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Cancer-associated fibroblasts expressing FSTL3 promote
vasculogenic mimicry formation and drive colon cancer
malignancy
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Anti-angiogenic therapies are commonly employed in colon cancer management, yet many patients eventually develop resistance
and experience disease progression. Vasculogenic mimicry (VM)—the formation of tumor-derived vessel-like networks—has been
recognized as one mechanism contributing to this resistance, although the underlying details remain incompletely understood.
Here, by integrating bioinformatic analyses of publicly available datasets and validating the results in patient samples (n= 157), we
identified follistatin-like 3 (FSTL3) as a critical factor predominantly expressed in colon cancer-associated fibroblasts (CCAFs), with its
expression strongly correlating with increased VM formation, intratumoral blood vessels, and poor prognosis. Single-cell RNA
sequencing of tumors from VM and non-VM patients revealed that hypoxia drives FSTL3 expression in CCAFs, leading to
extracellular matrix remodeling and enhancing cancer cell endothelial-like plasticity. Mechanistically, FSTL3 binds to transferrin
receptor (TfR1), an iron-uptake receptor on cancer cells, thereby activating the TfR1/AKT/mTOR pathway and elevating VE-Cadherin
to support endothelial-like transformation, VM, and metastatic progression. Notably, FSTL3-targeting antibodies (aFSTL3) effectively
inhibited VM and angiogenesis in both in vitro and in vivo models, while the combination of aFSTL3 with bevacizumab produced
synergistic suppression of neovascular-like structures and distant metastases. These findings demonstrate a pivotal role for FSTL3+
CCAFs in facilitating VM through TfR1-mediated signaling and offer a promising dual-target approach to overcome anti-angiogenic
therapy resistance in colon cancer.
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INTRODUCTION
Colon cancer remains one of the most lethal malignancies
globally, representing the leading cause of cancer-related deaths
in men and the second leading cause in women under 50 years of
age [1]. It is highly vascularized and heterogeneous, and despite
advancements in anti-vascular endothelial growth factor (VEGF)
therapies, resistance to these strategies—whether inherent or
acquired—has significantly limited their efficacy [2–6]. Conse-
quently, there is an urgent need to explore alternative, VEGF-
independent mechanisms of tumor vascularization.
One such mechanism is vasculogenic mimicry (VM), a process in

which tumor cells themselves form perfusable, vascular-like
channels, thereby maintaining blood supply independently of
traditional endothelial cell-mediated angiogenesis and VEGF
signaling [7]. VM has been implicated in the limited efficacy of

VEGF-targeted therapies and is observed in various aggressive
malignancies, including melanoma, breast, ovarian, gastric, lung,
and prostate cancers, where it is strongly associated with poor
prognosis [7–13]. Unlike conventional endothelial-lined vessels,
VM structures are formed exclusively by cancer cells through
mechanisms such as epithelial-mesenchymal transition (EMT) [14],
cancer stem cell (CSC) differentiation [15], and epithelial-
endothelial transition (EET) [16]. These distinctive pathways
underscore VM as a promising yet underexplored therapeutic
target in cancer [17–22]. In colon cancer, VM is similarly linked to
adverse clinical outcomes, although the molecular mechanisms
driving its formation remain poorly understood [23–25].
The tumor microenvironment (TME) plays a critical role in

cancer progression, with cancer-associated fibroblasts (CAFs)
emerging as key regulators of this dynamic interplay [26–32].
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Colon cancer-associated fibroblasts (CCAFs) exhibit significant
heterogeneity, with distinct subtypes exerting either tumor-
promoting or tumor-suppressing effects [30–33]. This functional
diversity arises from the CAFs’ varied origins, dynamic plasticity,
and complex interactions within the TME [34]. Notably, CAFs have
been implicated in VM formation across multiple cancer types,
including glioma, gastric, bladder, lung, and liver cancers [7,
8, 35–38]. Mechanistically, CAFs promote VM by secreting factors
such as TGF-β, upregulating VE-Cadherin and matrix
metalloproteinase-2 (MMP2), or inducing pro-VM genes like
NOX4 [8, 37]. However, the role of CCAFs in VM formation in
colon cancer remains largely unexplored. Elucidating the mole-
cular drivers linking CCAFs to VM could unveil novel therapeutic
opportunities.
Follistatin-like 3 (FSTL3), a secreted glycoprotein belonging to

the follistatin-module-protein family, is recognized as an onco-
gene. It activates EMT via BMP/SMAD signaling in gastric cancer
[39, 40] and antagonizes endogenous activin effects to promote
breast tumor cell proliferation [41]. FSTL3 is known to bind and
antagonize members of the TGF-β family, including activin, bone
morphogenetic protein 2, and myostatin [41, 42]. In colon cancer,
FSTL3 is upregulated and promotes tumor progression by
activating the TGF-β pathway [43–45]. However, most studies
have focused on its tumor-intrinsic roles, leaving its function in the
tumor stroma and VM largely unexplored.
In this study, we identify FSTL3 as a key regulator of VM in colon

cancer, predominantly expressed by CCAFs. We demonstrate that
hypoxia significantly upregulates FSTL3 expression, driving extra-
cellular matrix (ECM) remodeling and promoting cancer cell EET
transformation. This highlights an alternative tumor response to
hypoxia beyond VEGF-driven angiogenesis. Mechanistically, CCAF-
secreted FSTL3 binds to the transferrin receptor (TfR1) on tumor
cells, mediating CCAF-driven VM through the FSTL3/TfR1 signaling
axis. These findings provide novel insights into the molecular
mechanisms of VM formation and propose FSTL3 as a potential
therapeutic target to combat colon cancer progression.

MATERIALS AND METHODS
Clinical samples and data collection
Bulk RNA-sequencing (RNA-seq) data were obtained from the Cancer
Genome Atlas (TCGA) and the Gene Expression Omnibus Database (GEO,
RRID: SCR_005012). Specifically, datasets from TCGA-COAD (n= 446),
GSE39582 (n= 562), and GSE17536 (n= 177) were downloaded, including
comprehensive clinical data. Fragments per kilobase per million (FPKM)
values were converted to transcripts per million (TPM) for normalization.
Batch effects were corrected using the “ComBat” function from the “sva” R
package (v3.50.0) [46] after log2 transformation of TPM values (log2[TPM +
1]). Inclusion criteria for the datasets were as follows: (1) Availability of
clinical information, including overall survival (OS), age, gender, and tumor
stage; (2) Confirmed pathological diagnosis of colon cancer; (3) No prior
history of radiation therapy, chemotherapy, targeted therapy, immu-
notherapy, or other anticancer treatments (including neoadjuvant
therapy).
Formalin-fixed, paraffin-embedded (FFPE) tissue blocks were retro-

spectively collected from 157 colon cancer patients who underwent
radical surgery at Zhongda Hospital, Affiliated to Southeast University
(ZHSU), between January 1, 2014, and August 31, 2021. Follow-up data
were complete, with the last follow-up date recorded as September 1,
2023. Additionally, fresh tumor tissues and matched normal colon
tissues were obtained from 4 colon cancer patients. Inclusion criteria for
tissue samples: (1) Pathologically confirmed diagnosis of colon cancer;
(2) Availability of fully preserved FFPE tissue blocks; (3) No history of
anticancer therapy prior to sample collection. Exclusion criteria: (1)
Patients with severe comorbidities, including cardiopulmonary insuffi-
ciency, severe infections, hematologic disorders, autoimmune diseases,
hepatitis, or other malignancies; (2) Cases lacking essential clinical or
follow-up data.
All diagnoses were independently verified by two pathologists. Clinical

staging was performed according to the American Joint Committee on
Cancer (AJCC) Staging Manual, 8th edition. Detailed clinical characteristics

of the cohort are provided in Table S1. This study was conducted in
compliance with the Declaration of Helsinki. Written informed consent was
obtained from all participants, and the study protocol was approved by the
Clinical Research Ethics Committee of ZHSU.

Tissue dissociation and single-cell RNA sequencing (scRNA-
seq)
Gene expression matrices were obtained from both public and local
cohorts, respectively. Tumor Immune Single-cell Hub 2 (TISCH2) was used
to explore the expression levels of FSTL3 and SERPINE1 in different cell
types of EMTAB8107, GSE146771, GSE166555 and GSE179784 cohorts
(http://tisch.comp-genomics.org/). The public data (n= 20) analyzed in this
study were obtained from GSE236581 cohorts [47].
Fresh colon cancer tissues were procured from patients and subjected to

a wash with ice-cold phosphate-buffered saline (PBS). Subsequently, these
tissues were processed using a tumor dissociation kit (Miltenyi Biotec,
Germany) to generate single-cell suspensions. Prior to the preparation of
single-cell suspensions, the tissues obtained from surgical resection were
bisected. One portion was utilized for the preparation of frozen sections to
evaluate VM via CD31/PAS staining, while the other portion was used to
prepare single-cell suspensions for conducting scRNA-seq. The local
cohort, included tumor tissue specimens from VM (n= 1) and non-VM
(n= 1) patients, was processed with the DNBelab C4 system (BGI,
Shenzhen, China). The construction of cDNA libraries, library purification,
and transcriptome sequencing were conducted following the protocols
provided by the Majorbio Company (Shanghai, China) [48].
The “Seurat” R package (v4.3.0) was primarily utilized to analyze the

scRNA-seq data based on a standardized procedure [49]. Genes expressed
in fewer than three cells, cells with fewer than fifty detected genes, and
cells with mitochondrial percentages exceeding 5% were excluded from
the analysis. The count matrix was normalized with default settings, and
top 1500 variable genes from each dataset were scaled for principal
components analysis (PCA). The Harmony algorithm was used to combine
all samples and reduce batch effects, followed by principal component
analysis on the integrated expression matrix for dimensional reduction.
The first 20 principal components were computed, and cell clusters were
identified at a resolution of 0.5. To annotate cell types based on marker
genes, the “SingleR” R package (v1.0.0) was employed [50]. The “copyKAT”
R package (v1.1.0) was employed to objectively distinguish epithelial cells
as either normal epithelial cells or cancer cells [51]. The guidelines
provided in the GitHub repository (https://github.com/navinlabcode/
copykat) were followed, and “copyKAT” was used with default parameters.
The results of the “copyKAT” tool analysis were presented in Table S2.
CCAFs subtypes-related markers referred to published literature [52] and

the marker genes of “Matrix CAFs”, “Inflammatory CAFs”, “Vascular CAFs”,
“Tumor-like CAFs”, “Antigen-presenting CAFs”, “Reticular-like CAFs” and
“Dividing CAFs” respectively were MMP11, PLA2G2A, MCAM, PDPN, CD74,
CCL21, and MKI67.
For cellular level validation, TPM-normalized RNA-Seq transcriptomic

data of the genes in colorectal cancer cells (n= 56) and CCAFs (n= 2) were
downloaded from the Cancer Cell Line Encyclopedia (CCLE) database [53].

AUCell scores of hallmark gene sets
Gene set enrichment analysis (GSEA, RRID: SCR_003199) of hallmark gene
sets (n= 65) was downloaded from the MSigDB database (n= 50) [54] and
CancerSEA database (n= 14). Furthermore, a synthesis of key gene sets
associated with EET is provided, drawing upon existing literature reports
[16, 55]. The “AUCell” R package (v1.24.0) was used to calculate per-cell
AUCell scores via the “aucell” function. AUCell ranked genes by their
expression levels in each cell and assessed pathway activity based on the
ranks of pathway-specific genes.

Estimation of fibroblast infiltration
To evaluate the infiltration of fibroblasts in the TME, several computational
methods were employed, including the Estimate of Proportions of Immune
and Cancer Cells (EPIC) [56], Microenvironment Cell Populations-counter
(MCP-counter) [57], xCell [58] and ESTIMATE [59]. These methods were
implemented using the respective “EPIC”, “MCPcounter”, “xCell”, and
“estimate” R packages, following protocols established in the literature.
Additionally, based on established transcriptomic biomarkers, the Tumor
Immune Dysfunction and Exclusion (TIDE) tool [60, 61] was utilized to
assess CAFs infiltration via Pearson correlation analysis between expression
profile and FAP+ CAF signature. The results pertaining to CCAF infiltration
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and Stromalscore were extracted from these five infiltration methods
based on the mRNA expression profile of TCGA-COAD and GSE39582
cohorts. The results of five infiltration methods are presented in Table
S3–4.
To investigate the abundance of FSTL3+ CCAFs from RNA-seq in

TCGA_COAD and GSE39582 cohorts, the “MCP-counter” R package was
used as previously described. Briefly, FSTL3+ CCAF signature genes were
defined as FSTL3, ACTA2, and FAP. The infiltration scores of FSTL3+ CCAFs
were then calculated, and their association with patient survival was
evaluated.

