach  for
creating  patient-derived  skin  tumor  organoids  that  effectively  replicate  the  histological  characteristics  and  mutational
profiles  observed  in  clinical  tissues.  Utilizing  single-cell  sequencing,  we  identified  up  to  11  distinct  cell  types  within  the
organoid  samples,  encompassing  various  skin  system  cells  and  immune  cells.  Furthermore,  we  demonstrate  the
applicability  of  bermatofibrosarcoma  protuberans  (DFSP)  organoids  for  assessing  their  responses  to  imatinib  and
metformin. Our findings reveal that metformin, in contrast to imatinib, can modulate the expression of downstream genes
through  immune signaling  pathways.  Our  results  underscore  the  ability  of  DFSP organoids  to  preserve  key  features  of
clinical tissues, including the presence of multiple cell types, especially immune cells. Importantly, our organoids provide a
convenient approach for investigating the effects of drugs and elucidating underlying molecular mechanisms.

KEYWORDS
skin  tumor, keloid, dermatofibrosarcoma protuberans (DFSP), patient-derived organoid  (PDO), drug screening, immune
cells therapy, metformin, imatinib

 
 

Introduction
Surgical  intervention  remains  the  primary  treatment  for  skin
tumors,  despite  its  potential  to  result  in  scarring  and  patient
distress.  The  development  of  alternative  therapeutic  methods
necessitates suitable in vitro models, which are currently limited in
accurately  representing  the in  vivo cell  types  and
microenvironment  of  skin  tumors.  The  skin  serves  as  a  crucial
barrier between the body and the external environment, playing a
pivotal  role  in  protecting  against  pathogens  and  environmental
insults[1–3].  The  intricate  network  of  immune  cells  residing  in  the
skin,  plays  a  central  role  in  maintaining  skin  homeostasis  and
defending  against  pathogens[4–6].  In  addition  to  their  role  in
protection,  immune  cells  in  the  skin  are  also  involved  in  the

pathogenesis  of  various  skin  diseases,  contributing  to  both
inflammatory  and  autoimmune  conditions[7–9].  The  establishment
of  a  useful in  vitro skin  tumor  model  incorporating  original
immune  cells  may  provide  insights  into  the  complex  interplay
between  the  skin  and  the  immune  system,  unraveling  the
mechanisms  underlying  skin  tumors,  and  facilitating  the
development of effective therapeutic strategies.

Dermatofibrosarcoma  protuberans  (DFSP)  is  an  uncommon
cutaneous  sarcoma  with  a  high  local  recurrence  rate,  low
metastatic rate, and low mortality, and its incidence has remained
stable over the years[10]. Both Mohs surgery and wide local excision
(WLE)  are  viable  surgical  options  for  treating  DFSP.  Mohs
surgery  may  minimize  reconstruction  needs  due  to  smaller
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average  defect  sizes  and  may  result  in  fewer  complications,  but
may  also  result  in  asymmetry.  Immediate  flap  reconstruction,
especially in larger defects,  can achieve aesthetic results for DFSP
patients  without  compromising  the  detection  of  disease
recurrence[11–13].  Given  the  high  recurrence  rate  of  DFSP  and  its
low  mortality,  the  development  of  alternative  treatment
modalities,  such  as  systemic  (oral)  or  localized  (topical)
pharmacotherapy, is of paramount importance to enhance clinical
outcomes. However,  the research on in vitro models for DFSP is
still  insufficient[14].  Recently,  some  novel  patient-derived  models
have  been  established.  Two  cell  lines,  NCC-DFSP1-C1  and
NCC-DFSP2-C1,  were  derived  from  two  patients  with  DFSP.
These cell lines preserved the unique collagen type I alpha 1 chain
(COL1A1) -PDGFB  translocation  characteristic  of  DFSP,  which
causes constitutive activation of the platelet-derived growth factor
β (PDGFB) signaling pathway. In vitro screening studies identified
anticancer  drugs  that  showed  antiproliferative  effects  at
considerably low concentrations in the DFSP cell lines. These cell
lines  could be used for  developing novel  therapeutic  strategies  to
treat DFSP[15]. Although some progress has been made, there is still
an  urgent  need  to  develop  an in  vitro three-dimensional  (3D)
model  for  DFSP  including  the  immune  microenvironment  in
order to better understand the biology of this disease and develop
effective treatment methods.

In  the  field  of  cancer  research,  organoids,  also  known  as
tumoroids, serve as an important component for the discovery of
potential  therapeutic  targets  and  the  identification  of  novel
compounds[16].  They  have  been  shown  to  more  accurately
recapitulate  the  structures,  specific  functions,  molecular
characteristics, genomic alterations, expression profiles, and tumor
microenvironment  of  primary  tumors  [17].  Patient-derived
organoids  (PDOs)  have  been  used  as  a  tool  for  personalized
medical  decisions  to  predict  patients’ responses  to  therapeutic
regimens  and  potentially  improve  treatment  outcomes[18].  In  skin
tumor  study,  researchers  used  hydrogel-based  engineering
techniques  to  develop  patient-specific  sarcoma  organoids,
including  DFSP[19].  The  organoids  were  screened  for
chemotherapy  efficacy,  and  a  subset  was  enriched  with  a
patient-matched immune system for screening of immunotherapy
efficacy.  The  study  concluded  that  a  large  subset  of  sarcoma
organoids does not respond to chemotherapy or immunotherapy,
as  seen  in  clinical  practice[19].  Specifically,  skin  organoids  can  not
only  highly  simulate  the  physiological  structure  and  function  of
skin  tissue,  better  restore  the  real  skin  ecology under  different in
vitro environments,  but  also  be  applied  to  skin  development
research, skin disease pathology research and drug screening and
other fields[20,21].

