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Cancer-Associated Fibroblasts Expressing Sulfatase 1
Facilitate VEGFA-Dependent Microenvironmental
Remodeling to Support Colorectal Cancer

Huijuan Wang"?3, Jiaxin Chen"?3, Xiaoyu Chen"?3, Yinggiang Liu"?3, Jiawei Wang"?3, Qing Meng"?3,
Huogang Wang"?3, Ying He?, Yujia Song®, Jingyun Li"?3, Zhenyu Ju®, Peng Xiao’, Junbin Qian®®,

and Zhangfa Song"?*

Check for

ABSTRAC

Tumor stroma plays a critical role in fostering tumor progression
and metastasis. Cancer-associated fibroblasts (CAF) are a
major component of the tumor stroma. Identifying the key
molecular determinants for the protumor properties of CAFs
could enable the development of more effective treatment
strategies. In this study, through analyses of single-cell se-
quencing data, we identified a population of CAFs expressing
high levels of sulfatase 1 (SULFI), which was associated with
poor prognosis in patients with colorectal cancer. Colorectal
cancer models using mice with conditional SULF1 knockout
in fibroblasts revealed the tumor-supportive function of
SULF1" CAFs. Mechanistically, SULF1" CAFs enhanced the
release of VEGFA from heparan sulfate proteoglycan. The
increased bioavailability of VEGFA initiated the deposition of
extracellular matrix and enhanced angiogenesis. In addition,
intestinal microbiota-produced butyrate suppressed SULF1
expression in CAFs through its histone deacetylase (HDAC)
inhibitory activity. The insufficient butyrate production in
patients with colorectal cancer increased the abundance of
SULF1* CAFs, thereby promoting tumor progression. Im-
portantly, tumor growth inhibition by HDAC was dependent
on SULF1 expression in CAFs, and patients with colorectal
cancer with more SULF1" CAFs were more responsive to
treatment with the HDAC inhibitor chidamide. Collectively,
these findings unveil the critical role of SULF1* CAFs in

Introduction

Colorectal cancer has the third highest incidence and mortality rates
among malignant tumors in the world (1, 2). The majority patients with
colorectal cancer have distant metastasis at the time of diagnosis and
miss the opportunity for radical surgery; in addition, their 5-year sur-
vival rate remains considerably low (3, 4). Identification of new
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colorectal cancer and provide a strategy to stratify patients
with colorectal cancer for HDAC inhibitor treatment.

Significance: SULF1" cancer-associated fibroblasts play a tumor-
promoting role in colorectal cancer by stimulating extracellular
matrix deposition and angiogenesis and can serve as a biomarker for
the therapeutic response to HDAC inhibitors in patients.
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molecular mechanisms that affect the progression and prognosis of
colorectal cancer and exploring new targets for colorectal cancer
treatment have always been the focus of research in the field of on-
cology (4, 5).

Cancer-associated fibroblasts (CAF), the most important cellular
component in the tumor microenvironment (TME), play a critical role
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in the pathogenesis of tumors (6). CAFs affect tumor progression by
regulating the homeostasis of tumor extracellular matrix (ECM),
changing secretion profiles, and regulating metabolism (7-9). Therefore,
it is crucial to examine how CAFs affect tumor progression and the
specific underlying mechanisms involved.

Studies have shown that there is substantial heterogeneity in CAFs.
Some CAFs may have greater oncogenic potential, such as the ability to
induce stronger metastasis or invasion or be more likely to develop drug
resistance (10-12). In contrast, some CAF subsets have also been re-
ported to inhibit tumor progression (13). The main reasons for the
heterogeneity of CAFs include the different origins of CAFs and the
dynamic transformation of individual CAF populations between tumor-
promoting or tumor-suppressing phenotypes owing to the complex
composition of the TME, in addition to the existence of a broad sub-
population of CAFs with different functions (14). Recently, single-cell
sequencing technologies have greatly facilitated the dissection of tumor
heterogeneity. By obtaining dynamic genomic and transcriptomic data
from single cells at a specific stage or site, this technology enables the
comprehensive genetic analysis of tumor tissues and cell subtypes. In
addition, it can be employed to discover abnormally proliferating cell
types in search of new pathogenic mechanisms (15-17).

Sulfatase 1 (SULF1) is a recently discovered member of the sulfatase
family. It is located on cell surface and regulates cell functions by altering
the sulfated state of heparan sulfate proteoglycans (HSPG), a crucial ECM
component (18, 19). HSPGs can bind to a variety of protein ligands,
including growth factors, growth factor receptors, cytokines, chemokines,
and cell-adhesion factors, thereby regulating a variety of physiologic and
pathologic processes (18, 20, 21). It has been reported that SULF1 plays
the role of a tumor suppressor in liver cancer, ovarian cancer, and head
and neck tumors. Tumor cells transfected with SULF1 have a consid-
erable ability to proliferate and metastasize (22-24). In contrast, the
cancer-promoting effects of SULF1 have also been reported. For ex-
ample, high expression of SULF1 can promote the proliferation of liver
cancer cells in vitro, and SULF1 is related to a poor prognosis in patients
with bladder and urothelial cancer (25, 26). However, previous studies
have investigated only the function of SULF1 in tumor cells, its potential
role in regulating tumor stroma remains unclear.