Weighted Gene Co-expression Network Analysis (WGCNA)
CCAFs hub genes that were strongly associated with CCAFs infiltration
were mainly filtered and detected via “WGCNA” R package (v1.72-5, RRID:
SCR_003302) [62]. First, Pearson’s correlation coefficients represented
the direct correlation between gene pairs. The soft-thresholding power
(β) was determined based on the scale-free topology criterion. We
clustered the adjacency matrix using topological overlap to explore both
direct and indirect correlations among module genes, and visualized the
results using TOMplot, a tool that displayed the topological overlap
matrix (TOM). This plot represented gene similarity based on co-
expression patterns, with higher overlap values indicating stronger
relationships between genes within a network module. Employing
epigenetic significance (ES), we pinpointed the hub gene module most
correlated with CAF infiltration and Stromal score by the “corPvalueS-
tudent” function. With an optimal β value of 3 for TCGA-COAD and 4 for
GSE39582, we constructed a hierarchical clustering tree, merging closely
related modules according to the height value < 0.2. Finally, we defined
hub genes as those with module membership (MM) > 0.6 and gene
significance (GS) > 0.5, resulting in a final selection of 244 overlapping
hub genes from both cohorts.

Differential expression genes between VM and non-
VM groups
Non-neuroendocrine cells have been shown to possess the ability to form
VM structures compared to neuroendocrine cells. The VM-related genes
were obtained from GSE240789 cohort based on comparing VM-
competent (non-neuroendocrine) cells with VM-deficient (neuroendocrine)
cells [63]. Differential gene expression (DGE) analysis was performed using
DESeq2 (v1.18.1, RRID: SCR_000154), and genes with an adjusted p
value < 0.01 and a Log2 fold change (Log2FC) > 2 cut-offs were considered
significant VM-related differentially expressed genes.

Functional enrichment and gene set enrichment analysis
The reference files required by gene set enrichment analysis (GSEA) [64]
were downloaded from MsigDB. Enrichment analyses of KEGG (RRID:
SCR_012773) pathways (c2.cp.kegg.v7.3.symbols) were performed on
identifying the pathways through “clusterProfiler” R package (v3.14.3)
[65]. Biological functions and pathways with an adjusted p < 0.05 were
deemed to be significantly enriched.

Cellchat analysis
The possible interactions among the cell populations based on the ligand-
receptor pair data in CellChatDB were evaluated by “CellChat” R package
(v2.1.2) [66].

Cell lines and cell culture
Human colon cancer cell lines, HT-29 (RRID: CVCL_0320), RKO (RRID:
CVCL_0504), and DLD-1 (RRID: CVCL_0248), were purchased from the Type
Culture Collection of the Chinese Academy of Science (Shanghai, China),
and HCT116 cells (RRID: CVCL_0291) were obtained from the Cell Resource
Center, Peking Union Medical College (Beijing, China). The human colon
epithelial cell line NCM460 (RRID: CVCL_0460) were obtained from the
Department of Oncology of Jiangsu Cancer Hospital. The human colon
fibroblast cell line CCD-18Co (RRID: CVCL_2379) and human umbilical vein
endothelial cells (HUVEC, RRID: CVCL_2959) were purchased from the
American Type Culture Collection (ATCC, Manassas, VA, USA). HCT116 cells
were cultured in IMDM supplemented with 10% FBS, whereas HT-29 cells
were cultivated in McCoy’s 5A medium supplemented with 10% FBS. RKO,
DLD-1, NCM460, and HUVEC cell lines were cultivated in DMEM with 10%
FBS. CCD-18Co cells were cultured in MEM/EBSS with 10% FBS. All culture
media were supplemented with 1% penicillin/streptomycin, and cells were

cultured in a humidified incubator at 37 °C and 5% CO2. All cell lines were
tested negative for mycoplasma contamination.

Primary fibroblast isolation and culture
Primary fibroblast cell lines from colon cancer (PCAF) and adjacent normal
tissue (PNF) were cultured from two patients with colon cancer at the
ZHSU, under a protocol approved by the Clinical Research Ethics
Committee of the ZHSU. Approximately 2-cm3 pieces of tissue were
minced and digested with collagenase IV (1 mg/mL, Gibco, Massachusetts,
USA) and hyaluronidase (1 mg/mL, Sigma-Aldrich, St Louis, USA) for 1 h at
37 °C. The solution was centrifuged at 1000 rpm for 5 minutes and washed
twice with PBS. The supernatant was discarded, and the remaining cells
were resuspended and cultured in Dulbecco’s modified Eagle’s medium
(Invitrogen Life Technologies, Carlsbad, USA) supplemented with 10% fetal
bovine serum (Sigma-Aldrich), 1% penicillin, 1% streptomycin, and an anti-
mycotic agent (Invitrogen Life Technologies). Primary cultures were
passaged at least 3 times to remove colon cell contamination. Primary
fibroblasts with passage numbers below 11 were used for in vivo and
in vitro experiments.

In vitro hypoxia model
A cell hypoxia model was established using a modular incubator chamber.
Briefly, PCAF was placed in the hypoxic chamber with a 1% O₂ gas mixture,
while PCAF in normoxia was used as a control and incubated at 37 °C for
24 h.

CM collection
PCAF, PNF, and other colon cell lines were seeded in 6-well plates (2.0 ×
105 cells/well) and incubated overnight. When 70–80% confluence was
reached, the cells were rinsed twice with serum-free DMEM and cultured in
this medium for 48 h. Then, the supernatant was centrifuged at 4000 rpm
at 4 °C for 10min and filtered through a 0.22 μm filter to remove cellular
debris.

Enzyme-linked immunosorbent assay (ELISA)
Clinical plasma specimens from colon cancer patients (n= 30) and colon
adenoma donors (n= 10) were collected from the biobank of the ZHSU
throughout the same period, and signed informed consent was obtained
from all patients. Plasma samples were stored at −80 °C before use. ELISA
was performed using a sandwich enzyme immunoassay method with a
pre-coated 96-well strip plate from an ELISA kit for FSTL3 (Proteintech,
#KE00258, Wuhan, China), according to the manufacturer’s instructions.
Plasma specimens and the CM of cell lines were diluted 20-folds before
analysis.

RNA extraction and RT-quantitative PCR (RT-qPCR)
TRIzol reagent (Invitrogen Life Technologies) was used to extract total RNA
from cell lines. cDNA was synthesized using reverse transcription (Vazyme,
Nanjing, China) according to the manufacturer’s instructions. PCR was
performed in duplicate on the RT product using SYBR Green qPCR Master
Mix (Vazyme) with the primer pairs in a total reaction volume of 20 μL. The
reactions were analyzed using an Applied Biosystems StepOnePlus System.
Dissociation curves were run for all reactions to ensure the amplification of
a single product with the appropriate melting temperature. FC was
computed relative to the control using the 2−ΔΔCT method [67]. The primer
sequences are listed in Table S5.

Protein extraction and Western blotting
Proteins from fresh tissues and cell lines were treated with RIPA buffer
containing protease and phosphorylase inhibitors. The protein concentra-
tion was determined by the BCA method. According to standard
protocols, western blot analysis was conducted using anti-FSTL3 antibody
(Abcepta, #AP12300b, 1:2000, Suzhou, China, RRID: AB_10821490), anti-
AKT (Wanleibio, #WL0003b, 1:1000, Beijing, China, RRID: AB_2833233),
anti-pAKT (Ser473) (Cell signaling technology, #4060 T, 1:2000, Boston,
USA, RRID: AB_2315049), anti-VE-Cadherin (Wanleibio, #WL02033, 1:1000,
RRID: AB_3076321), anti-mTOR (Proteintech, #66888-1-Ig, 1:5000, RRID:
AB_2882219), anti-p-mTOR (Proteintech, #67778-1-Ig, 1:2000, RRID:
AB_2889842), anti-S6 (Proteintech, #80208-1-RR, 1:5000, RRID:
AB_2918876), anti-p-S6 (Proteintech, #67898-1-Ig, 1:5000, RRID:
AB_2918654) and GAPDH (Abcam, #ab181602, 1:10000, Cambridge, UK,
RRID: AB_2630358). In brief, SDS-PAGE gels were used to separate
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proteins, which were then transferred onto PVDF membranes (Millipore,
Bedford, MA, USA). Subsequently, the membranes were blocked with 5%
non-fat dry milk and incubated with the primary antibody overnight at
4 °C. The secondary antibodies corresponded to each protein primary
antibody, and immunoblots were probed with an ECL detection reagent.

RNA quality control, library preparation, and sequencing
HCT116 cells were divided into control (n= 3) and FSTL3 treatment (n= 3)
groups. RNA was extracted and assessed for purity and integrity using 1%
agarose gel electrophoresis, NanoPhotometer® spectrophotometer
(IMPLEN, CA, USA), and the RNA Nano 6000 Assay Kit on the Bioanalyzer
2100 (Agilent Technologies, CA, USA). Library preparation was performed
with 1 µg of RNA using the NEBNext® Ultra™ RNA Library Prep Kit for
Illumina® (NEB, USA). mRNA was purified using poly-T oligo-attached
beads, fragmented, and reverse transcribed to cDNA. The cDNA was size-
selected (250–300 bp), and libraries were assessed for quality before
sequencing on the Illumina Novaseq platform with 150 bp paired-end
reads. Sequencing was performed using the Sequencing by Synthesis (SBS)
method, where dNTPs, DNA polymerase, and adapter primers were used to
amplify the flow cell. Fluorescent signals were captured to obtain the RNA-
Seq data.

RNA-seq data analysis of HCT116 cells
Raw reads were processed to remove adapters, poly-N sequences, and
low-quality reads (defined as reads where > 50% of bases have a Qphred ≤
20), generating clean data. Reads were aligned to the reference genome
using HISAT2 (v2.0.5, RRID: SCR_015530). Gene expression was quantified
with featureCounts (RRID: SCR_012919), and FPKM values were calculated.
Differential expression analysis was performed using DESeq2 (v1.16.1), with
significance thresholds set at adjusted p < 0.05 (Benjamini-Hochberg
method) and |Log2FC| > 0. KEGG pathway enrichment analysis of
differentially expressed genes (n= 240) was conducted using the
“clusterProfiler” R package as described above. Proteins associated with
the HIF-1 signaling pathway (hsa04066) were retrieved from the KEGG
database.

Coimmunoprecipitation (Co-IP) and Silver Staining
Co-IP of FSTL3-associated proteins was performed using the PierceTM

Classic Magnetic IP/Co-IP Kit (Thermo Fischer Scientific, #88804, MA, USA)
according to the manufacturer’s instructions. HCT116 cells were cultured in
10 cm plates, and 1mL of IP Lysis buffer (50mM Tris-HCl pH 7.4, 1 mM
EDTA, 50mM NaCl, 1% Triton X-100) containing Thermo Scientific Halt
Protease Inhibitor Cocktail (Thermo Fisher Scientific) was added. The plates
were incubated with the primary antibody overnight at 4 °C. The next day,
the antibody-bound protein of interest in lysis buffer was incubated with
MagnaBind Protein A/G Beads (Thermo Fisher Scientific). After three
washes with Wash Buffer (0.5 M Tris-HCl pH 7.4, 1.5 M NaCl), protein-bound
beads were mixed with loading buffer (Fdbio science) to the final
concentration of loading buffer and boiled for 10minutes at 95 °C. The
samples were then stored at −20 °C or ready for SDS-PAGE (sodium
dodecyl sulfate-polyacrylamide gel electrophoresis).
For silver staining, equal amounts of the protein complex above were

loaded on 15% SDS-PAGE. Then the gel was stained using the Rapid silver
staining kit (Beyotime, Shanghai, China) according to the manufacturer’s
instructions. The differential band indicated by silver staining was excised
from the CO-IP of FSTL3 and IgG groups, and sent for mass spectrometric
analyses.

Mass spectrometric analyses
The pulled-down proteins were analyzed by liquid chromatography-
tandem mass spectrometry (LC-MS/MS) in FitGene Biotechnology Co.,
Ltd. (Guangzhou, China). The peptides were subjected to nanoelec-
trospray ionization followed by MS/MS analysis using a Q Exactive mass
spectrometer (Thermo Fisher Scientific) coupled online to the liquid
chromatography. Protein identification was performed with MASCOT
(RRID: SCR_014322) by searching the Uniprot database (RRID:
SCR_002380). Peptide mass tolerance values were set to 20 ppm and
fragment mass tolerances were of 0.6 Da. The potential proteins
(n= 732) were selected by excluding the proteins pulled down in the
IgG control group from the FSTL3 group. Additionally, a list of human
plasma membrane proteins (n= 1347) was obtained from the
Membranome database [68, 69].

Cell transfection
For small hairpin RNA (shRNA)-mediated FSTL3 knockdown (shFSTL3), the
target RNAi sequence, 5’-GCCTTCCCTGCAAAGATTCGT-3’ for PCAF, was
synthesized and cloned into the expression vector pGCSIL-green
fluorescent protein (GFP) by GeneChem Company (Shanghai, China). The
non-target RNAi sequence, 5’-TTCTCCGAACGTGTCACGT-3’, was employed
to generate the negative control. In compliance with the manufacturer’s
recommended protocol, lentivirus was added to the cells and stably
transfected cell clones were selected using the limited dilution method.
Finally, FSTL3 expression in cells was confirmed by Western blotting.