Imatinib,  a  tyrosine  kinase  inhibitor,  has  been  identified  as  a
safe  and  effective  treatment  for  DFSP[22].  It  has  shown significant
efficacy  in  advanced  cases  of  DFSP,  reducing  tumor  size
preoperatively  and  lessening  surgical  morbidity  associated  with
the removal of residual DFSP[23].  The drug works by targeting the
COL1A1-PDGFB  fusion  gene,  a  result  of  the  distinctive
rearrangement  of  chromosomes  17  and  22  that  underlies  the
development  of  DFSP[24].  However,  the  use  of  imatinib  as  a
neoadjuvant  therapy,  aimed  at  reducing  tumor  size  for  complex
surgical cases, requires careful patient selection and consideration
of  potential  risks  and  benefits,  especially  when  the  tumor  is  in  a
cosmetically  or  functionally  significant  area  or  when  incomplete
excision  could  lead  to  high  local  risk.  Despite  imatinib’s
general  tolerability  and  favorable  therapeutic  index,  the

pharmacological  benefits  and toxicity  risks  for  each patient  must
be evaluated[23].

In our study, we present a rapid method for the generation of
skin  tumor  organoids  without  the  use  of  enzymes  or  Matrigel.
Our  organoids  exhibited  proliferative  capacity  across  multiple
generations, reaching a substantial volume comparable to 2 mm3.
Histological  and  genomic  analyses  revealed  the  resemblance
between the organoids and clinical  tissues.  Single-cell  sequencing
data  identified  11  distinct  cell  types  within  the  skin  tumor
organoids,  encompassing  immune  cells  and  various  skin  cell
types.  RNA  sequencing  of  four  distinct  DFSP  organoids  further
confirmed  the  diverse  cell  populations  within  our  cultured
organoids.  Additionally,  we  evaluated  the  responsiveness  of  our
organoids  to  imatinib  and  metformin,  both  of  which  effectively
inhibited the growth of DFSP organoids. Notably, metformin was
found to modulate the expression of immune signaling pathways.
Collectively,  these findings underscore the potential  utility  of  our
patient-derived  skin  tumor  organoids  for  drug  testing  and
mechanistic studies. 

Results
 

Culture  of  skin  tumor  organoids  from  patient  tumors
without enzymatic dissociation
In  order  to  maintain  the  native  micro-environment  of  tumor
tissues,  and to decrease the risk of  clonal  selection of  specific  cell
populations,  we  developed  a  method  to  generate  skin  tumor
organoids  without  enzymatic  dissociation  of  tumor  tissues  into
single  cells  (Fig. 1a).  Furthermore,  we  did  not  use  Matrigel  or
other  biomaterials  to  support  organoid  growth,  the  skin  tumor
organoids were cultured either suspend or adherent or both in the
culture medium. Freshly resected skin tumor tissue was collected
from patients  after  surgery with full  informed consent (Fig. S1(a)
in  the  Electronic  Supplementary  Material  (ESM)).  The  tissue
samples were soaked in a washing solution for 3 minutes and then
transferred  to  a  50  mL  centrifuge  tube  for  three  rounds  of
washing. After decanting the excess liquid, the tissue blocks were
placed  in  a  10  cm  culture  dish,  and  100–200  µL  of  culture
medium  was  added.  The  tissue  blocks  were  then  cut  into
approximately 0.5–1 mm3 microtissue blocks and transferred to a
new 10 cm culture dish,  with 1 mL of  culture medium added to
resuspend  the  microtissue  blocks.  Finally,  15  mL  of  culture
medium  was  added  to  maintain  the  organoid  culture  (Fig. 1a).
Image  records  were  taken  for  each  skin  tumor  organoid  to
observe  morphological  differences  among  patients.  A  total  of  10
tumor samples detected on skin were collected after surgery from
the  center  part  of  lesion  area,  including  2  keloid  patients,  1
melanoma patient, 1 malignant schwannoma patient, and 6 DFSP
patients  (Figs.  S1(a)  and  S1(b)  in  the  ESM).  Due  to  the  rarity  of
DFSP,  a  skin  cancer  with  no  reliable in  vitro study  method,  we
focused on the culture and characterization of DFSP organoids in
our subsequent study.

To  evaluate  the  growth  characteristics  of  organoids  from
different  patients,  images  were  captured  at  various  time  points
(Fig. 1b and Fig. S1(c)  in  the  ESM).  Once  the  organoid  volume
reached  2  mm3 or  the  margin  became  smooth,  we  sub-cultured
large organoids into smaller ones using a mechanical dissociation
method (Fig. 1a). Quantitative analysis of organoid volumes using
ImageJ revealed proliferative capacity in both P0 and P1 (Fig. 1c).
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Figure 1.    Culture  and  characterization  of  skin  tumor  organoids. (a)  Schematic  diagram  of  organoid  culture  and  passaging  process.  (b)  Growth  records  of
organoids  from different  patients,  with  organoids  at  P0  on  the  left  and  at  P1  on  the  right;  scale  bar  =  200  μm.  (c)  Statistical  chart  of  organoid  growth  volume at
different generations. (d) Bright-field images of DFSP organoids at different generations from P0 to P3; scale bar = 200 μm. (e) Comparative histological images of
clinical tissue and organoids stained with H&E staining; scale bar = 50 μm.
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The growth curves for SK75 and SK80 organoids were similar in
both generations; however, for SK74 and SK77 organoids, the P0
generation  exhibited  higher  cell  growth  ability  than  P1.
Conversely, for SK76 organoids, the P0 generation showed lower
cell  growth  ability  than  P1.  Our  observations  indicated  that  the
growth  speed  and  maximum  volume  of  cultured  organoids  did
not correlate with different generations (Fig. 1d).

To determine  whether  DFSP organoids  resemble  their  clinical
tumor  tissues,  we  conducted  histological  examinations.
Hematoxylin and eosin (H&E) staining revealed cellular types and
distribution  within  the  DFSP  organoids  that  closely  resembled
those found in clinical tissues (Fig. 1e). Additionally, we observed
morphological  inter-patient  heterogeneity.  DFSP  organoids
exhibited spindle-shaped cancer cells  (SK75),  multiple  adipocytes
(SK76), and disordered cells (SK77). 