The gut microbiota produces many short-chain fatty acids
(SCFA) through the fermentation of dietary fiber, and the main
SCFAs present at concentrations above 100 mmol/L include pro-
pionate, acetate, and butyrate (27, 28). SCFAs have been shown to
influence the progression of various diseases such as inflammatory
bowel disease, diabetes, atherosclerosis, and colorectal cancer
(29-32). SCFAs can mainly affect the function of tumor cells or
immune cells by binding to G protein-coupled receptors or acting
as histone deacetylase inhibitors (HDACi; refs. 33-35).

Here, for the first time, we identified SULF1 as a key gene driving
the protumor properties of colorectal cancer-associated CAFs. The
detailed mechanisms were further investigated in depth. In addition,
a previously unidentified role of butyrate, a major SCFA in the gut,
was revealed in regulating the SULF1 expression in CAFs.

Materials and Methods

Single-cell transcriptomic analysis

Gene expression matrices from the GSE144735 and GSE132465
datasets were independently clustered using the Seurat package
(v4.1.1). The data analyzed in this study were obtained from Gene
Expression Omnibus at GSE144735 and GSE132465. At the “scale
data” step, we regressed out confounding factors: the number of
features, number of counts, percentage of mitochondrial RNA,
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patient ID and cell cycle (S and G,-M phase scores calculated by the
CellCycleScoring function in Seurat), IFN score, dissociation stress
score, and hypoxia score (calculated by the AddModuleScore
function with respective gene signatures). This step was followed by
routine principal component analysis, graph-based clustering, and
marker gene-based major cell-type annotation. Cell doublets were
estimated using both scrublet (v0.2.3) and Doublet Finder (v2.0.3),
with an expected doublet rate of 0.05 and clustered for 20 principal
components. For fibroblast subtype analysis, fibroblasts annotated
from two datasets were merged and further subclustered after batch
correction using Seurat CCA. The fibroblast-T and fibroblast-
endothelium doublet clusters were excluded for further analysis.
Phenotype annotation was marker gene-based, as previously de-
scribed (36), and downstream differential gene expression analysis
was performed via model-based analysis of single-cell transcriptome
with the FindMarkers function. Genes with a fold change >1.5 and
an adjusted P < 0.001 were considered to be significantly upregu-
lated. The REACTOME gene set enrichment analyses were per-
formed using a hypergeometric test in the hypeR package (v1.9.1),
and gene set overrepresentation was determined with a
hypergeometric test.

Cell lines and cell culture

Human colorectal cancer cell line (SW480, CVCL_0546) was
purchased from the ATCC. The cells in the experiment were all
identified by short tandem repeat DNA profiling analysis and cul-
tured within 20 to 30 generations, and there was no contamination
of Mycoplasma or black gum worms.

Isolation of primary NFs and CAFs: Under sterile conditions,
tumor tissues and corresponding normal intestinal tissues were
collected from patients with colorectal cancer at the Sir Run Run
Shaw Hospital, affiliated with Zhejiang University. Then, the tissues
were minced and digested with collagenase IV (1 mg/mL, Gibco)
and hyaluronidase (0.5 mg/mL, BioFroxx) for 1 hour at 37°C. The
solution was centrifuged at 1,000 rpm for 5 minutes and washed
twice with PBS. The supernatant was discarded, and 4 mL of
DMEM containing 10% FBS (GIBCO) was added for resuspension.
The solution was aspirated and sieved, and the filtrate was added to
a 6 cm Petri dish. After the cells reached confluence, they were
digested with trypsin for 2 minutes, centrifuged, and resuspended in
a 6-cm dish. The medium was changed after 2 hours, and the fi-
broblasts (used within 10 generations) were purified by differential
adhesion. The remaining undigested cells were digested. After ob-
serving only primary colorectal cancer cells under a microscope,
TRIzol was utilized to collect RNA from the primary tumor cells for
subsequent experiments.

Clinical samples

From October 2011 to August 2012, 180 paraffin-embedded
specimens from patients with colorectal cancer confirmed by
pathology who underwent surgical treatment at Sir Run Run
Shaw Hospital were selected to make tissue microarrays (TMA).
Fresh tumor tissue specimens and matched normal colon tissue
specimens were obtained from 8 patients with colorectal cancer.
The collected clinicopathologic data included sex, age, differen-
tiation, the tumor-node-metastasis (TNM) stage, T stage, lymph
node metastasis, distant metastasis, recurrence, and other clini-
copathologic characteristics. The TNM stage of patients with
colorectal cancer was based on the eighth edition of the Amer-
ican Joint Committee on Cancer staging system. Stool samples
and matched tumor samples were collected in our previous study
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(37). Multicolor staining was performed on the postoperative
specimens of 9 patients with colorectal cancer, and the per-
centage of SULF1"aSMA"/aSMA™ cells in the whole film was
measured. According to the percentage of positive
SULF1"aSMA*/aSMA" cells, the first three with the highest
percentage of positive cells were defined as the high-expression
group, the three with the lowest percentage of positive cells
were defined as the low-expression group, and the rest
are the medium expression group. We collected homologous
recombination-positive, HER2-negative locally advanced or
metastatic breast cancer tissues from patients who were treated
with chidamide in combination with exemestane tablets. Each
patient signed a written informed consent. Patients were
reviewed every 3 months, and patients with reduced or stable
metastasis were defined as the response group, whereas patients
with progressive metastasis were defined as the nonresponse
group. The study was conducted in accordance with ethical
guidelines of Declaration of Helsinki. The ethics committees of
Sir Run Run Shaw Hospital, Zhejiang University (20220209-
256, 20220103-56), and the First Affiliated Hospital of Huzhou
University (2021KYLL-Y005) had approved these studies.