RNA interference
The TfR1 siRNA sequence was 5’-CGGUGAUCAUAGUUGAUAA-3’ and 5’-
CGUGCUACUUCCAGACUAA-3’, and the scramble control was 5’-UUCUCC-
GAACGUGUCACGUTT-3’. TfR1 siRNA (Gene Create, Wuhan, China) at a final
concentration of 50 nM was transfected into cancer cells using Lipofecta-
mine™ 2000 (Invitrogen Life Technologies, #11668030). Cells were
collected for further studies 48 h after transfection.

Generation of stable cell lines
CRISPR/Cas9-mediated targeting of the TfR1 gene was accomplished using
single-guide RNAs (sgRNAs) delivered via the LentiCRISPR v2-Puro vector.
The targeted sequence (Tsingke Biotechnology, Beijing, China) was 5’-
CTACTTGGGCTATTGTAAAG-3’ for sgTfR1, and the scramble control was 5’-
GGTTCTCCGAACGTGTCACGT-3’. TfR1 sgRNA was transfected into cancer
cells using Lipofectamine™ 2000. To select stable transfected cell lines,
2 µg/mL puromycin (Solarbio, Beijing, China) was added for a duration of
two weeks.

Wound-healing and invasion assays
For the wound-healing assay, cells (70–80% confluent) were scraped
smoothly to generate a gap and were exposed with or without
recombinant human FSTL3 (rhFSTL3, 300 ng/mL, MedChem Express,
Monmouth Junction, USA) and treated with or without an AKT inhibitor
(MK-2206 dihydrochloride, 10μmol/L, MedChem Express) for 24 h. Images
were captured at 0 and 24 h. For the invasion assay, 1 × 105 cells were
seeded into Matrigel-coated transwell inserts (8-μm pore size) with
different treatments in serum-free medium and medium with 20% FBS
in the lower chamber acting as a chemoattractant. After 48 h, cells that did
not invade were wiped out with cotton swabs, and those that invaded into
the underside of membranes were fixed in methanol, stained with 0.5%
crystal violet, and then scored under a microscope. Three fields of each
sample were captured to evaluate the average number of invaded cells.

VM detection in tumor tissue specimens
Periodic acid–Schiff (PAS) staining was utilized to detect VM in tumor
tissues [13, 22, 70]. The CD31 antibody (Abcam, #ab182981, 1:100, RRID:
AB_2920881) and PAS staining are the current morphological foundation
for VM development in malignant tumors. VM structure is determined by
(1) the absence of vascular ECs on blood vessel walls, (2) the presence of
tumor cells around vascular-like channels, (3) PAS+/CD31− staining, and (4)
erythrocytes in VM channels [7]. VM may be directly measured in tumors
using these criteria.

Vascular-like structure formation
The VM assay was performed using Matrigel (Corning, NY, USA), which was
thawed at 4 °C overnight. And 50 μL of de-thawed Matrigel was used to
coat each well in a 96-well plate and was allowed to polymerize for 1 h at
37 °C. After equilibrating the gel with complete growth medium, 1 × 105

colon cancer cells (HCT116 and HT-29) and 5 × 104 HUVEC were seeded in
each well and incubated for approximately 12 and 4 h, respectively. The
VM assay was performed with or without rhFSTL3 (300 ng/mL) and treated
with or without a MK-2206 dihydrochloride (10μmol/L) for 24 h. Tube
formation was observed under a phase-contrast microscope; three fields of
each sample were captured to evaluate the average number of VM
formation.

Immunohistochemistry (IHC) staining
Anti-FSTL3 antibody (Abcepta, #AP12300b, 1:100, RRID: AB_10821490),
anti-pAKT (Ser473) (Cell signaling technology, #4060 T, 1:200, RRID:
AB_2315049), anti-VE-Cadherin (Wanleibio, #WL02033, 1:100, RRID:
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AB_3076321), and Ki67 (Abcam, #ab15580, 1:200, RRID: AB_443209) were
used for IHC with a 2-step protocol [71]. The IHC score was assessed using
a semiquantitative method based on the grade categories for the number
of stained positive cells and the staining intensity, as previously reported
[72]. The quantification process involved assessing the number of
positively stained cells out of 100 cells in each of five selected high-
power fields (×400 magnification) to determine the percentage of
positively stained cells per section. The percentages were categorized as
0% (grade 0), 10–25% (grade 1), 26–50% (grade 2), 51–75% (grade 3), and
76–100% (grade 4). Staining intensity was further classified into grades 0, 1,
2, and 3, corresponding to no stain, light brown, brown, and dark brown,
respectively. The IHC score was blindly reviewed by two pathology experts
independently. High expression of FSTL3 was defined as an IHC score ≥ 1.
The internal organs (heart, liver, spleen, lungs, and kidneys) were collected
for pathologic staining.

Masson’s staining
The procedure involved deparaffinization and rehydration of paraffin-
embedded sections, followed by sequential staining with the provided
solutions. After staining, the sections were dehydrated, cleared, and
mounted with neutral gum. Under the microscope, collagen fibers
appeared blue, while muscle fibers, fibrin, and red blood cells were
stained red.

Immunofluorescence (IF) staining
Cell slides or tissue sections (after tissue dewaxing and antigen repair)
were prepared. Following the manufacturer’s instructions, IF staining was
performed using the IHC kit and TUNEL detection kits (Beyotime) with the
primary antibody incubating at 4 °C overnight, including anti-FSTL3
(Abcepta, #AP12300b, 1:100, RRID: AB_10821490), anti-FAP (Cell Signaling
Technology, #66562, 1:1000, RRID: AB_2904193), anti-α-SMA (Santa Cruz,
#sc-32251, 1:100, CA, USA, RRID:AB_262054), and anti-TfR1 (Proteintech,
#10084-2-AP, 1:400, RRID: AB_2240403). The second antibody was
incubated, and the slices were sealed using a DAPI (Servicebio, Wuhan,
China) sealing agent. The reconstruction of the section images was based
on the Virtual Microscope Software Slide Viewer 2.5 3D Histech®, and the
fluorescence intensity was analyzed using ImageJ software (RRID:
SCR_003070).

In vivo anti-tumor efficacy in subcutaneous and in situ tumors
5–6-week-old male BALB/c nude mice were purchased from the Animal
Experiment Center of Southeast University. Animals were assigned to
experimental groups using simple randomization. For tumor xenografts,
the mixture of HCT116 cells (1 × 106) and shFSTL3 PCAF cells (3 × 106) was
mixed with Matrigel up to 100 µL and was subcutaneously injected into
the right flank of an experimental group of each nude mouse, while the
controlled group consists of a mixture of HCT116 cells (1 × 106) and
shControl PCAF cells (3 × 106). Tumor diameters were measured using a
caliper every two days, and the tumor volume was calculated using the
formula: V (mm3)= (width)2 × length/2. Orthotopic models were
constructed by injecting the same number of mixed cells into the cecum
per mouse as above. The above experimental findings were indirectly
verified by the results of an in vivo imaging system (IVIS, Tanon ABL-X5,
Shanghai, China) assay. All experimental procedures were approved by the
Institutional Animal Care and Use Committee of Southeast University.

The highest single agent (HAS) synergistic scores
Synergistic scores of drug combinations were analyzed using Synergy-
Finder 3.0 (RRID: SCR_019318) [73]. SynergyFinder (https://
synergyfinder.fimm.fi) was used to analyze and visualize FSTL3-targeting
antibodies (aFSTL3) and bevacizumab combination responses relating to
vascular-like structure formation. HAS synergistic scores between −10 and
10 were considered additive effects, and scores above 10 were considered
synergistic effects.

aFSTL3 synthesis and purification
The aFSTL3, FSTL3-FC (biotin), and Activin A-mFC proteins were
synthesized and purified by SGE BIOTECH (Suzhou, China). The specific
sequences were listed in Table S6. Initially, the heavy and light chains of
the aFSTL3 were cloned into the PTT5-human kappa CL and PTT5-human
IgG1 CH vectors, while the Activin A and FSTL3 genes were fused with
mouse and human Fc fragments and cloned into the pCDNA3.4 vector.

Following plasmid extraction, we transfected 293F cells (RRID: CVCL_6642)
with the plasmid DNA using TA-293 transfection reagent. After 24 h, a
protein expression enhancer was added, and the cells were harvested six
days post-transfection. The supernatant was then centrifuged and filtered
to eliminate debris. For purification, Protein A affinity chromatography was
employed to isolate Fc-tagged proteins. Subsequently, FSTL3-FC was
biotinylated and further purified through ultrafiltration. The final step
involved a sandwich ELISA to confirm the presence of biotinylated FSTL3-
FC, demonstrating effective recognition by the aFSTL3 and Activin A-mFC.
This comprehensive approach successfully generated aFSTL3 that effec-
tively target FSTL3 for further analysis.

Statistical analysis
All statistics are expressed as mean ± standard deviation (SD). Multiple-
group comparisons were performed by two-sided t test or one-way
ANOVA followed by a Tukey correction to compare each group. The Chi-
Squared test was applied for categorical data. The Kaplan-Meier method
with the Log-rank test or Gehan-Breslow-Wilcoxon test was used to
compare survival time between different groups. The hazard ratios (HR)
and 95% confidence intervals (CI) for prognostic factors were calculated
using a Cox regression model. Pearson correlation analysis was applied for
the relationship between two indicators. The GraphPad Prism 9 software
(GraphPad Software Inc., USA, RRID: SCR_002798) were used for statistical
analysis. And the statistical significance was set to *, p < 0.05; **, p < 0.01;
and ***, p < 0.001. All in vitro experiments were performed with at least
three biological replicates.

RESULTS
FSTL3 as a prognostic factor in CCAFs links to VM formation in
colon cancer
To investigate the link between CCAFs and VM formation in the
TME of colon cancer, we conducted WGCNA [62]. Using optimal β
values of 3 for the TCGA-COAD cohort and 4 for the GSE39582
cohort, we identified 15 and 17 significant co-expression gene
modules with TOMplot, respectively (Fig. S1A, B). The significance
of the epigengene between the turquoise module genes and the
CCAFs infiltration enrichment score was higher than that of other
module genes in both TCGA_COAD and GSE39582 cohorts (Fig.
S1C, D). This suggests that genes in the turquoise module are
strongly linked to CCAF presence in the TME of colon cancer.
Univariate Cox regression analysis for OS and progression-free

survival (PFS) indicated that the CAF_EPIC and CAF_MCPcount
enrichment methods were top prognostic risk factors in both
cohorts (Fig. S1E–G). Hub genes from the turquoise module,
identified using the criteria |GS | > 0.5 and |MM| > 0.6 (Fig. S1H, I
and Table S7), yielded 244 common hub genes (Fig. 1A). Further
univariate Cox regression analysis revealed nine prognosis-related
genes (HR > 1, p < 0.05) from these 244 hub genes (Fig. 1B and
Table S8). To identify VM-related genes, we conducted DGE
analysis between non-VM and VM samples using data from the
GSE240789 cohort [63], identifying 781 upregulated genes
associated with VM formation (Fig. 1C and Table S9). The
intersection of the 244 hub genes, the nine prognosis-related
genes, and the VM-related gene highlighted FSTL3 and SERPINE1
as key CCAF-related genes involved in VM formation. (Fig. 1D).
FSTL3 and SERPINE1 were further examined for their expression

across different cell types using the published colon cancer
scRNA-seq cohort (GSE166555). FSTL3 was predominantly
expressed in fibroblasts, whereas SERPINE1 showed higher
expression in endothelial cells (Fig. 1E and Fig. S2A–D). Moreover,
FSTL3 levels were significantly elevated in tumor-associated
fibroblasts compared to their normal counterparts (Fig. S2E).
Among the examined genes, FSTL3 showed the strongest
correlation with both poor prognosis and VM-related differential
expression (Fig. 1F), suggesting its potential as a marker for VM
and a contributor to poor prognosis in colon cancer.
Previous studies have primarily focused on tumor-expressed

FSTL3 and its autonomous or non-autonomous functions
[40, 43, 74–76]. To further validate FSTL3’s expression pattern,
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we examined several published scRNA-seq databases. Consistent
with GSE166555, FSTL3 was predominantly expressed in fibroblast
cells of colon cancer (Fig. 1G and Fig. S2F). Analysis of the CCLE
database confirmed that FSTL3 expression was significantly higher
in CCAFs compared to colorectal cancer cells (Fig. S2G). Moreover,