Characterization  of  genetic  mutations  between  DFSP
organoids and tissues
To assess  whether DFSP organoids maintain genomic alterations
of  tumor tissues,  we  performed whole  exome sequencing (WES)
of  three  pairs  of  samples  (SK74/SK75/SK77)  from  different
patients (Fig. 2a). The number and locations of genetic mutations
in  the  exons  between  their  clinical  tissues  and  organoids  were
analyzed. The WES results showed around 80% concordance rate
of  mutation  sites  between  the  clinical  tissues  and  organoid
samples from the same patient (Fig. 2b). The organoids of patients
SK74  and  SK77  exhibited  more  mutation  sites  (Fig. 2a).
Subsequently, we performed an overlap analysis of mutation sites
from  the  three  different  patients  (Fig. 2c),  and  the  data  showed
that  the  complete  overlap  of  mutation  sites  among  the  three
patients  compared to their  respective mutation site  numbers was
not very high, being less than 40% (Fig. 2d). This result reflects the
sample  heterogeneity  among  different  patients  and  reveals  the
complexity  of  the  disease.  According  to  a  literature  reference
describing  DFSP  gene  alterations[25],  we  extracted  the  highly
frequent  mutation  sites  in  this  disease  to  create  a  heatmap  and
found that  the three patients  selected in our study all  conformed
to  the  conclusions  mentioned  in  the  published  article,  and
maintained  a  high  degree  of  consistency  between  the  organoids
and  tissues  (Fig. 2e).  Finally,  we  also  conducted  an  in-depth
analysis  of  our  own  WES  data  to  identify  some  specific  gene
mutation sites, which included both SNPs (Fig. 2f) and Indels (Fig.
2g).  These  mutation  proportions  were  consistent  between  the
tissues  and  organoids  of  the  same  patient,  but  were  significantly
different among samples from different patients. For example, the
SNP of PRSS3 was only found in SK74 and SK75, while SK77 had
a higher proportion of Indel mutations in PRSS3 (Figs. 2f and 2g). 

Single-cell  sequencing  data  reveals  immune cells  within
the skin tumor organoids
In order to explore the cellular microenvironment and molecular
characteristics  of  distinct  skin  tumors,  we  conducted  single-cell
sequencing  on  keloid  and  DFSP  organoids.  Given  the  similar
appearance  of  keloid  and  DFSP  patients,  which  can  lead  to
misdiagnosis,  it  was  crucial  to  discern  the  molecular  variances
between  them.  Organoids  were  collected  from  two  patients  for
each  disease  once  the  cultured  organoid  size  reached  2  mm3.  By
comparing  our  single-cell  data  from  the  four  organoid  samples
with  publicly  available  single-cell  sequencing  data  from  skin
samples,  we  were  able  to  identify  up  to  11  different  cell  types  in

our  organoid  samples  (Fig. 3a)[26].  These  cell  types  encompassed
common  skin  system  cell  types  such  as  endothelia,  fibroblast,
glandular,  keratinocyte,  melanocytes,  and muscle  fiber,  as  well  as
immune  cells  like  lymphatic  endothelia,  mast  cells,  and  T  cells.
Examination  of  the  single-cell  data  from  the  four  organoid
samples  individually  revealed  an  abundance  of  fibroblast  cells  in
the  DFSP  organoids,  while  immune-related  cells  were  relatively
scarce.  Conversely,  the  keloid  organoids  displayed  a  higher
presence  of  keratinocyte  and  T  cells,  indicating  diverse  immune
microenvironments in cultured organoids from different diseases
(Fig. 3b).  Furthermore,  weighted  gene  co-expression  network
analysis  (WGCNA)  of  gene  expression  in  keloid  and  DFSP
organoids  demonstrated  unique  gene  expression  characteristics
for each patient (Figs. S2a and S2b in the ESM). 

Cell-type  heterogeneity  and  molecular  signatures  by
DFSP organoids
To further investigate cell-type heterogeneity in DFSP organoids,
we conducted RNA-seq analysis on four distinct sets of organoids
once  the  cultured  organoid  size  reached  2  mm3 in  their  P0
generation, including SK74, SK75, SK76 and SK77 (Fig. S1b in the
ESM).  Each  organoid  underwent  two  independent  experimental
replicates,  with  the  second  experiment  including  two  parallel
controls,  resulting  in  three  datasets  for  each  organoid.  The
clustering  analysis  of  the  RNA-seq  data  was  consistent  with  our
sample  collection  (Fig. 3d).  Both  principal  component  analysis
(PCA)  and  gene  clustering  analysis  revealed  substantial
heterogeneity  among  the  four  organoids  (Figs.  3e and 3f).  Upon
annotating  the  RNA-seq  data  with  network  information,  the
distribution  of  different  cell  types  in  the  four  organoids  was
visually  discernible  (Fig. 3g).  For  SK74  and  SK75,  cell-types
distribution results by RNA-seq analysis were similar as the single
cell  sequencing  results.  Notably,  the  SK77  organoid,  collected  at
20  days,  emerged  as  the  youngest  among  the  group,  exhibited  a
comparatively  higher  proportion  of  each  cell  type,  whereas  the
remaining  three  organoids  displayed  distinct  dominant  cell
populations  (Fig. 3g).  Subsequent  WGCNA  partitioned  the
differentially  expressed  genes  of  the  four  organoids  into  eight
distinct  modules  (Fig. S2c  in  the  ESM).  The  gene  expression
profiles  also  demonstrated  marked disparities  between SK77 and
the  other  samples.  KEGG/GO  analysis  unveiled  the  upregulated
signaling pathways in each module (Fig. S2d in the ESM), with the
turquoise  module  specifically  upregulated  in  the  SK77  sample.
Notably,  the  Defense  response  to  virus  and  Angiogenesis
pathways  were  significantly  upregulated.  A  comprehensive
investigation  of  key  genes  in  these  pathways  may  yield  potential
therapeutic  targets  in  the  future.  This  heterogeneity  may  stem
from inter-individual  variations  among patients  or  differences  in
organoids validation time points[17, 27–29]. 