FISH

Digoxin-labeled SULFI probes were designed and synthesized by
Servicebio. The sequences used were hSULFI: TCAATGTATGCC-
TTATGGTCCTTCCACCGCTCT and mSulfl: CCCATAACTGTC-
CTCTGCGGGTCAGAG. The probe signals were determined using
a FISH kit (RiboBio). The images were acquired under a fluores-
cence microscope (Nikon), and the fluorescence intensity was an-
alyzed using Image].

Immunofluorescence

Cell slides or tissue sections (after tissue dewaxing and antigen
repair) were prepared. The cell membrane was broken with 0.5%
Triton X 100 and blocked with 5% BSA, and the primary anti-
body was incubated at 4°C overnight. The antibodies included
FSP1 (Proteintech, cat. #66489-1-Ig, RRID:AB_2881854), SULF1
(ATLAS, HPA054728), and CD31 (Proteintech, cat. #28083-1-AP,
RRID:AB_2881055), and the second antibody was incubated. The slices
were sealed using a DAPI sealing agent. Images were acquired by
fluorescence microscopy (Nikon), and the fluorescence intensity was
analyzed using Image].

IHC staining

Paraffin sections were stained according to standard IHC staining
methods. The primary antibodies used were SULF1 (ATLAS,
HPAO054728), Ki67 (Proteintech, cat. #27309-1-AP, RRID: AB_2756525),
N-cadherin (Cell Signaling Technology, cat. #13116 (also 13116T and
13116S), RRID:AB_2687616), E-cadherin (Cell Signaling Technol-
ogy, cat. #3195, RRID:AB_2291471), and CTHRC1 (Proteintech,
16534-1-AP). The IHC score adopts a 13-point method: 0 to 4
points to determine the percentage of stained positive cells; 0 points,
no positive cells; 1 point, percentage of positive cells <10%; 2 points,
percentage of positive cells 10% to 50%, 3 points, percentage of
positive cells 50% to 80%; and 4 points, percentage of positive
cells >80%. A score of 0 to 3 was used to evaluate the staining
intensity, a score of 0 to 1 was considered negative, and a score of 2
to 3 was judged as positive. The final score is the product of the
staining ratio and the staining intensity.
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Commercial antibody microarray

Antibody microarray was Human Cytokine Antibody Array
Q640 (catalog #GSH-CAA-64) purchased from RayBiotech. Anti-
body array provides a broader view of protein activity compared
with single-target ELISA and Western blot. The array slides were
treated and processed according to the manufacturer’s instructions.
The signals can be visualized using RayBio RPAS Microarray
Scanner. Under the same conditions, the experiment was repeated
four times for two groups of samples.

RNA extraction and quantitative RT-PCR

TRIzol reagent (Invitrogen) was used to extract total RNA from
tissues and cell lines, and reverse transcription reagents (TaKaRa)
were used to reverse-transcribe the total RNA into cDNA. Specific
primers were used to detect the mRNA level of the target gene based
on the abovementioned cDNA as the template. The primer se-
quences are listed in Supplementary Table S1.

Cell contraction assay

A total of 5 x 10* CAFs were mixed in 1 mg/mL type I rat tail
collagen and added to a 24-well plate. After the gel solidified,
DMEM containing 10% FBS was added to the gel, the gel con-
traction was monitored daily, and pictures were taken. Gel con-
traction values were calculated using Image] after 3 days.

Masson’s trichrome staining

Tissue sections were cut to 4 pm and stained with a modified
Masson trichrome solution (Solarbio). Briefly, sections were
deparaffinized with xylene, rehydrated with graded ethanol, mor-
dant overnight, lapis lazuli blue and Mayer hematoxylin staining,
acid ethanol differentiation, Ponceau red fuchsin staining, aniline
blue staining after phosphomolybdic acid solution treatment, and
dehydration and mounting after weak acid neutralization.