RNA-seq data from TCGA_COAD and GSE39582 cohorts revealed
that FSTL3 expression strongly correlated with fibroblast markers
(FAP, α-SMA) (Fig. S2H) and showed a modest inverse correlation
with epithelial markers (CEA, CK20, EpCAM) (Fig. S2I), reinforcing
the fibroblast-specific expression of FSTL3.
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To further validate these findings, we collected tumor and
adjacent normal tissue samples from 157 colon cancer patients at
ZHSU cohort, and performed IF staining for FAP and FSTL3.
Consistently, we observed that FSTL3 was highly expressed,
especially in the stromal areas of tumors, and co-localized with
FAP staining (Fig. 1H). Further, FSTL3 also co-localized with FAP
and α-SMA in primary CCAFs derived from colon cancer (Fig. 1I).
CCAFs exhibit substantial heterogeneity [31, 52], and it was

important to determine which subpopulations express FSTL3. We
examined the GSE166555 cohort, where CAFs were divided into
seven distinct subpopulations. FSTL3 was most highly expressed
in the “Vascular CAFs” and “Tumor-like CAFs” subpopulations,
which are known to play key roles in angiogenesis and
tumorigenesis [52] (Fig. S2J–L).
To explore the role of FSTL3 in colon cancer progression, we

performed IHC on colon cancer tissues from ZHSU. Our results
revealed that patients with high FSTL3 expression are more likely
to be CD34 and D2-40 positive, indicating lymphatic and blood
vascular invasion [74, 75], respectively (Fig. 1J). This supports the
idea that FSTL3 is positively correlated with lymphatic invasion,
metastasis, and poor prognosis, as previously reported [43, 44].
Additionally, co-staining of PAS and CD31 revealed that VM
formation was 2.3 times more prevalent in tumors with high FSTL3
expression (Fig. 1K, L). Similarly, the CD31+ blood vessel intensity
was higher in the FSTL3-positive group than in the FSTL3-negative
group (Fig. 1M). Moreover, tumor tissues exhibited significantly
higher levels of both FAP and FSTL3 staining and VM formation
compared to adjacent normal tissues. Interestingly, FSTL3+ CCAFs
were found to co-localize with VM regions, suggesting that FSTL3+

CCAFs may play a critical role in promoting cancer cell
transformation and VM formation (Fig. 1N). Additionally, plasma
FSTL3 levels were significantly higher in colon cancer patients
compared to those with adenoma (Fig. 1O), further suggesting its
potential as a diagnostic marker for colon cancer.
Furthermore, survival analysis revealed that patients with high

FSTL3 expression had significantly worse OS and PFS compared to
those with low expression in the TCGA-COAD, GSE39582, and ZHSU
cohorts (Fig. 1P and Fig. S3A, C, D). Notably, in the ZHSU cohort,
patients were stratified into four groups based on FSTL3 expression
and VM status. The results indicated that patients with high FSTL3
and VM-positive status had the worst prognosis, further suggesting
that FSTL3, combined with VM status, could serve as a powerful
prognostic marker in colon cancer (Fig. 1Q and Fig. S3B).

CCAFs promote VM formation and metastasis via
upregulating FSTL3
To further explore the role of CCAF-derived FSTL3 in VM formation
and colon cancer malignancy, we generated primary fibroblast cell

lines from colon cancer (PCAF) and adjacent normal tissue (PNF)
(Fig. 2A). ELISA analysis showed that FSTL3 levels were signifi-
cantly higher in the conditioned medium (CM) from PCAF
compared to normal colon epithelial cells, colon cancer cell lines,
and PNF (Fig. 2B). Culturing colon cancer cells with CM from PCAF
significantly enhanced tube-like structure formation in both
HCT116 and HT-29 cells (Fig. 2C) and promoted migration and
invasion (Fig. 2D, E). Given the positive correlation between FSTL3
and blood vessel formation in colon cancer patients, we also
examined the effect of PCAF-derived CM on HUVECs. The results
revealed that PCAF CM significantly enhanced the ability of
HUVECs to form vessel-like structures (Fig. S4A).
Mass spectrometric analysis of CCAF secretomes from other

report revealed that FSTL3 was abundant and may promote
lymph-angiogenesis and other malignant behaviors in tumors
[77, 78]. To confirm that the promotion of VM and blood vessel
formation by CCAFs is mediated by FSTL3, we firstly exogen-
ously added rhFSTL3. This treatment significantly enhanced
tube-like structure formation and increased migration and
invasion in both HCT116 and HT-29 cells (Fig. S4B–F). Similarly,
rhFSTL3 also promoted tube-like structure formation in HUVECs
(Fig. S4G).
Next, to investigate the role of FSTL3 secreted by PCAF in

tumor progression, we knocked down FSTL3 in PCAF, which
resulted in a substantial decrease in FSTL3 secretion (Fig. 2F and
Fig. S5A). When HCT116 cells were co-injected with PCAF or
FSTL3-knockdown PCAF into nude mice, tumor growth was
significantly reduced in the FSTL3-knockdown group, and
mouse survival was prolonged (Fig. S5B–D). Both VM formation
and blood vessel density in tumors were also reduced (Fig. S5E,
F). In comparison to PNF, PCAF exhibited significantly more
advanced pro-tumor growth in both HT-29 and HCT116 models
in vivo. However, this pro-tumor growth effect was markedly
diminished when FSTL3 was knocked down in PCAF. Further-
more, exogenous addition of rhFSTL3 to the FSTL3-knockdown
PCAF group significantly reversed the effects, promoting colon
tumor growth and decreasing mouse survival (Fig. 2G–K). IF
staining and IHC-PAS co-staining further revealed that FSTL3 is
critical for PCAF-induced blood vessel and VM structure
formation in tumors (Fig. 2L, M and Fig. S5G). Notably, the
protein expression level of FSTL3 was significantly positively
correlated with the number of blood vessels per unit field of
view and the number of VM formations (Fig. 2N). Similar to what
we observed in human patients, a cluster of FSTL3+ CAF cells
were observed surrounding the VM in the tumor (Fig. 2O, P). This
suggests that FSTL3 secreted by CAFs plays a crucial role in
promoting colon cancer cell transformation and VM formation
likely through direct interactions with cancer cells.

Fig. 1 FSTL3 as a prognostic factor predominantly expressed in CCAFs and associated with VM formation in colon cancer. A, B Venn
diagram showed the intersection of fibroblast-related genes (A) and prognosis-related genes (B) by CAF_EPIC and CAF_MCPcount methods in
TCGA and GSE39582 cohorts. C Volcano plot showed genes significantly upregulated (Red labeled) and downregulated (Green labeled) in VM
group using data from GSE240789 cohort. D Venn diagram showed the intersection of fibroblast-related genes, prognosis related genes and
VM-related genes. E Violin plot showed the expression levels of FSTL3 and SERPINE1 different cell subtypes in GSE166555 cohort. F The
significance distribution of gene for the difference between non_VM and VM tissues, as well as for the prognostic analysis. G The heatmap
displayed the expression of FSTL3 among different cell types in four different scRNA-seq cohorts on the TISCH online database. H IF staining
of FAP and FSTL3 in colon cancer tissues and the quantification of FSTL3 intensity in stroma area and tumor area (Scale bar =100 μm, n= 3,
biologically independent samples). I IF staining of FAP, a-SMA, and FSTL3 in primary CCAFs (Scale bar =100 μm). J Histogram comparing the
proportion of CD34 (n= 87), D2-40 (n= 128) positivity between the high- and low- expression groups of FSTL3. K CD31/PAS IHC staining for
the tissue from ZHSU. The black arrow represents VM (−) which is CD31+PAS-, and the red arrow represents VM (+) which is CD31-PAS+. Both
tubes contain red blood cells (Scale bar =100 μm, n= 157). L,M Histogram comparing the proportion of VM positivity (L) and the blood vessel
intensity (M) between the high- and low-expression groups of FSTL3. N IF staining of FAP and FSTL3, along with CD31/PAS IHC staining, was
performed on colon cancer tissue and its adjacent tumor tissue, two adjacent slices from a continuous section were used for the IF and IHC
staining to ensure the results correspond to the same area, the black arrow indicates CD31+ blood vessels, while the red arrow and white
dashed line represent VM; Scale bar =10 μm. O Bar graph comparing plasma FSTL3 protein levels in patients with colon cancer (n= 30) and
colon adenomas (n= 10). P Kaplan–Meier survival curves for PFS in ZHSU cohort stratified by FSTL3 expression levels; Q Kaplan–Meier survival
curves on PFS of the ZHSU cohort stratified by FSTL3 expression and VM status. All statistics are expressed as mean ± SD. Statistical
significance was calculated by two-tailed t test in (E), (H), (M), and (O). The Chi-Squared test was applied for categorial data in (J) and (L).
Statistical analysis of survival time was performed using log-rank tests in (P) and Gehan–Breslow–Wilcoxon test in (Q).
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Hypoxia-induced FSTL3 expression and ECM remodeling
promote EET transformation in colon cancer cells
To investigate how FSTL3 affects CCAFs’ function and to explore
the differences between CCAFs in colon tumors from verified VM
and non-VM patients, we collected tumor tissue from one verified

VM and one verified non-VM patient for scRNA-seq analysis. To
achieve this, the tumor tissue from each patient was first
processed for CD31/PAS IHC co-staining, scRNA-seq was only
processed when the VM status was confirmed (Fig. 3A). Following
quality control, we obtained 9,901 high-quality cells, which were
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clustered and identified as T cells (29.7%), Plasma B cells (6.7%), B
cells (13.9%), CCAFs (12.4%), epithelial cells (20.2%), ECs (5.9%),
macrophages (10.1%), and mast cells (1.1%) using Single R as
previous reported [50] (Fig. 3B, C and Fig. S6A–C). The “copyKAT”
tool was then used to objectively distinguish epithelial cells as
normal or cancer cells. Notably, VM tumors exhibited a higher
proportion of cancer cells, CCAFs, and macrophages, while
populations of normal epithelial cells, as well as T and B cells,
were reduced (Fig. 3D and Table S10). Consistent with the findings
above, FSTL3 expression was markedly elevated in CCAFs,
particularly in VM patients (Fig. 3E, F and Fig. S6D).
CellChat analysis revealed that CCAFs from VM patients

exhibited significantly increased interactions with other cell types,
including cancer cells, compared to non-VM CCAFs (Fig. S6E).
Specifically, the ligand-receptor interaction patterns of COL6A1/2/
3 and COL1A1/2 on CCAFs with SDC4 and SDC1 on cancer cells
were markedly enhanced in VM patients (Fig. 3G). These collagen
interactions are key drivers of ECM remodeling in colon cancer, as
expressed by CCAFs [31]. Additionally, the interactions between
LAMA4 and LAMB1 expressed on CCAFs with ITGA6_ITGB4
expressed on cancer cells were enhanced in VM patients,
indicating stronger physical interactions between CCAFs and
cancer cells (Fig. 3G). On the other hand, APP-CD74 interactions
were decreased in VM patients (Fig. 3G). Furthermore, GO and
KEGG analysis of genes upregulated in VM CCAFs revealed
enrichment in matrix remodeling and vasculature formation
pathways, such as extracellular matrix organization, collagen
metabolic processes, and cell-matrix adhesion (GO analysis), as
well as ECM-receptor interaction (KEGG) (Fig. 3H). Specifically,
ECM-related genes, such as MMPs, collagens, and cytokines
CXCL1-3, as well as the inflammatory gene IL1B, were significantly
upregulated in VM CCAFs (Fig. S6F). Collectively, these findings
emphasized the significant enhancement of ECM remodeling in
VM CCAFs.
Further investigation revealed that hypoxia and HIF-1 signaling

pathways were enriched in VM CCAFs (Fig. 3H). Previous studies
have shown that hypoxia plays a crucial role in determining CAF
differentiation and function [31, 79, 80]. To assess whether
hypoxia induces ECM remodeling-related gene expression in
CCAFs, we treated PCAF under hypoxic conditions and observed
significant upregulation of MMP1/3/9 by qRT-PCR (Fig. 3I).
Furthermore, AUCell scores for gene sets associated with EET
and hallmark-related pathways identified in the literature [54, 55]
revealed significant upregulation of pathways related to EET,
angiogenesis, hypoxia, EMT, invasion, metastasis, and stemness in
VM patients (Fig. 3J and Table S11).
To investigate the role of FSTL3 in CCAFs, we compared FSTL3+

and FSTL3- CCAFs. Notably, genes highly expressed in FSTL3+

CCAFs were significantly enriched in pathways related to ECM-

receptor interaction and the PI3K-Akt signaling pathway (Fig. 3K).
To identify potential drivers of this difference, TRRUST_Transcrip-
tion_Factors Enrichment analysis was performed using genes
upregulated in FSTL3+ CCAFs. HIF1A emerged as a top significant
factor across multiple cohorts, including ZHSU, GSE166555, and
GSE236581 (Fig. 3L and Fig. S6G, H). These findings suggest that
hypoxia plays a pivotal role in driving FSTL3 expression in CCAFs.
This was further confirmed by qRT-PCR analysis, which showed a
significant increase in FSTL3 expression under hypoxic conditions
(Fig. 3M).
Additionally, CellChat analysis revealed that FSTL3+ CCAFs

exhibited a greater number and strength of interaction with
other cell types, including cancer cells but not normal epithelial
cells, compared to FSTL3- CCAFs (Fig. S6I–K). Specifically, the
ligand-receptor pairs MDK-NCL, LAMA4 and LAMB1/2 with
ITGA6_ITGB1 were significantly enhanced in FSTL3+ CCAFs
compared to FSTL3- CCAFs across all cohorts. MDK-NCL pairs
between CAFs and cancer cells have been reported to drive
immunosuppressive TME, promoting cancer progression [81, 82].
These enhanced interactions further revealed that FSTL3+ CCAFs
have higher physical interaction probabilities with cancer cells
(Fig. 3N).
To further explore how FSTL3+ CCAFs affect cancer cells, we

analyzed data from 53 samples obtained from 20 patients with
colon cancer, prior to immunotherapy, from the GSE236581
cohort (Fig. 3O). Samples were stratified based on the proportion
of FSTL3+ CCAFs, resulting in high and low FSTL3+ CCAF
proportion groups (Fig. 3P). AUCell scores for gene sets associated
with angiogenesis, EET, EMT, and metastasis were significantly
higher in the high-proportion group (Fig. 3Q, R). Furthermore,
signaling pathways related to tumor progression were signifi-
cantly enriched in patients with a higher proportion of FSTL3+

CCAFs. Next, we generated a FSTL3+ CCAF gene signature—which
showed strong prognostic potential for OS and PFS in multiple
cohorts, including TCGA_COAD, GSE39582, and GSE17536 (Fig.
3S, T).