Imatinib and metformin effectively inhibit the growth of
DFSP organoids
To  assess  the  suitability  of  DFSP  organoids  for  drug  sensitivity
screening  and  drug  discovery,  we  conducted  experiments  using
the clinically approved drug Imatinib and the potential anti-cancer
drug  metformin.  Metformin  has  been  repurposed  for  several
emerging applications,  including as an anti-cancer agent[30].  It  has
been  found  to  have  anti-cancer  effects  and  is  associated  with
reduced  risk  of  cancer  and  decreased  cancer-related  mortality  in
patients  with  diabetes[31].  Treatment  of  the  organoids  individually
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Figure 2.    Comparison of WES data between organoids and tissues. (a) Venn diagram showing WES gene mutation sites in clinical tissue and organoids. (b) High
consistency between clinical tissue and organoids from the same patient, with an overlap rate close to 80% (n = 3, SK74/SK75/SK77). (c) Venn diagram of WES gene
mutation  sites  from  three  different  patients.  (d)  Low  overlap  rate  of  WES  mutation  sites  among  three  different  patients,  less  than  40%,  demonstrating  patient
heterogeneity.  (e)  Consistency  between  clinical  tissue  and  organoid  samples  was  observed,  as  reported  by  Peng  et  al.  in  their  study  on  genomic  alterations  of
dermatofibrosarcoma protuberans. (f) WES data analysis revealed different mutation sites of certain genes among different patients.
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with Imatinib (SK74/SK75/SK76) revealed significant inhibition of

organoid  sphere  enlargement  in  SK74/SK75  compared  to  the

control  group  (Fig. 4a).  Notably,  distinct  phenotypic  variations

were observed under drug inhibition, with SK74 exhibiting rapid

 

Figure 3.    Diverse  cell  types  in  the  cultured skin organoids. (a)  Cell  type  definition based on comparison with public  network data.  (b)  Identification of  marker
genes for different cell types. (c) Variation in cell type composition and proportions across the four organoids. (d) Three replicates of each of the four organ types were
clustered and collected at different time points. (e) RNA-seq data was analyzed using PCA. (f) Gene clustering analysis was performed on the four organoids. (g) The
proportions of different cell types varied across the four organ types.
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Figure 4.    Imatinib and metformin effectively inhibit the growth of DFSP organoids. (a) Treatment of three DFSP organoids with imatinib resulted in a noticeable
reduction in  organoid sphere  volume in two organoids,  SK74 and SK75,  with no significant  effect  observed in  SK76;  scale  bar  = 200 μm.  (b)  Statistical  line  graph
depicting  organoid  volume  sizes.  (c)  Record  of  organoid  growth  after  treatment  with  imatinib  and  metformin,  showing  a  significant  decrease  in  the  number  of
adherent  cells  in  the  drug-treated  groups  on  the  thirteenth  day;  black  scale  bar  =  200  μm;  blue  scale  bar  =  50  μm.  (d)  Statistical  bar  graph  representing  organoid
volume sizes. (e) Bar graph showing the number of adherent cells counted after DAPI staining; scale bar = 200 μm.
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organoid  sphere  volume  increase  and  edge-differentiated  cell
morphology  in  the  control  group.  In  contrast,  SK75  organoid
spheres  became  more  compact  with  no  significant  volume
increase,  and imatinib  led  to  the  appearance  of  smaller  organoid
spheres  (Fig. 4b).  Furthermore,  treatment  of  the  SK77  organoids
with the previously untested drug metformin resulted in effective
inhibition  of  organoid  sphere  volume  from  the  sixth  day  to  the
thirteenth day. This was accompanied by a significant decrease in
cell numbers, along with notable changes in cell morphology and
size (Figs. 4c and 4d). Subsequent testing on additional organoids
confirmed the  therapeutic  efficacy  of  both drugs  after  13  days  of
treatment,  as  evidenced  by  DAPI  staining  data  of  the  adherent
cells  (Fig. 4e).  These  drug  experiments  provided  compelling
evidence that DFSP organoids can serve as a valuable method for
drug sensitivity testing and new drug screening. 

Metformin inhibited DFSP organoids via immune related
pathways
Based  on  the  pronounced  phenotypic  responses  of  DFSP
organoids  to  imatinib  and  metformin,  we  sought  to  further
elucidate  the  molecular  mechanisms  underpinning  the
pharmacological  actions  of  these  agents.  To  this  end,  we
performed  RNA-seq  analysis  on  collected  samples.  Following  a
similar  experimental  design  to  previous  studies,  we  selected  four
organoids  (SK74,  SK75,  SK76,  and  SK77)  and  conducted  two
independent  experiments,  with  the  second  experiment  involving
two sets  of  parallel  samples,  resulting  in  three  replicates  for  each
treatment  condition.  Principal  component  analysis  (PCA)
revealed  a  higher  degree  of  sample  consistency  compared  to  the
drug  treatment  results  (Fig. 5a),  while  gene  expression  clustering
analysis  further  confirmed  inter-sample  heterogeneity  (Fig. 5b).
Subsequent  Weighted  gene  co-expression  network  analysis
(WGCNA)  aimed  to  identify  shared  changes  following  drug
treatment,  disregarding  inter-organoid  heterogeneity.  We
categorized  downstream  pathway  changes  into  six  distinct
modules,  and  the  results  indicated  that  Imatinib  treatment
exhibited  closer  resemblance  to  the  control  group,  whereas
metformin  treatment  led  to  relatively  substantial  alterations  in
gene expression compared to the control and Imatinib treatment
groups  (Fig. 5c).  Following  metformin  treatment,  three  modules
(yellow,  blue,  and  green)  exhibited  marked  upregulation,  with
KEGG/GO  analysis  revealing  enrichment  of  pathways  related  to
cell  cycle,  phagocytosis,  B  cell  activation,  P53  signaling,  immune
system  development,  and  ERK1/ERK2  cascade  (Fig. 5d).
Concurrently,  three  modules  (red,  turquoise,  and  brown)
displayed  significant  downregulation  following  metformin
treatment,  with  KEGG/GO  analysis  indicating  pronounced
downregulation of  genes  associated  with  pathways  such as  DNA
transcription,  apoptotic  pathway,  Innate-immune  response,  Wnt
signaling,  T  cell  differentiation,  DNA  replication,  and  TOR
signaling  (Fig. 5e).  We  suggested  that  the  upregulated  immune
system development and downregulated innate-immune response
after metformin treatment may be a response by the immune cells
maintained in our cultured organoids (Figs. 3c and 3g). 