RNA sequencing analysis

Surgical specimens from three cases of early colorectal cancer and
three cases of colorectal cancer with distant metastasis were col-
lected. Normal intestinal fibroblasts and tumor-associated fibro-
blasts were cultured in primary culture. RNA was collected using
TRIzol, and transcriptome sequencing was performed at Meggie
Bio-Company. To identify differentially expressed genes (DEG)
between two different groups (Supplementary Materials S1), the
expression level of each gene was calculated according to the tran-
scripts per million reads method. RSEM (http://deweylab.biostat.
wisc.edu/rsem/) was used to quantify gene abundances. Essentially,
differential expression analysis was performed using DESeq2 with |
log, (fold change)| > 1.2 and P-adjust <0.001 were considered to be
substantially different expressed genes. In addition, functional en-
richment analysis including Gene Ontology (GO, http://www.
geneontology.org) and Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG; http://www.genome.jp/kegg/) analyses, were per-
formed to identify DEGs that were significantly enriched in GO
terms and metabolic pathways at P adjust <0.05, compared with the
whole-transcriptome background. We performed RNA sequencing
(RNA-seq) using the control or SULF1¥P CAFs through this
method. The DEGs are shown in Supplementary Materials S2.

Multicolor staining

OPAL Assay Kits purchased from Akoya Biosciences were used
for multicolor staining. We conducted the experiment according to
OPAL multiplexing method. OPAL is based on tyramide signal
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amplification. Tissue sections were stained with antibodies against,
and the fluorescence signals were generated using the following
fluorophores: OPAL 690/520/570/620/480 (Akoya Biosciences).
Multiplex-stained slides were imaged using the PhenoImager Fusion
Automated Quantitative Pathology Imaging System (Akoya Bio-
sciences). For quantitative analysis, QuPath software was applied to
quantify the cell density of nucleus area per cell, expression per cell
and area per cell. For spatial analysis, the numbers of CD31" cells
were quantified according to the distance gradients (0-25, 25-50,
50-100, 100-150, and 100-150 pm) from SULF1'aSMA * cells
using QuPath software.

Protein extraction and Western blot analysis

Proteins from fresh tissues and cell lines were treated with RIPA
buffer containing protease and phosphorylase inhibitors. The pro-
tein concentration was determined by the BCA method, and pro-
teins were separated by 8% to 12% SDS-PAGE and transferred to
polyvinyl difluoride membranes. The membranes were incubated
overnight at 4°C, with the corresponding primary antibodies in-
cluding SULF1 (Atlas Antibodies, cat. #HPA054728, RRID:
AB_2682586), GAPDH (Cell Signaling Technology, cat. #5174,
RRID:AB_10622025), VEGFA (Proteintech, cat. #19003-1-AP,
RRID:AB_2212657), VEGFR2 (Abcam, cat. #ab134191, RRID:
AB_2934135), P-PI3K (Cell Signaling Technology, cat. #4228,
RRID:AB_659940), AKT (Cell Signaling Technology, cat. #4691,
RRID:AB_915783), P-AKT308 (Cell Signaling Technology, cat.
#13038, RRID:AB_2629447), P-AKT473 (Cell Signaling Technology,
cat. #4060, RRID:AB_2315049), CREB1 (Proteintech, cat. #12208-1-
AP, RRID:AB_2245417), P-CREB1 (Proteintech, cat. #28792-1-AP,
RRID:AB_2918203), and CTHRCI1 (Proteintech, cat. #16534-1-AP,
RRID:AB_2087511).

Coimmunoprecipitation

The cells were collected in 10-cm plates, and 1 mL of IP Lysis
(Thermo Fisher Scientific, 1861603) containing protease inhibitor
and phosphorylase inhibitor was added. The plates were incubated
with an antibody at 4°C overnight, magnetic beads were added the
next day, the plates were incubated for 4 hours, the mixture was
centrifuged and washed, 5x protein loading was added, the eluate
product was finally heated, and the level of the target protein was
detected via Western blotting.

Dual-luciferase reporter assay

The CREB1-pcDNA3.1 plasmid, CTHRCI promoter region-
PGL3 plasmid, and Renilla luciferase plasmid were constructed. The
plasmids of different groups were transferred into 293T cells
(CVCL_0063). After 24 hours, the fluorescence intensities of firefly
luciferase and Renilla luciferase were detected using a dual-
luciferase reporter test kit (Yeasen, 11402ES60). The ratio of fire-
fly luciferase intensity to Renilla luciferase intensity was used to
display the activation of the CTHRC1 promoter region.

Chromatin immunoprecipitation

Cells were collected in 15-cm plates, and a chromatin immuno-
precipitation kit (Millipore, 17-295) was used for cross-linking and
splitting according to the manufacturer’s protocol. The antibodies
were added, the protein—DNA complex was eluted, the DNA was
purified, primers were used to amplify the product, and electro-
phoresis was conducted on an agar gel.
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High-throughput 16S ribosomal RNA gene sequencing

The genomic DNA from the stool of 17 patients with colorectal
cancer was extracted using TGuide S96 Magnetic Stool DNA Kit
(TTANGEN Biotech) according to the manufacturer’s instructions.
The V1-V9 hypervariable regions of the 16S rRNA gene were
amplified using primers (27F: AGRGTTTGATYNTGGCTCAG;
1492R: TASGGHTACCTTGTTASGACTT). The amplicons were
quantified, after which, the normalized equimolar concentrations of
amplicons were pooled and sequenced on the PacBio Sequel II
platform (Beijing Biomarker Technologies).