FSTL3 induces VM formation via activating AKT/mTOR/VE-
Cadherin pathway
To investigate the underlying mechanism of CCAFs-expressed
FSTL3 in facilitating colon cancer progression, DGE analysis of the
transcriptome was conducted on the FSTL3 high- and low-
expression groups in TCGA-COAD and GSE39582, respectively (Fig.
4A, B). KEGG enrichment analysis revealed that differentially
expressed genes were largely enriched in pathways associated
with focal adhesion, protein digestion and absorption, and PI3K/
AKT signaling (Fig. 4A, B). In addition, rhFSTL3 was exogenously
added for the treatment of HCT116 cells, and RNA-seq was
performed with the treated cells and the control cells. We found a

Fig. 2 CCAFs significantly promote VM formation and malignancy of colon cancer via upregulating FSTL3. A Schematic illustration of the
establishment of PNF and PCAF primary cell line. B FSTL3 levels in the supernatant of different cell line measured by ELISA. C Tube-like
structure formation of HCT116 and HT-29 cells treated with PNF or PCAF conditioned medium for 12 h and its quantification, Scale bar
=100 μm, n= 3. D Scratch assay to test migration ability of HCT116 and HT29 treated with conditioned medium of PNF or PCAF, Scale bar
=100 μm, n= 3. E Transwell assay to test the migration and invasion ability of HCT116 and HT29 cell treated with conditioned medium of PNF
or PCAF, Scale bar =100 μm, n= 3. F Western blot and ELISA confirming the knocking down of FSTL3 in PCAF cells through shRNA.
G Schematic illustration of the establishment of the in vivo tumor model to confirm the function of FSTL3 in CCAF. H Images of HCT116 and
HT-29 xenograft tumors at study end, n= 5/group. I Tumor weight of HCT116 and HT29 at study end n= 5/group. J Tumor growth curve of
HCT116 and HT-29 in each group. K Mice survival curve of different groups, n= 5/group. L, M Quantification of blood vessels (L) and VM
numbers (M) in three random fields for each sample in different groups, n= 5 samples/group. N The correlation between the FSLT3 level
based on IHC staining and the number of blood vessels and VM tubes in HCT116 and HT-29 model. O CD31/PAS IHC staining and IF staining
for FAP and FSTL3, two adjacent slices from a continuous section were used for the IF and IHC staining to ensure the results correspond to the
same area. The blue arrow represented VM (+), tubes contain red blood cells. Scale bar =100 μm. P Schematic illustration of the VM;
BioRender.com was used to create (A and P). All statistics are expressed as mean ± SD. *p < 0.05, **p < 0.01, and ***p < 0.001. Statistical
significance was calculated by two-tailed t test in (B–F), and one-way ANOVA with the Tukey post hoc test in (I), (J), (L) and (M). Statistical
analysis of survival time was performed using log-rank tests in (K). Pearson correlation analysis was applied for the relationship between two
indicators in (N).
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significant differential expressed genes (n= 240) and an enrich-
ment of HIF-1A signaling pathway (Fig. 4C). PI3K/AKT was reported
to be essential for VM formation [7]. Consequently, we postulated
that FSTL3 influences VM formation via the PI3K/AKT signaling
pathway.

To confirm this, an initial step involved correlation analysis
between the mRNA expression levels of FSTL3 and genes
associated with the PI3K/AKT signaling pathway. FSTL3 was
positively correlated with AKT in TCGA-COAD and GSE39582
cohorts (Fig. 4D, E). Furthermore, there was a consistent and
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substantial positive correlation between FSTL3 and marker genes
associated with angiogenesis and EET, including HIF1A, MMP2,
MMP9, VE-Cadherin, and EPHA2 (Fig. 4D, E). qRT-PCR confirmed
that the treatment of rhFSTL3 on HCT116 and HT-29 cells led to a
notable increase in the transcription of VE-Cadherin and MMP2
(Fig. 4F, G). The treatment of rhFSTL3 increased the protein levels
of pAKT and VE-Cadherin in a time dependent manner (Fig. 4H–J),
whereas the levels of MMP2 remained unchanged. To verify FSTL3
enhanced the protein expression levels of VE-Cadherin in colon
cancer cells via activation of the AKT/mTOR signaling pathway, we
treated the cancer cell with AKT inhibitor MK-2206. MK-2206
significantly blocked the activation of AKT/mTOR pathway and
decreased the VE-Cadherin expression upregulated by rhFSTL3
(Fig. 4K–M). Furthermore, MK-2206 significantly attenuated FSTL3-
induced cancer cell migration and vascular-like structure forma-
tion (Fig. 4N–P). Similarly, MK-2206 treatment also diminished the
vascular-like structure formation of HUVEC cell induced by FSTL3
(Fig. S7A, B). Collectively, these data demonstrated that FSTL3
promotes VM development through activation of the AKT/mTOR/
VE-Cadherin signaling pathway, thereby influencing the aggres-
sive phenotypic characteristics of colon cancer.

FSTL3 binds to TfR1 on colon cancer cells to promote VM and
metastasis
Next, to investigate how FSTL3 secreted by CCAFs activates the
PI3K/Akt/VE-Cadherin pathway in cancer cells, we first per-
formed an in vitro co-immunoprecipitation (Co-IP) experiment
followed by mass spectrometry to identify membrane receptors
that may interact with FSTL3 (Fig. 5A). Given that hypoxia plays
a pivotal role in CCAF’s function and is essential for regulating
FSTL3 expression, we performed a Venn analysis comparing
pulled-down proteins with membrane proteins and those
associated with the HIF-1 signaling pathway. This analysis
identified the TfR1 as the only receptor with functional
relevance to FSTL3 (Fig. 5B, C). TfR1, an iron-transferrin receptor
encoded by the TFRC gene, mediates iron uptake and is
overexpressed in rapidly dividing cells, such as cancer cells, due
to their increased iron demand. Notably, TfR1 has been shown
to be upregulated in various cancers [83, 84]. Co-IP experiments
followed by Western blotting further confirmed the interaction
between FSTL3 and TfR1 (Fig. 5D). IF staining also revealed that
FSTL3 and TfR1 co-localized on the cell membrane of HCT116
cells (Fig. 5E). To evaluate the functional role of TfR1 in FSTL3-
mediated effects, we knocked out or silenced TfR1 in HCT116
cells using CRISPR-Cas9 and siRNA approaches. In both TfR1
knockout and knockdown cells, FSTL3 stimulation failed to
enhance VM-like structure formation or migration ability (Fig.

5F–H and Fig. S8A–C). Furthermore, upon TfR1 loss,
FSTL3 stimulation did not lead to a significant upregulation of
AKT/mTOR pathway components or VE-Cadherin expression
(Fig. 5I, J and Fig. S8D, E). These findings suggest that TfR1 is a
critical receptor for FSTL3 in regulating VM formation and
metastasis in colon cancer.
Numerous studies have reported the autonomous role of

FSTL3 in cancer cells, where it promotes cell proliferation and
migration [43–45]. To investigate whether FSTL3 also exerts
autonomous functions in CAFs, we silenced FSTL3 in CCAFs and
concurrently treated them with aFSTL3 which synthesized as
previously described [85]. Firstly, ELISA assays confirmed that
aFSTL3 effectively binds to FSTL3 in vitro (Fig. S9). We then
assessed the effects of this combined intervention on migration,
invasion, and tube formation. Compared to the control group,
aFSTL3 treatment alone did not affect these malignant
phenotypes (Fig. S10A–C). However, FSTL3 knockdown in CCAFs
significantly impaired migration and invasion, while having no
effect on tube formation (Fig. S10A–C). Additionally, TfR1
expression in CCAFs was significantly lower than in colon cancer
cells (Fig. S10D, E). Consistent with this, FSTL3 treatment failed
to activate the AKT/mTOR/VE-cadherin signaling pathway in
CCAFs (Fig. S10F).

FSTL3 targeting combined with Bevacizumab improves
prognosis
As a supplement to the angiogenesis pattern, VM formation
contributes to tumor progression by improving blood supply and
facilitating metastasis independently of conventional angiogenic
mechanisms. Targeting VM-related molecules represents a pro-
mising strategy to enhance the efficacy of anti-angiogenic
therapies. We performed a dose-dependent inhibition assay to
assess tubular structure formation in HUVEC, HCT116, and HT29
cells, treated with varying combinations of aFSTL3 and Bevacizu-
mab. The results revealed a strong synergistic effect in inhibiting
HUVEC tube formation, with synergy scores (HAS) exceeding 10. A
moderate synergistic effect was also observed in HCT116 and HT-
29 cells, with HAS scores of 3.655 and 3.956, respectively
(Fig. S11A–C).
To evaluate the combinational anti-tumor effects of aFSTL3 and

bevacizumab in vivo, we inoculated a mix of HCT116-Luc cancer
cells with PCAF cells subcutaneously or in situ (Fig. 6A). In the
subcutaneous model, both IVIS imaging and tumor growth curves
showed that the combination of aFSTL3 and Bevacizumab
significantly inhibited tumor growth and demonstrated superior
tumor-suppressive effects compared to single-agent treatments
(Fig. 6B, C). The combination also synergistically reduced the

Fig. 3 scRNA-seq highlights the role of hypoxia in driving FSTL3 expression and enhancing ECM remodeling in VM_CCAFs to promote
colon cancer cell EET transformation. A The study design for scRNA-seq and CD31/PAS IHC staining for non-VM and VM samples, scRNA-seq
was conducted for the samples confirmed to be VM positive or negative; CD31 and PAS IHC staining for the tissue. The black arrow represents
VM (−) which is CD31+PAS-, and the red arrow represents VM (+) which is CD31-PAS+. Both tubes contain red blood cells (Scale bar =100 μm).
B tSNE plot of cells from non_VM and VM patients. C Bubble plot showed the differential marker genes in eight subtypes. D The tSNE plots
and histograms showing cell clusters and their ratios. E Violin plot showing FSTL3 expression across different cell types in non-VM and VM
sample. F tSNE plot to show FSTL3 level in non-VM and VM sample. G Ligand–receptor interaction pattern analysis between CCAF and cancer
cells in nonVM and VM samples. H GO and KEGG pathway enrichment analysis using gene upregulated in VM. I qPCR analysis for MMP1,
MMP2, MMP3, MMP9 gene expression under control or hypoxia conditions. J The AUCell score of ten-hallmark related pathways using all the
cells in the non_VM and VM samples. K KEGG pathway enrichment analysis for the gene upregulated in FSTL3+ CCAF compared to FSTL3-

CCAFs. L TRRUST Transcription Factor Enrichment analysis using the top 250 genes upregulated in FSTL3+ CCAF, ranked by P-value, with a
log2 fold change greater than 0.25. M qPCR analysis of FSTL3 transcription in PCAF under control or hypoxia conditions. N Analysis of ligand-
receptor interaction patterns between cancer cells and FSTL3+ CCAFs or FSTL3- CCAFs in ZHSU, GSE166555 and GSE236581 cohorts. O tSNE
map of epithelial cells and fibroblasts in the GSE236581 cohort, n= 20. P The proportion of FSTL3+ CCAFs among each patient. Q Heatmap of
AUCell scores of 15 gene sets for the epithelial cell from top three proportion FSTL3+ CCAFs patients and bottom three FSTL3+ CCAFs
patients. R The bar plot showed the AUCell score of signaling pathway in FSTL3+ CCAFs high proportion and low proportion groups.
S, T Kaplan–Meier survival curves of OS and PFS in TCGA_COAD, GSE39582 and GSE17536 cohorts stratified by low and high FSTL3+ CCAFs
signature. All statistics are expressed as mean ± SD. *p < 0.05, **p < 0.01, and ***p < 0.001. Statistical significance was calculated by two-tailed t
test. The Kaplan–Meier method with the Log-rank test was used to compare survival time between two groups.
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tumor weights and significantly prolonged survival (Fig. 6D–F).
Moreover, TUNEL and Ki67 staining revealed that the combination
therapy significantly increased apoptosis and inhibited tumor cell
proliferation (Fig. 6G, H and Fig. S12).
Interestingly, while Bevacizumab alone significantly sup-

pressed angiogenesis, it did not obviously affect VM formation.
In contrast, aFSTL3 treatment led to a marked reduction in VM

formation, with modest inhibition of angiogenesis. The combi-
nation of aFSTL3 and Bevacizumab, however, demonstrated the
most robust inhibition of both angiogenesis and VM formation,
without inducing significant toxicity, as assessed by body
weight monitoring, organ pathology, and biochemical analyses
(Fig. 6I, J, Fig. S13 and Table S12, 13). Additionally, the
combination treatment significantly suppressed AKT activation

L. Ying et al.

12

Cell Death and Disease          (2025) 16:706 



and downregulated VE-Cadherin expression in tumors. The
number of VM formations was strongly positively correlated
with FSTL3, pAKT, and VE-Cadherin staining, further under-
scoring the critical role of the FSTL3/pAKT/VE-Cadherin axis in
regulating VM formation (Fig. 6K and Fig. S14).
In the orthotopic model, both aFSTL3 and Bevacizumab

effectively suppressed tumor growth, with the combination
treatment demonstrating the highest anti-tumor efficacy and
some mice achieved complete tumor remission (Fig. 6L-M).
Notably, gross tumor specimens from the combination group
showed a significant reduction in abdominal metastases and a
marked decrease in liver metastasis (Fig. 6N–P). These findings
suggest that targeting FSTL3 with aFSTL3 in combination with
Bevacizumab significantly enhances the pre-clinical therapeutic
efficacy of Bevacizumab without affecting body weight (Fig. 6Q).
In addition, aFSTL3 significantly reduced the number of CAFs and
collagen content (Fig. 6R, S). Therefore, aFSTL3 combined with
Bevacizumab holds promise as a potent therapeutic strategy to
improve the prognosis of colon cancer.