Discussion
In contrast to previously reported tumor organoids derived from
dissociated tumor cells, devoid of red blood cells, our skin tumor
organoids maintain the native cell microenvironment and original
tissue  structure.  Unlike  the  complex  procedures  involving

Matrigel  for  organoid  establishment,  our  culture  system  requires
only  30  min  to  1  h,  based  on  a  robust  culture  medium  and
mechanical  dissociation.  The  skin  tumor  organoids  demonstrate
consistency  with  clinical  tissues,  as  evidenced  by  histological
analyses  revealing  similar  tissue  architecture  and  cellular
morphologies,  whole-exome  sequencing  confirming  the
preservation  of  somatic  variants  at  comparable  frequencies,  and
single-cell  sequencing  revealing  the  maintenance  of  multiple  cell
populations.  Furthermore,  heterogeneity  between  patients  is
evident, as observed through single-cell RNA-seq, which identifies
different dominant cell  types,  and RNA-seq,  which demonstrates
diverse  cell  distributions  in  DFSP  organoids.  Additionally,  we
employed DFSP organoids to investigate the functional effects and
genetic  mechanisms of  imatinib and metformin.  Imatinib,  a  U.S.
Food  &  Drug  Administration  (FDA)-approved  drug,  acts  as  an
antagonist  to  inhibit  tyrosine  kinase,  effectively  suppressing  the
growth of DFSP organoids without modulating the expression of
other genes. Conversely, metformin depresses the proliferation of
DFSP organoids by modulating immune signaling pathways. Our
practical  and  rapid  method  for  culturing  skin  tumor  organoids
holds promise for advancing disease drug development.

The generation of traditional cancer organoid models typically
involves the use of enzymatic digestion to dissociate clinical tissues
into single cells, followed by the formation of 3D spheres with the
aid  of  Matrigel  or  other  biomaterials,  resembling  the  primary
culture  method[17].  However,  recent  studies  have  proposed  the
establishment  of  tumor  organoids  using  mechanical  methods  to
preserve  the  optimal  tumor  microenvironment  and  cell–cell
interactions by separating clinical tissues into small pieces without
enzymatic  treatment[32–35].  For  instance,  the  glioma  organoid
(GBO) initiative  has  successfully  created  a  live  biobank  of  GBOs
from  53  patients  with  diverse  mutational  profiles,  serving  as  a
valuable  resource  for  future  biological  studies  and  therapeutic
testing[32].  Given  the  rarity  of  DFSP,  sample  collection  poses  a
significant  challenge.  In  our  study,  we  utilized  samples  from  10
skin  tumor  patients,  including  6  DFSP  patients.  The  limited
number  of  available  samples  underscores  the  need  to  establish  a
larger  biobank  and  information  repository  to  comprehensively
capture  underlying  patterns.  This  approach  is  crucial  for
advancing  our  understanding  of  DFSP  and  facilitating  future
research and therapeutic development.

When  establishing  a  disease  organoid  model,  it  is  essential  to
consider  the  tissue’s  spatiotemporal  specificity.  Several  studies
have  highlighted  the  spatiotemporal  specificity  of  cancer  tissue.
For  example,  the  Marco  group  has  utilized  bulk  and  single-cell
genomic  approaches  to  characterize  genetic  and  transcriptional
heterogeneity  in  glioblastoma  (GBM),  patient-derived  explants
(PDEs),  and  gliomasphere  (GS)  lines[33].  Given  the  distinct
distribution  of  DFSP  tumor  tissue,  the  generation  of  singular
tumor-specific  organoids  from  the  central  part  of  the  tumor  is
insufficient  for  accurately  depicting  the  complete  landscape  of
disease initiation and recurrence. There is a critical need for more
sophisticated organ models to comprehensively investigate tumor
regions and their surrounding areas. This approach is essential for
gaining  a  deeper  understanding  of  disease  progression  and
developing more effective therapeutic strategies.

It  is  evident  that  organoids  present  challenges  in  terms  of
culture  periods  and  consistency  maintenance  as  comparing  to
two-dimensional  (2D)  primary  culture  methods  and  mouse
models.  However,  organoids  can  better  mimic  the  cellular
microenvironment of tissues compared to 2D cell culture systems,
and  they  more  accurately  represent  tissue  physiology[36].  They
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Figure 5.    Downstream  pathways  and  gene  changes  in  organoids  after  treatment  with  imatinib  and  metformin. (a)  PCA  plot  of  RNA-seq  data  from  four
organoid samples  after  drug treatment.  (b)  Clustering plot  of  gene expression in three replicates  of  the four organoid samples.  (c)  WGCNA analysis  conducted to
identify gene expression differences among the four organ types after treatment with the two drugs. (d) Display of relevant signaling pathways within three upregulated
modules after metformin treatment. (e) Display of relevant signaling pathways within three downregulated modules after metformin treatment.
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exhibit  higher cellular  heterogeneity,  organization,  and tissue-like
structures,  making  them  a  more  relevant in  vitro model  for
functional  analyses  and  personalized  therapies[37].  On  the  other
hand,  mouse  models,  being  the  closest  to  recapitulating  human
tissue  functions  and  cellular  interactions,  can  predict  the
development of treatments or diseases. However, they are limited
by  differences  in  species  biology,  sensitivity  variations,  high
maintenance  costs,  and  limited  throughput.  In  contrast,  2D
monolayer  cell  cultures,  while  more  basic  than  animal  models,
provide  insight  into  complex  diseases  with  low  cost,  time
efficiency,  and  high  reproducibility.  Nevertheless,  they  fail  to
recapitulate  the complexity  of  the in  vivo microenvironment due
to  the  absence  of  an  extracellular  matrix  (ECM),  hindering  the
natural development of cells and tissues[38]. However, the choice of
model  often  depends  on  the  specific  research  question  being
addressed.  Additionally,  these  models  can  be  used
complementarily  in  various  research  scenarios.  In  our  study,  we
conducted single-cell RNA sequencing and bulk RNA sequencing
when  the  cultured  organoids  reached  a  threshold  volume  of
2mm3,  which  determined  whether  they  would  be  subcultured  to
the next generation. Notably, each organoid reached this standard
at different time points. However, based on our unpublished data,
the  differences  in  culture  times  within  the  same  generation  of
organoids may not lead to genetic differences.