Tube formation assay

The wells of a 24-well plate were coated with 300 uL/well Matrigel
(BD Biosciences). Human umbilical vein endothelial cells (HUVEC;
CVCL_2959; 2 x 10°/well) were then added to the precoated wells
in 500 pL of CAF-CM and cultured for 8 to 12 hours. The plates
were observed and photographed using an inverted microscope, and
Image] software was used to enumerate the complete tubular
structures.

Animal studies

Fibroblasts and mCherry fluorescence-transfected SW480 cells
were used for tumorigenesis in nude mice (subcutaneous trans-
plantation for 21 days, lung and liver metastasis models of colorectal
cancer for 21-30 days) at a 1:5 ratio, 2 X 10° SW480 and 4 x 10°
fibroblasts for subcutaneous transplantation, 10° SW480 and 2 x
10° fibroblasts for lung and liver metastasis models. Four-week-old
female nude mice were selected to observe the tumor size and an-
imal model indicators, hematoxylin and eosin (H&E) staining, and
THC staining. At the same time, we constructed the models of luci-
transfected SW480 and mCherry-transfected fibroblasts coinjected
into nude mice for subcutaneous, lung metastasis and liver metas-
tasis, and the presence of fibroblasts during model construction was
demonstrated by in vivo imaging and immunofluorescence (IF)
staining of tissues. Purchase SulfI"**mice (Cyagen) were mated
with Colla2-CreER mice to produce Colla2-CreER; Sulft"*°* is a
fibroblast-specific Sulfl knockout mouse (Sulf1* KO), and Colla2-
CreER; Sulfl*’* is the control group (Sulfl® WT). After induction
with tamoxifen, we performed 10° transfected MC38 (CVCL_B288)
cells in two groups of mice subcutaneous, subserosal cecum (38), or
tail vein. Twenty-one days later, 150 mg/kg D-fluorescein (Yeasen)
was injected intraperitoneally. Ten minutes later, the mice were
anesthetized with isoflurane, and the tumor cells labeled with light
were imaged using IVIS (PerkinElmer). The tumor size and animal
model indicators were observed, and H&E staining and IHC
staining were performed. The study was approved by the Ethics
Committee of the Sir Run Run Shaw Hospital, Zhejiang University
(SRRSH202202309).

Statistical analysis

The data are expressed as the mean + SD. Group comparisons
were performed using paired or unpaired two-tailed Student ¢ tests
and one-way ANOVA followed by Bonferroni correction. X tests or
one-way ANOVA were used to evaluate the associations between
the SULF1 expression and the clinicopathologic features of patients
with colorectal cancer in the TMA. The Kaplan-Meier analysis was
used to evaluate the effect of SULF1 on overall survival (OS) in
patients with colorectal cancer with TAM. The correlation between
SULF1 and various SCFAs in colorectal cancer tissues was deter-
mined by Spearman correlation analysis. The SPSS software and
GraphPad Prism 8 software were used for statistical analysis, and
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the statistical significance was set to *, P < 0.05; **, P < 0.01; and
P < 0.001.

Data availability

The RNA-seq data have been uploaded to the SRA database at
accession number PRJNA1126150 and PRJNA1127019. The data of
16S ribosomal RNA gene sequencing have been uploaded to the
SRA database at accession number PRJNA1126386. The data
analyzed in this study were obtained from Gene Expression
Omnibus at GSE144735 (https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE144735) and GSE132465 (https://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE132465). All other
raw data are available upon request from the corresponding author.

Results

Single-cell sequencing identifies SULF1" CAFs in colorectal cancer
First, we analyzed a total of 51 samples including tumor tissue
(core and border) and paired normal tissue from 29 patients with
colorectal cancer using publicly available single-cell sequencing
datasets (datasets GSE132465 and GSE144735; ref. 39). The major
cell clusters are shown in Supplementary Fig. S1A and S1B. To
further investigate the heterogeneity of fibroblasts, we performed
subclustering analysis and identified a total of 10 fibroblast-related
cell subtypes (Fig. 1A). The marker genes for these subtypes were
identified separately (Fig. 1B and C). Most of these cell subtypes
are consistent with the findings of Lee and colleagues (39) and
Qian and colleagues (36), but this study revealed more CAF
subtype (Fig. 1D). We identified a total of five subtypes (CAF1-
CAF5), which were enriched in the colorectal cancer tissues,
particularly in tumor core, as compared with normal tissues.
Among these subtypes, CAF1, CAF2, and CAF5 were newly
identified subtypes, whereas their numbers were relatively small in
tumors (Fig. 1E). The most abundant CAF subtype is the CAF3
(C5_SULF1), characterized by the high expression of marker genes
such as COMP and SULFI (Fig. 1B and C). Through KEGG and
Reactome enrichment analysis, we found that C5_SULF1 exhibited
notably enhanced ECM, collagen signaling, and TGFp signaling
compared with other CAFs (Fig. 1F and G), suggesting a myofi-
broblastic phenotype in silico. Compared with other fibroblast
subtypes in tumor tissues, the genes highly expressed in
C5_SULF1 were mostly related to the ECM (CTHRCI and BGN)
and collagen components (COLIAI and COL3A1I; Fig. 1H; Sup-
plementary Fig. S1C). In contrast to COMP and TGFp whose
regulatory roles have been extensively studied, the functions of
SULF1 in CAFs are still unclear. Notably, high SULFI expression
was specifically found in fibroblast compartment (Fig. 1I),
whereas tumor cells, immune cells, and endothelial cells expressed
lower levels of SULFI. In addition, SULFI expression in tumor
tissues was dramatically greater than that in adjacent normal tis-
sues (Fig. 1J). Hence, these results suggest that SULF1* CAFs may
play a role in the regulation of colorectal cancer progression.