DISCUSSION
VM represents an alternative vascularization mechanism inde-
pendent of endothelial cells, contributing significantly to
therapy resistance, tumor progression, and metastasis [7]. In
this study, we identify FSTL3 as a key factor predominantly
expressed by CCAFs, which plays a pivotal role in VM formation
and correlates with poor prognosis in colon cancer patients.
These findings position FSTL3 as a promising therapeutic target
for colon cancer.
VM has emerged as a prognostic marker, with its presence

associated with worse outcomes in various malignancies,
including colon cancer [23–25, 86]. Despite its clinical rele-
vance, the mechanisms driving VM formation remain poorly
understood, and VM has yet to be effectively targeted in clinical
practice. Traditional anti-angiogenic therapies, such as bevaci-
zumab, fail to address this alternative vascularization pathway
[87, 88]. Our study not only identifies FSTL3 as a novel target
capable of disrupting VM but also highlights the potential of
combining anti-FSTL3 therapy with bevacizumab. This dual-
target strategy could synergistically inhibit both VM and
angiogenesis, offering a comprehensive approach to over-
coming anti-angiogenic resistance and improving therapeutic
outcomes.
CCAFs are integral components of the TME, mediating tumor

progression, ECM remodeling, and immune suppression in colon
cancer [26, 31, 33]. However, their therapeutic targeting has been
challenging due to heterogeneity and a lack of specificity. Our
findings reveal that FSTL3+ CCAFs represent a distinct subpopula-
tion that drives VM formation through the AKT/mTOR/VE-Cadherin
signaling axis, thereby enhancing cancer cell aggressiveness.
Targeting FSTL3 offers a dual-action therapeutic approach by

simultaneously suppressing VM and CCAF-mediated tumor sup-
port. While previous studies have focused on FSTL3’s tumor-
intrinsic roles [40, 43, 74], our data highlight its dual function as a
therapeutic target capable of inhibiting both CCAFs and
tumor cells.
Our study is the first to employ single-cell RNA sequencing

(scRNA-seq) to investigate TME differences between well-defined
VM and non-VM tissues in human colon cancer samples. Despite
limitations in sample size, our scRNA-seq analysis revealed that
non-VM/FSTL3-low patients exhibited enrichment in T cells, B cells,
and plasma B cells, whereas macrophages and CCAFs—cell types
associated with an immunosuppressive TME—were enriched in
VM/FSTL3-high patients. This observation aligns with previous
reports [39, 76] and suggests that FSTL3 may play a critical role in
shaping the TME. Future studies should explore whether FSTL3
modulates the TME and whether targeting FSTL3 could enhance
the efficacy of immunotherapy, particularly in mismatch repair-
proficient (pMMR) colon cancer patients, who typically exhibit
poor responses to current immunotherapies [89].
Traditional VEGF-targeting therapies induce hypoxia within the

TME, paradoxically upregulating VEGF expression and promoting
resistance through compensatory mechanisms [87]. Our findings
reveal an alternative, VEGF-independent, hypoxia-responsive
pathway mediated by FSTL3, which supports blood and nutrient
supply via VM rather than endothelial cell-driven angiogenesis. We
identify TfR1 as a critical interactor of FSTL3 on cancer cells,
activating the AKT/mTOR/VE-Cadherin signaling axis to promote
VM formation. This interaction underscores an innovative
mechanism of tumor vascularization with significant therapeutic
implications. However, whether TfR1 serves as FSTL3’s receptor on
endothelial cells remains unclear and warrants further
investigation.
While anti-VEGF therapies are effective in managing tumor

vascularization, their use is often limited by side effects such as
hypertension, thromboembolism, gastrointestinal perforation,
and impaired wound healing, necessitating treatment holidays.
Unfortunately, these breaks in treatment can lead to rapid
vascular regrowth and tumor progression [90–92]. Anti-FSTL3
therapy offers a viable alternative during these critical periods.
Unlike VEGF inhibitors, FSTL3-targeting antibodies specifically
inhibit VM without significantly affecting endothelial cell-
mediated angiogenesis, making them potentially suitable for
use during treatment breaks when traditional anti-angiogenic
agents are contraindicated. This approach provides a comple-
mentary strategy to maintain tumor suppression, addressing a
critical gap in managing therapy resistance and tumor
recurrence.

CONCLUSIONS
In summary, our study highlights the dual significance of FSTL3
in VM formation and CCAF function. By targeting the FSTL3/

Fig. 4 FSTL3 induces colon cancer cell transformation and VM formation via activating AKT/mTOR/VE-Cadherin cascade. A, B Heat map
illustrating the top 10 differential genes in the transcriptome of FSTL3 high- and low-expression groups, along with KEGG enrichment analysis
bubble charts of differentially expressed genes from the TCGA-COAD (A) and GSE39582 (B) cohorts; C KEGG enrichment analysis of
differentially expressed genes in HCT116 cells with and without the addition of rhFSTL3. D, E Correlation analysis between FSTL3 and genes
related to the angiogenesis pathway and EET. F, G qPCR analysis of genes in the PI3K/AKT signaling pathway and EET-related genes, n= 3. H–J
Western blot analysis of indicated proteins (H) and their quantifications for HCT116 (I) and HT-29 (J) cells treated with 300 ng/mL rhFSTL3 at
different time points. K–M Western blot analysis (K) of indicated proteins and their quantifications for HCT116 (L) and HT-29 (M) cells treated
with or without rhFSTL3 and/or the AKT inhibitor MK-2206. N Representative images from a scratch assay demonstrating that MK-2206
effectively inhibited the enhanced migration of HCT116 and HT-29 cells induced by rhFSTL3, Scale bar =100 μm, n= 3. O Representative
images of tube-like structure formation in HCT116 and HT-29 cells under different treatments, Scale bar =100 μm. P Quantification of
migration ability and tube formation of HCT116 cells under different treatments, n= 3; All statistics are expressed as mean ± SD.*p < 0.05,
**p < 0.01, ***p < 0.001, and ns, no significance. Pearson correlation analysis was applied for the relationship between two indicators in (D) and
(E). Statistical significance was calculated by two-tailed t test in (F) and (G), and one-way ANOVA with the Tukey post hoc test in (I), (J), (L), (M)
and (P).
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Fig. 5 FSTL3 directly binds to TfR1 on colon cancer cells to promote VM and migration by inducing VE-Cadherin expression. A Silver
staining of FSTL3-binding proteins following CO-IP. B Venn diagram showing the overlap between FSTL3-pulled down proteins, membrane
proteins, and proteins associated with the HIF-1 signaling pathway. C The LC-MS/MS images of TfR1. D CO-IP followed by western blot
analyses demonstrating the interaction between FSTL3 and TfR1. E Colocalization of FSTL3 and TfR1 by IF staining in HCT116 cells treated with
300 ng/mL exogenous rhFSTL3. The histogram below illustrated the change in fluorescent intensity along the line drawn in the merged
images; Scale bar =10 μm. F Representative images of tube formation, cell migration, and cell invasion in vitro; Scale bar =100 μm, n= 3.
G, H Quantification of tube formation (G) and migration or invasion ability of HCT116 cells (H), n= 3. I, J Western blot images (I) and
quantification (J) illustrating protein expression levels in the TfR1/AKT/mTOR pathways following TfR1 knockout in HCT116 cells. All statistics
are expressed as mean ± SD. *p < 0.05; **p < 0.01; ***p < 0.001; and ns, no significance. Statistical significance was calculated by one-way
ANOVA with the Tukey post hoc test.
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TfR1 axis, we propose a novel therapeutic strategy that may
overcome the limitations of current anti-angiogenic and
stromal-targeted therapies. The ability to simultaneously
inhibit VM, angiogenesis, and CAF-mediated tumor support
represents a promising advance in colon cancer treatment.

Future clinical trials validating FSTL3-targeted therapies could
pave the way for more effective combination treatments,
ultimately improving patient outcomes and establishing
FSTL3 as a cornerstone in the development of anti-tumor
strategies.

L. Ying et al.

15

Cell Death and Disease          (2025) 16:706 



DATA AVAILABILITY
The RNA-seq data have been uploaded to the GEO database at accession number
GSE253699. The raw scRNA-seq data reported in this paper have been deposited in
the Genome Sequence Archive (Genomics, Proteomics & Bioinformatics 2021) in
National Genomics Data Center (Nucleic Acids Res 2022), China National Center for
Bioinformation / Beijing Institute of Genomics, Chinese Academy of Sciences (GSA-
Human: HRA009387) that are publicly accessible at https://ngdc.cncb.ac.cn/gsa-
human [93, 94]. The datasets generated during the current study were available in
TCGA and GEO databases, including TCGA-COAD, GSE39582, GSE17536, GSE166555,
and GSE240789 cohorts. All other raw data are available upon request from the
corresponding author.

REFERENCES
1. Siegel RL, Giaquinto AN, Jemal A. Cancer statistics, 2024. CA Cancer J Clin.

2024;74:12–49.
2. Kabbinavar FF, Schulz J, McCleod M, Patel T, Hamm JT, Hecht JR, et al. Addition of

bevacizumab to bolus fluorouracil and leucovorin in first-line metastatic colorectal
cancer: results of a randomized phase II trial. J Clin Oncol. 2005;23:3697–705.

3. Saltz LB, Clarke S, Díaz-Rubio E, Scheithauer W, Figer A, Wong R, et al. Bev-
acizumab in combination with oxaliplatin-based chemotherapy as first-line
therapy in metastatic colorectal cancer: a randomized phase III study. J Clin
Oncol. 2008;26:2013–9.

4. Tournigand C, Chibaudel B, Samson B, Scheithauer W, Vernerey D, Mésange P,
et al. Bevacizumab with or without erlotinib as maintenance therapy in patients
with metastatic colorectal cancer (GERCOR DREAM; OPTIMOX3): a randomised,
open-label, phase 3 trial. Lancet Oncol. 2015;16:1493–505.

5. Tebbutt NC, Wilson K, Gebski VJ, Cummins MM, Zannino D, van Hazel GA, et al.
Capecitabine, bevacizumab, and mitomycin in first-line treatment of metastatic
colorectal cancer: results of the Australasian Gastrointestinal Trials Group Ran-
domized Phase III MAX Study. J Clin Oncol. 2010;28:3191–8.

6. Wang F, Dai G, Deng Y, Tang Y, Wang W, Niu Z, et al. Efficacy and safety of
chemotherapy combined with bevacizumab in Chinese patients with metastatic
colorectal cancer: a prospective, multicenter, observational, non-interventional
phase IV trial. Chin J Cancer Res. 2021;33:490–9.

7. Luo Q, Wang J, Zhao W, Peng Z, Liu X, Li B, et al. Vasculogenic mimicry in
carcinogenesis and clinical applications. J Hematol Oncol. 2020;13:19.

8. Pan MS, Wang H, Ansari KH, Li XP, Sun W, Fan YZ. Gallbladder cancer-associated
fibroblasts promote vasculogenic mimicry formation and tumor growth in gall-
bladder cancer via upregulating the expression of NOX4, a poor prognosis factor,
through IL-6-JAK-STAT3 signal pathway. J Exp Clin Cancer Res. 2020;39:234.

9. Dudley AC, Griffioen AW. The modes of angiogenesis: an updated perspective.
Angiogenesis. 2023;26:477–80.

10. Sun W, Fan YZ, Zhang WZ, Ge CY. A pilot histomorphology and hemodynamic of
vasculogenic mimicry in gallbladder carcinomas in vivo and in vitro. J Exp Clin
Cancer Res. 2011;30:46.