The  single-cell  sequencing  results  shown  the  skin  tumor
organoids  have  11  distinct  cell  types  including  immune  cells
which indicating the possibility to use this culture method to test
the  drugs  of  immune therapy.  Metformin,  a  common drug used
for diabetes, has been found to have multiple anti-cancer effects. It
can  downregulate  ACSL4  expression  in  early  stages  of  colorectal
cancer[39],  improve  the  fitness  of  CD8  T  cells  in  hypoxic
conditions[40],  and  inhibit  the  Wnt  signaling  pathway,  which  is
involved  in  cell  proliferation  and  survival[41].  Further,  metformin
activates  AMPK,  enhances  the  anti-cancer  activity  of  γδ  T  cells,
providing a potential new approach for cancer immunotherapy[42].
Our RNA-seq analysis of DFSP organoids treated with metformin
confirmed  these  genetic  modulations.  KEGG  analysis  indicated
that  metformin  could  inhibit  the  growth  of  DFSP  organoids
through  immune  signaling  pathways.  This  suggests  the  potential
for metformin to be repurposed as a therapeutic agent for DFSP,
particularly in the context of immune modulation.

Based  on  the  above  experimental  results,  we  believe  that
organoids have potential in the field of research and treatment of
DFSP.  Detailed  genotyping  is  indeed  crucial  for  the  selection  of
drugs  in  personalized  treatment.  It  allows  for  a  better
understanding  of  the  genetic  makeup  of  an  individual’s  disease,
which  can  guide  the  choice  of  therapeutic  strategies.  When
combined  with  WES  and  RNA-seq  data,  it  can  help  identify
population  heterogeneity,  which  is  key  to  understanding  the
diverse  responses  to  treatment  observed  among  patients.
Organoid  databases  and  samples  offer  numerous  advantages  in
the  context  of  drug  testing.  They  mimic  the  cellular
microenvironment  of  tissues  better  than  2D  cell  culture  systems
and  represent  the  tissue  physiology.  This  makes  them  more
physiologically  relevant,  providing  a  more  accurate  model  for
drug  testing.  Organoids  capture  the  cellular  composition  and
pharmaco-typic signatures of the parental tumor. This allows for a
better  understanding  of  how  drugs  might  interact  with  different
cell  types  within  a  tumor.  Organoids  have  been  applied  in  drug
screening  to  demonstrate  the  correlation  between  genetic

mutations  and  sensitivity  to  targeted  therapy.  This  can  help
predict how a patient’s tumor might respond to a particular drug.
PDOs  can  provide  clinicians  with  a  model  system  to  choose  the
most  effective treatment options for  individual  patients.  This  is  a
significant  step  towards  personalized  medicine.  Organoids  offer
reproducibility,  which is  crucial  in  drug testing.  Biobanks  can be
generated  for  repeat  study.  Organoids  hold  great  promise  for
toxicological drug and compound screening and could potentially
reduce  the  use  of  non-human  animals  for  the  same  purpose.
Experiments  on  the  effects  of  imatinib  and  metformin  on  DFSP
organoids  provide  valuable  information.  Treatment  of  the
organoids  individually  with  Imatinib  revealed  inhibition  of
organoid  sphere  enlargement  in  SK74/SK75  compared  to  the
control  group.  Notably,  distinct  phenotypic  variations  were
observed under drug inhibition. Treatment of the SK77 organoids
with Metformin resulted in effective inhibition of organoid sphere
volume  from  the  sixth  day  to  the  thirteenth  day.  This  was
accompanied  by  a  decrease  in  cell  numbers,  along  with  notable
changes  in  cell  morphology  and  size.  Subsequent  testing  on
additional  organoids  confirmed  the  therapeutic  efficacy  of  both
drugs  after  13  days  of  treatment,  as  evidenced  by  DAPI  staining
data  of  the  adherent  cells.  These  findings  suggest  that  DFSP
organoids  can  serve  as  a  valuable  method  for  drug  sensitivity
testing and new drug screening. 

Methods and materials
 

Tissue collection
The clinical tissue sample collection methodology adhered to strict
ethical guidelines and standard operating procedures to ensure the
integrity  and  quality  of  the  collected  samples.  Key  steps  in  the
methodology  included  patient  identification,  informed  consent,
sample  collection,  processing,  storage,  and  documentation.  The
collection  of  clinical  tissue  samples  was  conducted  by  trained
medical  personnel,  following  established  protocols  to  minimize
contamination and ensure the preservation of sample viability for
downstream  analysis.  Additionally,  stringent  record-keeping  and
labeling  practices  were  implemented to  maintain  traceability  and
facilitate accurate data management. All the clinical samples were
collected  under  the  Shanghai  Ninth  People’s  Hospital  ethical
guidelines and were assigned the ethical code 2017125.T321. 