SULF1" CAFs predict poor prognosis in colorectal cancer

To gain a deeper understanding of the clinical relevance of SULF1
in patients with colorectal cancers, we collected primary normal
fibroblasts (NF) and the matched CAFs from patients with colo-
rectal cancer, qPCR results showed that SULFI expression was
markedly increased in CAFs compared with NFs (Fig. 2A; Sup-
plementary Fig. S2A). In contrast to CAFs, the matched primary
colorectal cancer cells expressed extremely low levels of SULFI
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(Fig. 2B). Four of the 8 patients were randomly selected for the
analysis of SULF1 protein expression by Western blotting, and the
results confirmed that SULF1 expression was higher in CAFs than in
NFs (Supplementary Fig. S2B). Through performing in situ hy-
bridization (ISH), we found that SULFI expression was significantly
higher in the interstitium of colorectal cancer tissues than that in the
adjacent normal tissues (Fig. 2C). FISH assay further showed that
SULFI was colocalized with FSPI, a fibroblast marker gene
(Fig. 2D). The colocalization between SULF1 and FSP1 was further
validated at the protein level through IF staining (Fig. 2E).

To explore the prognostic significance of SULF1, FISH and IF
staining were conducted using TMA containing 180 colorectal
cancer tissues (Fig. 2F). x” analysis showed that high expression of
protein of SULF1 in the interstitium of colorectal cancer was as-
sociated with high TNM staging, T staging, and high likelihood of
metastasis and recurrence (Supplementary Table S2). It was shown
that the TNM stage was correlated positively with the proportion of
high SULF1 expression (Fig. 2G). Multiple regression analysis
revealed that high expression of SULF1 protein was an independent
risk predictor of poor prognosis of colorectal cancer (Supplemen-
tary Table S3). Importantly, the expression of protein of SULF1 was
significantly negatively correlated with the OS of patients with co-
lorectal cancer (Fig. 2H). Consistently, in The Cancer Genome Atlas
(TCGA) datasets, patients with colorectal cancer with high SULFI
expression had a significantly poorer prognosis than those with low
SULFI1 expression (Supplementary Fig. S2C and S2D). We then
conducted RNA-seq of paired NFs and CAFs from 6 patients with
colorectal cancer with or without distant metastasis and found that
SULF1 expression was markedly increased in metastatic CAFs
compared with that in nonmetastatic CAFs (Fig. 2I). Strikingly,
SULFI is the most robustly upregulated gene in CAFs compared
with NFs in patients with metastatic (Supplementary Fig. S2E). The
highest SULF1 expression was observed in the poor-prognosis
stroma-rich molecular subtype of colorectal cancer [consensus
molecular subtype 4 (CMS4); Fig. 2J]. Taken together, these results
indicate that high SULF1 expression in CAFs is associated with poor
patient outcome in colorectal cancer.

SULF1* CAFs facilitate the malignant behaviors of colorectal
cancer

To further investigate the effects of SULF1" CAFs on colorectal
cancer progression, we generated tamoxifen-induced, fibroblast-
specific Sulfl knockout mice (COLIA2-CreER; Sulft™, sulfi*-KO;
Fig. 3A; Supplementary Fig. S3A) and inoculated these mice with
murine MC38 colorectal cancer cells expressing luciferase. As
shown in Fig. 3B and C, Sulfl deficiency in fibroblasts significantly
inhibited tumor growth. The numbers of Sulfl” and Ki67" cells were
significantly decreased in KO group (Fig. 3D). Furthermore, we
injected MC38 cells in situ into the subserosa of cecum of mice to
construct an orthotopic model. The results showed that fibroblast-
specific Sulfl knockout inhibited the ability of MC38 cells to form
tumors in situ (Fig. 3E; Supplementary Fig. S3B) and the numbers
of Ki67" cells were significantly decreased in KO group (Fig. 3F).
Epithelial-mesenchymal transition is the process of transforming
epithelial cells into mesenchymal phenotypes, accompanied by an
increase in cell motility and the expression or function of epithelial
genes such as E-cadherin is lost during the transition, whereas the
expression of genes that define the mesenchymal phenotype, such as
N-cadherin is elevated (40, 41). To detect effects of SULF1" CAFs
on tumor metastasis, we used fibroblast-specific Sulfl knockout
mice, MC38 colorectal cancer cells expressing luciferase were
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Figure 1.