11. Qiao K, Liu Y, Xu Z, Zhang H, Zhang H, Zhang C, et al. RNA m6A methylation
promotes the formation of vasculogenic mimicry in hepatocellular carcinoma via
Hippo pathway. Angiogenesis. 2021;24:83–96.

12. Wang M, Yang C, Liu X, Zheng J, Xue Y, Ruan X, et al. An upstream open reading
frame regulates vasculogenic mimicry of glioma via ZNRD1-AS1/miR-499a-5p/
ELF1/EMI1 pathway. J Cell Mol Med. 2020;24:6120–36.

13. Maniotis AJ, Folberg R, Hess A, Seftor EA, Gardner LM, Pe’er J, et al. Vascular
channel formation by human melanoma cells in vivo and in vitro: vasculogenic
mimicry. Am J Pathol. 1999;155:739–52.

14. Yang Z, Sun B, Li Y, Zhao X, Zhao X, Gu Q, et al. ZEB2 promotes vasculogenic
mimicry by TGF-β1 induced epithelial-to-mesenchymal transition in hepatocel-
lular carcinoma. Exp Mol Pathol. 2015;98:352–9.

15. Saha D, Mitra D, Alam N, Sen S, Mustafi SM, Majumder PK, et al. Lupeol and
Paclitaxel cooperate in hindering hypoxia induced vasculogenic mimicry via
suppression of HIF-1α-EphA2-Laminin-5γ2 network in human oral cancer. J Cell
Commun Signal. 2023;17:591–608.

16. Sun B, Zhang D, Zhao N, Zhao X. Epithelial-to-endothelial transition and cancer
stem cells: two cornerstones of vasculogenic mimicry in malignant tumors.
Oncotarget. 2017;8:30502–10.

17. Liu TJ, Sun BC, Zhao XL, Zhao XM, Sun T, Gu Q, et al. CD133+ cells with cancer
stem cell characteristics associates with vasculogenic mimicry in triple-negative
breast cancer. Oncogene. 2013;32:544–53.

18. Salinas-Vera, Marchat LA YM, García-Vázquez R, González de la Rosa CH, Casta-
ñeda-Saucedo E, Tito NN, et al. Cooperative multi-targeting of signaling networks
by angiomiR-204 inhibits vasculogenic mimicry in breast cancer cells. Cancer Lett.
2018;432:17–27.

19. Meng J, Chen S, Lei YY, Han JX, Zhong WL, Wang XR, et al. Hsp90β promotes
aggressive vasculogenic mimicry via epithelial-mesenchymal transition in hepa-
tocellular carcinoma. Oncogene. 2019;38:228–43.

20. Li Y, Wu Z, Yuan J, Sun L, Lin L, Huang N, et al. Long non-coding RNA MALAT1
promotes gastric cancer tumorigenicity and metastasis by regulating vasculo-
genic mimicry and angiogenesis. Cancer Lett. 2017;395:31–44.

21. Zhao B, Wu M, Hu Z, Ma Y, Qi W, Zhang Y, et al. Thrombin is a therapeutic target
for non-small-cell lung cancer to inhibit vasculogenic mimicry formation. Signal
Transduct Target Ther. 2020;5:117.

22. Williamson SC, Metcalf RL, Trapani F, Mohan S, Antonello J, Abbott B, et al.
Vasculogenic mimicry in small cell lung cancer. Nat Commun. 2016;7:13322.

23. Baeten CI, Hillen F, Pauwels P, de Bruine AP, Baeten CG. Prognostic role of
vasculogenic mimicry in colorectal cancer. Dis Colon Rectum. 2009;52:2028–35.

24. Cao Z, Bao M, Miele L, Sarkar FH, Wang Z, Zhou Q. Tumour vasculogenic mimicry
is associated with poor prognosis of human cancer patients: a systemic review
and meta-analysis. Eur J Cancer. 2013;49:3914–23.

25. Qi L, Song W, Liu Z, Zhao X, Cao W, Sun B. Wnt3a promotes the vasculogenic
mimicry formation of colon cancer via Wnt/β-Catenin signaling. Int J Mol Sci.
2015;16:18564–79.

26. Zhang H, Yue X, Chen Z, Liu C, Wu W, Zhang N, et al. Define cancer-associated
fibroblasts (CAFs) in the tumor microenvironment: new opportunities in cancer
immunotherapy and advances in clinical trials. Mol Cancer. 2023;22:159.

27. Chu X, Li X, Zhang Y, Dang G, Miao Y, Xu W, et al. Integrative single-cell analysis of
human colorectal cancer reveals patient stratification with distinct immune
evasion mechanisms. Nat Cancer. 2024;5:1409–26.

28. Kobayashi H, Gieniec KA, Lannagan TRM, Wang T, Asai N, Mizutani Y, et al. The
origin and contribution of cancer-associated fibroblasts in colorectal carcino-
genesis. Gastroenterology. 2022;162:890–906.

29. Zhang X, Zhang M, Sun H, Wang X, Wang X, Sheng W, et al. The role of tran-
scription factors in the crosstalk between cancer-associated fibroblasts and
tumor cells. J Adv Res. 2025;67:121–32.

30. Melchionna R, Trono P, Di Carlo A, Di Modugno F, Nisticò P. Transcription factors
in fibroblast plasticity and CAF heterogeneity. J Exp Clin Cancer Res. 2023;42:347.

31. Chen Y, Liang Z, Lai M. Targeting the devil: Strategies against cancer-associated
fibroblasts in colorectal cancer. Transl Res. 2024;270:81–93.

32. Deng L, Jiang N, Zeng J, Wang Y, Cui H. The versatile roles of cancer-associated
fibroblasts in colorectal cancer and therapeutic implications. Front Cell Dev Biol.
2021;9:733270.

33. Abudukelimu S, de Miranda N, Hawinkels L. Fibroblasts in orchestrating colorectal
tumorigenesis and progression. Cell Mol Gastroenterol Hepatol. 2024;17:821–26.

34. Kochetkova M, Samuel MS. Differentiation of the tumor microenvironment: are
CAFs the Organizer?. Trends Cell Biol. 2022;32:285–94.

35. Tsai YM, Wu KL, Liu YW, Chang WA, Huang YC, Chang CY, et al. Cooperation
between cancer and fibroblasts in vascular mimicry and N2-type neutrophil

Fig. 6 FSTL3 targeting in combination with Bevacizumab improves colon cancer prognosis. A Schematic illustration of the establishment
of the in vivo tumor model, created by BioRender.com. B Bioluminescent IVIS in vivo imaging and quantitative results, n= 6. C Survival curve
of mice with different treatment, n= 6. D Images of excised xenograft tumors at study endpoint, n= 6. E Tumor growth curve of different
groups, n= 6. F The ratio of tumor weight to mice weight, n= 6. G Percentage of apoptotic cells detected by TUNEL assay, n= 6. H IHC
intensity of Ki67, n= 6. I, J Quantification of VM numbers (I) blood vessels (J) in three random fields for each sample in different groups,
n= 6 samples/group (n= 6); K The relationship between the number of VM tubes and the intensity of FSLT3 or VE-Cadherin as detected by
IHC. L IVIS in vivo imaging and the signal intensity quantitative results at study endpoint for the cecal orthotopic transplant tumor model of
the HCT116 cell mixture with PCAF, n= 5. M Tumor growth curve of different group measured via IVIS in vivo imaging, n = 5mice/group.
N Images of excised tumors in the intestine at study endpoint, n= 5/group. O Representative images of the liver at the study endpoint,
including H&E staining showing liver metastases, Scale bar = 100 μm. P Quantification for number of tumors per mouse, abdominal
metastases, and liver metastases, n= 5/group. Q Mice weight changes in each group during treatment, n= 5. R Representative images of the
FAP and Masson’s staining in each group during treatment, n= 5, Scale bar =100 μm; S Quantification of the number of FAP positive cells and
relative collagen content in three random fields for each sample in different groups, n= 5. All statistics are expressed as mean ± SD. *p < 0.05;
**p < 0.01; ***p < 0.001; and ns, no significance. Statistical significance was calculated by one-way ANOVA with the Tukey post hoc test.

L. Ying et al.

16

Cell Death and Disease          (2025) 16:706 

https://ngdc.cncb.ac.cn/gsa-human
https://ngdc.cncb.ac.cn/gsa-human


recruitment via Notch2-Jagged1 interaction in lung cancer. Front Oncol.
2021;11:696931.

36. She Q, Hu S, Pu X, Guo Q, Mou C, Yang C. The effect of hepatocellular carcinoma-
associated fibroblasts on hepatoma vasculogenic mimicry. Am J Cancer Res.
2020;10:4198–210.

37. Li X, Xue Y, Liu X, Zheng J, Shen S, Yang C, et al. ZRANB2/SNHG20/FOXK1 axis
regulates vasculogenic mimicry formation in glioma. J Exp Clin Cancer Res.
2019;38:68.

38. De Palma M, Biziato D, Petrova TV. Microenvironmental regulation of tumour
angiogenesis. Nat Rev Cancer. 2017;17:457–74.

39. Liu YJ, Li JP, Zhang Y, Nie MJ, Zhang YH, Liu SL, et al. FSTL3 is a prognostic
biomarker in gastric cancer and is correlated with M2 macrophage infiltration.
Onco Targets Ther. 2021;14:4099–117.

40. Dai ZT, Xiang Y, Zhang XY, Zong QB, Wu QF, Huang Y, et al. Regulation of
follistatin-like 3 expression by miR-486-5p modulates gastric cancer cell pro-
liferation, migration and tumor progression. Aging. 2021;13:20302–18.

41. Razanajaona D, Joguet S, Ay AS, Treilleux I, Goddard-Léon S, Bartholin L, et al.
Silencing of FLRG, an antagonist of activin, inhibits human breast tumor cell
growth. Cancer Res. 2007;67:7223–9.

42. de Winter JP, ten Dijke P, de Vries CJ, van Achterberg TA, Sugino H, de Waele P,
et al. Follistatins neutralize activin bioactivity by inhibition of activin binding to its
type II receptors. Mol Cell Endocrinol. 1996;116:105–14.

43. Li CH, Fang CY, Chan MH, Chen CL, Chang YC, Hsiao M. The cytoplasmic
expression of FSTL3 correlates with colorectal cancer progression, metastasis
status and prognosis. J Cell Mol Med. 2023;27:672–86.

44. Yang C, Cao F, Huang S, Zheng Y. Follistatin-Like 3 correlates with lymph node
metastasis and serves as a biomarker of extracellular matrix remodeling in col-
orectal cancer. Front Immunol. 2021;12:717505.

45. He XL, Xiong HB, Hou NY, Luo RJ, Yu S, Hu XM, et al. Expression level of FLRG in
colon cancer tissue and its clinical significance. Sichuan Da Xue Xue Bao Yi Xue
Ban. 2020;51:361–4.

46. Leek JT, Johnson WE, Parker HS, Jaffe AE, Storey JD. The sva package for
removing batch effects and other unwanted variation in high-throughput
experiments. Bioinformatics. 2012;28:882–3.

47. Chen Y, Wang D, Li Y, Qi L, Si W, Bo Y, et al. Spatiotemporal single-cell analysis
decodes cellular dynamics underlying different responses to immunotherapy in
colorectal cancer. Cancer Cell. 2024;42:1268–85.e7.

48. Qin P, Chen H, Wang Y, Huang L, Huang K, Xiao G, et al. Cancer-associated
fibroblasts undergoing neoadjuvant chemotherapy suppress rectal cancer
revealed by single-cell and spatial transcriptomics. Cell Rep. Med. 2023;4:101231.

49. Stuart T, Butler A, Hoffman P, Hafemeister C, Papalexi E, Mauck WM 3rd, et al.
Comprehensive integration of single-cell data. Cell. 2019;177:1888–902.e21.

50. Aran D, Looney AP, Liu L, Wu E, Fong V, Hsu A, et al. Reference-based analysis of
lung single-cell sequencing reveals a transitional profibrotic macrophage. Nat
Immunol. 2019;20:163–72.

51. Gao R, Bai S, Henderson YC, Lin Y, Schalck A, Yan Y, et al. Delineating copy
number and clonal substructure in human tumors from single-cell tran-
scriptomes. Nat Biotechnol. 2021;39:599–608.

52. Cords L, Tietscher S, Anzeneder T, Langwieder C, Rees M, de Souza N, et al.
Cancer-associated fibroblast classification in single-cell and spatial proteomics
data. Nat Commun. 2023;14:4294.

53. Ghandi M, Huang FW, Jané-Valbuena J, Kryukov GV, Lo CC, McDonald ER, et al.
Next-generation characterization of the Cancer Cell Line Encyclopedia. Nature.
2019;569:503–8.

54. Liberzon A, Subramanian A, Pinchback R, Thorvaldsdóttir H, Tamayo P, Mesirov
JP. Molecular signatures database (MSigDB) 3.0. Bioinformatics. 2011;27:1739–40.

55. Qiao L, Liang N, Zhang J, Xie J, Liu F, Xu D, et al. Advanced research on vascu-
logenic mimicry in cancer. J Cell Mol Med. 2015;19:315–26.