Organoid culture

The  tissue  specimens  were  soaked  in  a  washing  solution
(LSNO00100201;  Shanghai  LiSheng  Biotech,  China)  for  3  min
and then transferred  to  a  50  mL centrifuge  tube  for  3  rounds  of
washing using washing solution. Each wash involved the addition
of  5  mL  of  washing  solution  and  gentle  agitation  to  cleanse  the
tissue  surface.  After  decanting  the  supernatant,  the  tissue  blocks
were  transferred  to  a  10  cm  culture  dish,  where  100–200  µL  of
culture medium (LSTO015004; Shanghai LiSheng Biotech, China)
was added. The tissue blocks were then cut into approximately 1
mm3 microtissue  blocks  and  transferred  to  a  new  50  mL  tube.
Following the addition of  1  mL of  culture  medium to resuspend
the  microtissue  blocks,  they  were  transferred  to  a  new  10  cm
culture dish. The remaining tissue was collected and transferred to
a new dish after rinsing with 1 mL of culture medium. Finally, 15
mL  of  culture  medium  were  added  to  maintain  the  organoids
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culture.
During the organoid culture process, a partial medium change

should  be  performed  every  5–7  days,  or  as  needed  based  on
changes  in  the  color  and  turbidity  of  the  medium,  to  ensure  an
adequate  supply  of  nutrients  for  organoid  growth.  The  specific
steps for partial medium change involve opening the top cover of
the culture container,  tilting the container to allow the organoids
to  settle,  and  then  using  a  1  mL  regular  pipette  tip  to  slowly
remove  the  culture  medium  from  the  upper  layer  of  the  liquid
surface.  After  removing  half  of  the  volume  of  the  old  medium,
new culture medium should be added using a 3 mL pipette (Bart’s
Pipette), with an additional 1–2 mL as needed to compensate for
potential  volume  reduction  due  to  evaporation  in  the  culture
system.  These  steps  ensure  the  proper  maintenance  of  the
organoid  culture  system  and  support  the  healthy  growth  of  the
organoids.

To subculture the organoids, the mechanical digestion method
is  employed without  the  use  of  digestive  enzymes.  Following  the
standard protocol for partial  medium change as described above,
10  mL  of  the  old  medium  is  discarded.  Subsequently,  a  1  mL
regular pipette tip (reference QSP Cat: T112NXLRS-Q) is used to
gently detach the organoids adhering to the container walls. Then,
the same pipette tip is used to draw small, intersecting lines at the
bottom of  the culture container  to facilitate  the separation of  the
adherent cells in the microenvironment, after which a cell scraper
is  used to gently lift  all  the cells  from the bottom. The organoids
and  microenvironment  cell  suspension  are  then  transferred  to  a
15 mL tube, centrifuged at 300× g for 3 min, and the supernatant
is  discarded.  Subsequently,  the  organoids  and microenvironment
cells are resuspended in preheated fresh organoid culture medium
using  a  dedicated  organoid  pipette  tip  and  seeded  into  a  new
culture container at a 5:1 split ratio for passaging.

In  advance  of  the  cryopreservation  process,  the  organoid
cryopreservation medium is prepared by combining 10 mL of the
organoid  cryopreservation  solution  (LSNO00100701;  Shanghai
LiSheng Biotech, China) with 0.8 mL of cryopreservation additive
(LSOR00400101;  Shanghai  LiSheng  Biotech,  China).  The
organoids  and  microenvironment  cells  are  then  resuspended  in
the  organoid  cryopreservation  medium  using  a  dedicated
organoid  pipette  tip  and  evenly  distributed  into  pre-labeled
cryovials,  with  each  cryovial  containing  1–1.5  mL  of  the
cryopreservation  medium.  Subsequently,  the  cryovials  are  placed
in  a  controlled-rate  freezing  container  and  stored  at −80  °C in  a
freezer.  Within  one  week,  the  cryovials  can  be  transferred  to  a
liquid nitrogen tank for long-term storage. 

Organoids size calculation and analysis
The organoids are imaged daily, and their size is quantified using
the ImageJ software. Firstly, we organize the set of photos into one
file and compile them into a single image. Then, we open the file
in  ImageJ  and  use  the  "Polygon  selections"  tool  to  outline  the
outer  edge  of  the  organoids.  Next,  we  click  on  "Measure"  under
the "Analyze" menu to calculate the area of the organoid. To assess
the growth capacity of the organoid, we divide the total area by the
initial area on Day 0 to obtain a relative organoid size. 

Organoids drug treatments
DFSP  organoids  of  ~  500  µm  in  diameter  were  selected  from  a
10 cm dish and seeded at a density of one spheroid per well in a
24-well  cell  culture  plate,  with  each  well  containing  1  mL  of
organoid  culture  medium.  The  optimal  concentrations  of  the
drugs,  namely  10  µmol/L  imatinib  and  2.5  mmol/L  metformin,

were determined based on a thorough literature review and added
to  the  respective  wells  containing  the  spheroids.  Daily
photographic  documentation  of  the  spheroids  was  performed
following the addition of the drugs, and at the final time point, a
detailed observation of the cellular phenotype of the spheroids was
conducted. 

H&E staining
Tissues and organoids were fixed in 4% paraformaldehyde (PFA)
(BL539A,  Biosharp)  for  30  min,  dehydrated  with  sucrose,  and
embedded  in  7.5%  gelatin.  Frozen  sections  of  10  µm  thickness
were obtained using citric acid (pH 6.0). Adherent cells were fixed
using  4%  PFA  for  20  min.  For  H&E  staining,  the  sections  were
washed twice and stained using a H&E Stain Kit (G1120, Solarbio,
China) according to the manufacturer’s instructions. 

Whole exon sequencing (WES)
Clinical tissues and organoids were used to isolate DNA with the
Gentra  Puregene  Blood  Kit  (QIAGEN,  Hilden,  Germany).  Each
sample  underwent  processing  with  200  ng  of  genomic  DNA,
which  was  fragmented  into  150–200  bp  fragments  for  library
construction.  The  AIExome®  Human  Exome  Panel  V3  and
TargetSeq One® Hyb & Wash Kit v2.0 from iGeneTech Co.,  Ltd,
Beijing,  China  was  employed  for  whole  exome capture,  followed
by  sequencing  on  the  DNBSEQ-T7  platform  with  150-bp  reads.
Raw  reads  were  filtered  using  FastQC  to  eliminate  low-quality
reads. Subsequently, the clean reads were mapped to the reference
genome  GRCh37.  Quality  control  metrics  included  an  average
read  length  of  >  100×,  accurate  mapping  rate  of  >  98%,  bases
capture  rate  of  >  55%,  20×  mean  depth  coverage  rate  of  >  96%,
duplication  rate  of  <  25%,  and  accurate  mapping  rate  of  <  96%.
Single  nucleotide  variants  (SNVs)  were  annotated  and  filtered
using TGex (tgex.genecards.org). This optimized approach aimed
to  reduce  redundancy  and  enhance  the  precision  of  the
sequencing data analysis process. 