Single-cell sequencing identifies SULF1* CAFs in colorectal cancer. A, Ten subtypes were found in the form of Uniform Manifold Approximation and
Projection (UMAP) following dimension reduction, clustering, and identification of 9,381 colorectal cancer fibroblast single-cell transcriptome data. B, UMAP map
shows the expression level of representative marker genes of fibroblast-related subpopulations. C, Heatmap shows the expression level of representative marker
genes of fibroblast-related subsets. D, Histogram statistics of the source and corresponding proportion of each fibroblast subtype. E, A histogram was used to
calculate the sample source and corresponding cell number of each fibroblast subtype. F, Upregulated signaling pathway corresponding to the upregulated
DEGs in CAF3 (C5_SULF1; KEGG database). G, Upregulated signaling pathway corresponding to the upregulated DEGs in CAF3 (C5_SULFI1; REACTOME
database). H, Differential gene analysis of CAF3 (C5_SULF1) and other fibroblast subpopulations in the tumor volcano map. Red dots, significantly changed
genes, including significantly upregulated SULFI. I, SULFT is specifically upregulated in fibroblasts. J, SULFT is upregulated in tumors compared with normal

adjacent tissues, and the upregulation rate in the core region of tumors was higher than that in the marginal region.
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Figure 2.

SULF1* CAFs predict poor prognosis in colorectal cancer. A, gPCR was used to verify the level of SULFTin NFs and their corresponding CAFs (n = 8). B, Level of
SULFT in primary colorectal cancer cells and corresponding CAFs was verified by gPCR (n = 4). C, ISH was used to detect the expression of SULFT in tumor and
normal tissues of colorectal cancer. Scale bar, 50 um. D, FISH of the SULFT probe (red) and FSPI probe (green) to detect the costaining of SULFT and FSP1
(yellow). Scale bar, 200 um. E, The costaining (yellow) of SULF1 and FSP1 was detected by IF staining with SULF1 (red) and FSP1 (green). Scale bar, 100 um. F,
Fluorescence images of SULF1 in colorectal cancer TMA, as evaluated by FISH and IF. Red, SULFT; green, aSMA. Scale bar, 200 um. G, The percentage of high/low
expression of protein of SULF1 in patients with colorectal cancer of different tumor-node-metastasis stages. H, The OS of 180 patients with colorectal cancer in the
TMA according to the protein levels of SULFI, as calculated by the Kaplan—Meier analysis. I, Volcano plot of the DEGs identified by transcriptome sequencing in
CAFs from three patients with colorectal cancer with and three patients with colorectal cancer without metastasis. J, Expression level of SULFT in different colorectal
cancer molecular types (CMS1, CMS2, CMS3, and CMS4) in TCGA database. The data are presented as the mean + SD of three independent experiments, two-tailed
Student ¢ tests. ***, P < 0.001.
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Figure 3.

SULF1* CAFs facilitate the malignant behavior of colorectal cancer. A, Schematic of the construction and mating of COLIA2-CreER; Sulf”" mice. B, Changes in
the fluorescence intensity of subcutaneous tumors in the two groups. C, Tumor volume in the two groups. D, H&E, IF of the Sulfl, and IHC staining of Ki67 in the
two groups. Scale bar, 50 um. E, Changes in the fluorescence intensity of the orthotopic model in the two groups (n = 3). F, H&E and IHC staining of Ki67 in the
two groups. Scale bar, 250, 50 um. G, Changes in the fluorescence intensity of lung metastasis in the two groups (n = 3). H, IF of E-cadherin and N-cadherin in
the two groups. Scale bar, 20 um. I, Multicolor staining of patients with colorectal cancer with low- and high-expression SULF1. Scale bar, 50 ym. J, SW480 and
NF Ctrl, CAF Ctrl, CAF SULF1¥P cells were implanted subcutaneously into nude mice at a ratio of 5:1 to verify the effects of different groups on the subcutaneous
tumorigenesis of SW480 cells and the change of fluorescence intensity in subcutaneous tumors in the three groups (n = 5). K, Difference in the IF of SULF1 level
and Ki67-positive rate among the three groups. Scale bar, 20 um. L, SW480 and NF Ctrl, CAF Ctrl, CAF SULFT*P were injected into the tail vein of nude mice at a
ratio of 5:1 to verify the effects of different groups on lung metastasis of SW480 and the change in fluorescence intensity of pulmonary metastatic tumor in the
three groups (n = 5). M, IF staining of three groups of lung metastatic tumors with E-cadherin and N-cadherin. Scale bar, 20 pm. The data are presented as the
mean + SD of three independent experiments, two-tailed Student ¢ tests. **, P < 0.01; ***, P < 0.001.