56. Racle J, de Jonge K, Baumgaertner P, Speiser DE, Gfeller D. Simultaneous enu-
meration of cancer and immune cell types from bulk tumor gene expression
data. ELife. 2017;6:e26476.

57. Becht E, Giraldo NA, Lacroix L, Buttard B, Elarouci N, Petitprez F, et al. Estimating
the population abundance of tissue-infiltrating immune and stromal cell popu-
lations using gene expression. Genome Biol. 2016;17:218.

58. Aran D, Hu Z, Butte AJ. xCell: digitally portraying the tissue cellular heterogeneity
landscape. Genome Biol. 2017;18:220.

59. Yoshihara K, Shahmoradgoli M, Martínez E, Vegesna R, Kim H, Torres-Garcia W,
et al. Inferring tumour purity and stromal and immune cell admixture from
expression data. Nat Commun. 2013;4:2612.

60. Fu J, Li K, Zhang W, Wan C, Zhang J, Jiang P, et al. Large-scale public data reuse to
model immunotherapy response and resistance. Genome Med. 2020;12:21.

61. Jiang P, Gu S, Pan D, Fu J, Sahu A, Hu X, et al. Signatures of T cell dysfunction and
exclusion predict cancer immunotherapy response. Nat Med. 2018;24:1550–8.

62. Langfelder P, Horvath S. WGCNA: an R package for weighted correlation network
analysis. BMC Bioinform. 2008;9:559.

63. Pearsall SM, Williamson SC, Humphrey S, Hughes E, Morgan D, García Marqués FJ,
et al. Lineage plasticity in SCLC generates non-neuroendocrine cells primed for
vasculogenic mimicry. J Thorac Oncol. 2023;18:1362–85.

64. Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA, et al.
Gene set enrichment analysis: a knowledge-based approach for interpreting
genome-wide expression profiles. Proc Natl Acad Sci USA. 2005;102:15545–50.

65. Yu G, Wang LG, Han Y, He QY. clusterProfiler: an R package for comparing bio-
logical themes among gene clusters. OMICS. 2012;16:284–7.

66. Jin S, Guerrero-Juarez CF, Zhang L, Chang I, Ramos R, Kuan CH, et al. Inference and
analysis of cell-cell communication using CellChat. Nat Commun. 2021;12:1088.

67. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time
quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods. 2001;25:402–8.

68. Lomize AL, Schnitzer KA, Todd SC, Cherepanov S, Outeiral C, Deane CM, et al.
Membranome 3.0: Database of single-pass membrane proteins with AlphaFold
models. Protein Sci. 2022;31:e4318.

69. Lomize AL, Lomize MA, Krolicki SR, Pogozheva ID. Membranome: a database for
proteome-wide analysis of single-pass membrane proteins. Nucleic Acids Res.
2017;45:D250–5.

70. Wang HF, Wang SS, Zheng M, Dai LL, Wang K, Gao XL, et al. Hypoxia promotes
vasculogenic mimicry formation by vascular endothelial growth factor A med-
iating epithelial-mesenchymal transition in salivary adenoid cystic carcinoma. Cell
Prolif. 2019;52:e12600.

71. Ying L, Hu Z, Lu Y, Tao Q, Xiong F, Shu Y, et al. An oncogene regulating chromatin
favors response to immunotherapy: Oncogene CHAF1A and immunotherapy
outcomes. Oncoimmunology. 2024;13:2303195.

72. Li JC, Yang XR, Sun HX, Xu Y, Zhou J, Qiu SJ, et al. Up-regulation of Krüppel-like
factor 8 promotes tumor invasion and indicates poor prognosis for hepatocellular
carcinoma. Gastroenterology. 2010;139:2146–57.e12.

73. Ianevski A, Giri AK, Aittokallio T. SynergyFinder 3.0: an interactive analysis and
consensus interpretation of multi-drug synergies across multiple samples.
Nucleic Acids Res. 2022;50:W739–43.

74. Tian S, Xu X, Yang X, Fan L, Jiao Y, Zheng M, et al. Roles of follistatin-like protein 3
in human non-tumor pathophysiologies and cancers. Front Cell Dev Biol.
2022;10:953551.

75. Gao L, Chen X, Wang Y, Zhang J. Up-regulation of FSTL3, regulated by lncRNA
DSCAM-AS1/miR-122-5p axis, promotes proliferation and migration of non-small
cell lung cancer cells. Onco Targets Ther. 2020;13:2725–38.

76. Li H, Zheng N, Guo A, Tang W, Li M, Cao Y, et al. FSTL3 promotes tumor immune
evasion and attenuates response to anti-PD1 therapy by stabilizing c-Myc in
colorectal cancer. Cell Death Dis. 2024;15:107.

77. Wei WF, Zhou HL, Chen PY, Huang XL, Huang L, Liang LJ, et al. Cancer-associated
fibroblast-derived PAI-1 promotes lymphatic metastasis via the induction of
EndoMT in lymphatic endothelial cells. J Exp Clin Cancer Res. 2023;42:160.

78. Chen SX, Xu XE, Wang XQ, Cui SJ, Xu LL, Jiang YH, et al. Identification of colonic
fibroblast secretomes reveals secretory factors regulating colon cancer cell pro-
liferation. J Proteom. 2014;110:155–71.

79. Mello AM, Ngodup T, Lee Y, Donahue KL, Li J, Rao A, et al. Hypoxia promotes an
inflammatory phenotype of fibroblasts in pancreatic cancer. Oncogenesis.
2022;11:56.

80. Choi JI, Cho EJ, Yang MJ, Noh HJ, Park SH, Kim S, et al. Hypoxic microenvironment
determines the phenotypic plasticity and spatial distribution of cancer-associated
fibroblasts. Clin Transl Med. 2023;13:e1438.

81. Liu XY, Liu YB, Xu JC, Zhang YF, Ruan YY, Zhao Y, et al. Single-cell transcriptomic
analysis deciphers key transitional signatures associated with oncogenic evolu-
tion in human intramucosal oesophageal squamous cell carcinoma. Clin Transl
Med. 2023;13:e1203.

82. Yu X, Xie L, Ge J, Li H, Zhong S, Liu X. Integrating single-cell RNA-seq and spatial
transcriptomics reveals MDK-NCL dependent immunosuppressive environment
in endometrial carcinoma. Front Immunol. 2023;14:1145300.

83. Candelaria PV, Leoh LS, Penichet ML, Daniels-Wells TR. Antibodies Targeting the
Transferrin Receptor 1 (TfR1) as Direct Anti-cancer Agents. Front Immunol.
2021;12:607692.

84. Shirakihara T, Yamaguchi H, Kondo T, Yashiro M, Sakai R. Transferrin receptor 1
promotes the fibroblast growth factor receptor-mediated oncogenic potential of
diffused-type gastric cancer. Oncogene. 2022;41:2587–96.

85. Brown ML, Lopez A, Meyer N, Richter A, Thompson TB. FSTL3-neutralizing anti-
bodies enhance glucose-responsive insulin secretion in dysfunctional male
mouse and human islets. Endocrinology. 2021;162:bqab019.

86. Wang S, Zhang Z, Qian W, Ji D, Wang Q, Ji B, et al. Angiogenesis and vasculogenic
mimicry are inhibited by 8-Br-cAMP through activation of the cAMP/PKA path-
way in colorectal cancer. Onco Targets Ther. 2018;11:3765–74.

87. Cao Y, Arbiser J, D’Amato RJ, D’Amore PA, Ingber DE, Kerbel R, et al. Forty-year
journey of angiogenesis translational research. Sci Transl Med. 2011;3:114rv3.

88. Liu ZL, Chen HH, Zheng LL, Sun LP, Shi L. Angiogenic signaling pathways and
anti-angiogenic therapy for cancer. Signal Transduct Target Ther. 2023;8:198.

L. Ying et al.

17

Cell Death and Disease          (2025) 16:706 



89. Elez E, Baraibar I. Immunotherapy in colorectal cancer: an unmet need deserving
of change. Lancet Oncol. 2022;23:830–1.

90. Huang M, Lin Y, Wang C, Deng L, Chen M, Assaraf YG, et al. New insights into
antiangiogenic therapy resistance in cancer: Mechanisms and therapeutic
aspects. Drug Resist Updat. 2022;64:100849.

91. Saravanan S, Vimalraj S, Pavani K, Nikarika R, Sumantran VN. Intussusceptive angio-
genesis as a key therapeutic target for cancer therapy. Life Sci. 2020;252:117670.

92. Mancuso MR, Davis R, Norberg SM, O’Brien S, Sennino B, Nakahara T, et al. Rapid
vascular regrowth in tumors after reversal of VEGF inhibition. J Clin Invest.
2006;116:2610–21.

93. Chen T, Chen X, Zhang S, Zhu J, Tang B, Wang A, et al. The genome sequence
archive family: toward explosive data growth and diverse data types. Genomics
Proteom Bioinform. 2021;19:578–83.

94. CNCB-NGDC Members and Partners. Database Resources of the National Geno-
mics Data Center, China National Center for Bioinformation in 2022. Nucleic Acids
Res. 2022;50:D27–38.

ACKNOWLEDGEMENTS
Thanks to the patients who provided clinical data for this public study. We are
grateful to the staff in the Biobank of Zhongda Hospital, Affiliated to Southeast
University for technical assistance. We express our gratitude to the Department of
Oncology at Jiangsu Cancer Hospital for their provision of the cell lines utilized in this
study.

AUTHOR CONTRIBUTIONS
LY conducted cell studies, animal experiments, and data analysis. LY and LZ
performed the construction of orthotopic tumor model. LY, YZ, SQ, and JX wrote the
manuscript. MJ, MW, LD, ZY, YC, JZ, CH, SZ, and XY contributed to the data analysis
and discussed the data. YZ, HY, JX, and LL conceived and designed the experiments.
GH, SQ, JX, and LL supervised the entire project.

FUNDING
This study was supported by the Bethune Charitable Foundation (BCF-XD-ZL-
20221101-055), the National Natural Science Foundation of China (Grant numbers
82372023 and 82172010), the National Natural Science Foundation of China Youth
Fund (Grant number 82403285), and the National Key Research and Development
Program of China (Grant number 2022YFE0116700).

COMPETING INTERESTS
The authors declare no competing interests

ETHICS APPROVAL AND CONSENT TO PARTICIPATE
This study was conducted in compliance with the Declaration of Helsinki. Written
informed consent was obtained from all participants, and the study protocol was
approved by the Clinical Research Ethics Committee of Zhongda Hospital, Affiliated
to Southeast University (#2022ZDSYLL273-P01; April 1, 2022). All animal experimental
procedures were approved by the Institutional Animal Care and Use Committee of
Southeast University (#20240103004; January 3, 2024).

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41419-025-08009-w.

Correspondence and requests for materials should be addressed to Guichun Huang,
Shukui Qin, Jinbing Xie or Lin Liu.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

L. Ying et al.

18

Cell Death and Disease          (2025) 16:706 

https://doi.org/10.1038/s41419-025-08009-w
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Cancer-associated fibroblasts expressing FSTL3 promote vasculogenic mimicry formation and drive colon cancer malignancy
	Introduction
	Materials and methods
	Clinical samples and data collection
	Tissue dissociation and single-cell RNA sequencing (scRNA-seq)
	AUCell scores of hallmark gene sets
	Estimation of fibroblast infiltration
	Weighted Gene Co-expression Network Analysis (WGCNA)
	Differential expression genes between VM and non-VM groups
	Functional enrichment and gene set enrichment analysis
	Cellchat analysis
	Cell lines and cell culture
	Primary fibroblast isolation and culture
	In vitro hypoxia model
	CM collection
	Enzyme-linked immunosorbent assay (ELISA)
	RNA extraction and RT-quantitative PCR (RT-qPCR)
	Protein extraction and Western blotting
	RNA quality control, library preparation, and sequencing
	RNA-seq data analysis of HCT116 cells
	Coimmunoprecipitation (Co-IP) and Silver Staining
	Mass spectrometric analyses
	Cell transfection
	RNA interference
	Generation of stable cell lines
	Wound-healing and invasion assays
	VM detection in tumor tissue specimens
	Vascular-like structure formation
	Immunohistochemistry (IHC) staining
	Masson&#x02019;s staining
	Immunofluorescence (IF) staining
	In vivo anti-tumor efficacy in subcutaneous and in situ tumors
	The highest single agent (HAS) synergistic scores
	aFSTL3 synthesis and purification
	Statistical analysis

	Results
	FSTL3 as a prognostic factor in CCAFs links to VM formation in colon cancer
	CCAFs promote VM formation and metastasis via upregulating FSTL3
	Hypoxia-induced FSTL3 expression and ECM remodeling promote EET transformation in colon cancer cells
	FSTL3 induces VM formation via activating AKT/mTOR/VE-Cadherin pathway
	FSTL3 binds to TfR1 on colon cancer cells to promote VM and metastasis
	FSTL3 targeting combined with Bevacizumab improves prognosis

	Discussion
	Conclusions
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Ethics approval and consent to participate
	ADDITIONAL INFORMATION