Singe cell RNA-sequencing
Skin  organoids  were  dissociated  into  single  cells  using  the
Organoid  Dissociation  Kit  (LSTO01500501;  Shanghai  LiSheng
Biotech,  China).  Following  the  removal  of  erythrocytes  (Solarbio
R1010), cell count and viability were assessed using a fluorescence
Cell  Analyzer  (Countstar®  Rigel  S2)  with  AO/PI  reagent.
Subsequently,  a  decision was made on whether to remove debris
and dead cells using Miltenyi 130-109-398/130-090-101. The fresh
cells  were  then  washed  twice  in  RPMI1640,  re-suspended  at  1  ×
106 cells/mL  in  1×  phosphate  buffered  saline  (PBS),  and  0.04%
bovine serum albumin was added.

For  single-cell  RNA-Seq  library  preparation,  the  SeekOne®
Digital  Droplet  Single  Cell’ library  preparation  kit  (SeekGene
Catalog  No.  K00202)  was  utilized.  Initially,  the  appropriate
number of cells was mixed with reverse transcription reagent and
added to the sample well in the SeekOne® chip. Barcoded hydrogel
beads  (BHBs)  and  partitioning  oil  were  dispensed  into
corresponding  wells  on  the  chip  to  generate  emulsion  droplets.
Reverse  transcription  was  carried  out  at  42  °C  for  90  min,
followed by inactivation at 80 °C for 15 min. Subsequently, cDNA
was  purified,  amplified  in  a  PCR  reaction,  cleaned,  fragmented,
end  repaired,  A-tailed,  and  ligated  to  sequencing  adaptors.
Indexed  PCR  was  then  performed  to  amplify  the  DNA
representing  the  3’ polyA  part  of  expressing  genes,  which  also
contained  Cell  Barcode  and  Unique  Molecular  Index.  The
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indexed  sequencing  libraries  were  cleaned  up  with  solid-phase
reversible  immobilization  (SPRI)  beads  and  quantified  using
quantitative PCR (KAPA Biosystems KK4824).

Libraries  were  sequenced  on  the  Illumina  Hiseq  4000  with
PE-150  bp  reads  for  subsequent  analysis.  Raw  data  from  the
single-cell RNA sequencing (scRNA-seq) was processed using Cell
Ranger, and downstream analyses were conducted using Seurat. 

Cell type identification
We  utilized  the  publicly  available  dataset  GSE163973,  which
originally  identified  10  major  cell  types  in  fibrotic  skin  diseases.
However,  we  encountered  some  cells  that  were  unassigned  or
incorrectly  identified.  To  refine  the  classification,  we  divided  the
"Glandular"  category  into  "Glandular"  and  "T  cells"  due  to  the
expression  of  CD3E  and  PTPRC  (CD45)  in  a  subset  of
"Glandular"  cells.  Additionally,  we  relabeled  the  "unknown"
category  as  "Mast  cells"  based  on  the  presence  of  CPA3  and
PTPRC.  This  approach  helped  us  construct  our  reference
dataset[43].  Given  that  cell  states  can  change  during ex  vivo
culturing,  harmonizing  single-cell  RNA  sequencing  (scRNA-seq)
data between our organoids and the reference proved challenging.
Therefore,  we  adopted  a  strategy  of  forced  mapping  of  our
organoid scRNA-seq data onto the reference dataset based on the
Pearson correlation between the two datasets. For each cell in our
organoid  data,  we  identified  the  50  most  similar  cells  from  the
reference  dataset.  A  cell  was  then  classified  based  on  the
predominant label of these 50 cells if the same label was present in
at  least  40  of  them;  otherwise,  the  cell  was  categorized  as
unknown. 

RNA-sequencing
mRNA was isolated from organoids using the RNA Isolation Kit
(DP451, TIANGEN, China). Each group of organoids, consisting
of  4–6  organoids  with  diameter  of  2  mm,  was  used  as  input  for
the  extraction.  The  concentration  of  RNA  was  measured  with  a
Qubit4  fluorometer.  Subsequently,  reverse  transcription  was
carried  out  using  the  RT  Kit  (KR118,  TIANGEN,  China),  and
library  preparation  was  performed  using  the  RNA  Library  Prep
Kit  (E7530L,  NEB,  USA).  For  bulk  RNA-seq  analysis,  RNA
expression  levels  were  quantified  using  fragments  per  kilobase
transcript  mapped  reads  per  million  (FPKM),  and  differentially
expressed  genes  were  identified  using  the  Morpheus  online
software. 

Statistical analysis
The  data  were  collected  from  three  or  more  replicates,  and
quantitative  results  are  expressed  as  mean  ±  standard  deviation.
Statistical  analysis  was  conducted  using  GraphPad  Prism  7.0
(GraphPad Software, USA). Student’s t-test was used for multiple
comparisons  to  assess  significance.  A p value  less  than  0.05  was
considered  statistically  significant.  The p values  were  calculated
from  a  minimum  of  3  independent  experiments.  Statistical
significance is indicated as: *p < 0.05, **p < 0.01, and ***p < 0.001.
Error bars represent the standard deviation of the mean. 

Research ethics and patient consent
The  collection  of  clinical  samples  followed  the  ethical  guidelines
established  by  Shanghai  Ninth  People’s  Hospital,  with  the  study
assigned  the  ethical  approval  No.  2017125.T321.  Prior  to
providing  samples,  all  participants  signed  informed  consent
forms,  clearly  indicating  the  planned  utilization  of  their  samples

for  future  research.  Their  voluntary  involvement  and
comprehension  of  the  study’s  goals  were  crucial  for  maintaining
ethical standards throughout this research. 
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