Cancer Res; 2024 CANCER RESEARCH

202 1890300 £0 uo Jasn Aysieaun Buelleyz Aq ypd-/86€-€2-Ued/.2/20G€/.86€-62-NVD 2.¥S-8000/85 | L0 L/10p/pd-ajoie/saiieoues/Bio s|euinolioee)/:dpy wouy pspeojumoq



injected into tail vein of the mice. The results showed that Sulfl
deficiency in fibroblasts significantly inhibited lung metastasis
(Fig. 3G; Supplementary Fig. S3C and S3D). In addition, decreased
N-cadherin and increased E-cadherin were observed in KO group
(Fig. 3H). Multicolor staining using patients with colorectal cancer
and elevated levels of SULF1 expression also demonstrated that
higher SULF1 expression was accompanied by increased N-cadherin
expression and decreased E-cadherin expression (Fig. 3I).

We then knocked down SULF1 expression in human primary
CAFs (Supplementary Fig. S3E) and coinjected mCherry-labeled
SW480 colorectal cancer cells with NFs, CAFs, or SULF1XP CAFs
into nude mice. The results showed that CAFs significantly
accelerated the progression of SW480 tumors compared with NFs.
Importantly, SULF1 knockdown significantly compromised the
protumor capacity of CAFs (Fig. 3J; Supplementary Fig. S3F and
$3G). In addition, the expression of Ki67 was significantly decreased
in SW480 tumors coinjected with SULF1¥P CAFs (Fig. 3K).

To detect the influence of SULF1" CAFs on tumor cellular mo-
tility, we established two colorectal cancer metastasis models via
coinjecting SW480 cells and fibroblasts into the tail vein and spleen
of nude mice. The results showed that the number and size of lung
and liver metastatic nodules were significantly reduced by SULF1
knockdown in CAFs (Fig. 3L; Supplementary Fig. S3H-S3L). In
addition, decreased N-cadherin with increased E-cadherin was ob-
served when SULF1 expression was silenced in CAFs, suggesting
that SULF1 expression in CAFs affected the epithelial-mesenchymal
transition progression of colorectal cancer cells (Fig. 3M; Supple-
mentary Fig. S3M). These results indicate that SULF1* CAFs pro-
mote growth and metastasis of colorectal cancer.

To demonstrate the presence of fibroblasts in the subcutaneous
coinjection model, we transfected SW480 cells with luciferase and
fibroblasts with mCherry. Twenty-one days later, the tissue of mice
subcutaneous tumor was collected, and IF staining was performed
to demonstrate the persistent presence of coinjected fibroblasts in
the subcutaneous tumor tissue (Supplementary Fig. S4A). Strikingly,
coinjecting fibroblasts-mCherry with SW480-luci was detected in
the metastases (Supplementary Fig. S4B-S4E).

SULF1* CAFs promotes tumor angiogenesis in a VEGFA-
dependent manner

To explore the mechanisms of SULFl-mediated tumor pro-
gression, we performed GSH-CAA640 protein array to detect the
differentially expressed proteins in the supernatant of Ctrl CAFs
and SULF1*P CAFs (Fig. 4A). The STRING database was used to
construct a protein-protein interaction network, which showed
key downregulated differentially expressed proteins such as IL6
and VEGFA (Fig. 4B). Through applying MCC algorithms, IL6,
VEGFA, SERPINEI, SPP1, and HGF were identified as top five
hub proteins (Supplementary Fig. S5A). SULF1 is known to alter
the sulfide state of HSPG to regulate the bioavailability of multiple
HS-binding proteins (42, 43). Among these proteins, we found
that the knockdown of SULF1 reduced the level of VEGFA in the
supernatant (Fig. 4C). ELISA experiments showed that SULF1
knockdown reduced the level of VEGFA in CAF supernatant.
However, the mRNA levels of VEGFA remained unchanged in
SULF1*P CAFs (Supplementary Fig. S5B and S5C).Gene set en-
richment analysis revealed that SULF1XP was significantly anti-
correlated with angiogenesis (Fig. 4D). Multicolor staining
determined the knockout efficiency of Sulfl in Sulfi*-KO mice
(Supplementary Fig. S5D). For further spatial analysis, we quan-
tified the number of CD31" cells within the distance gradients (0-
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20, 20-40 pm) of Sulfl*aSMA *CAFs in the tumor tissues of Sulf1®
WT and Sulf1®-KO mice. As expected, over a range of distance
from Sulfl*aSMA™ CAFs, the number of CD31" cells showed a
decreasing trend after specific knockout of Sulfl in CAFs
(Fig. 4E), indicating the crucial role of SULF1* CAFs in facili-
tating tumor angiogenesis. Multicolor staining using patients with
colorectal cancer with elevated levels of the ratio of
SULF1"aSMA*/aSMA™ also demonstrated that over a range of
distance (0-25, 25-50 um) from SULF1"aSMA*CAFs, the number
of CD31" cells showed an increasing trend (Fig. 4F; Supplemen-
tary Fig. S5E). In SULF1 high-expression group, it was shown that
the greater the distance (0-25, 25-50, 50-100, 100-150, and 150-
200 um) from SULF1'aSMA " cells, the CD31"cells showed a
decreasing trend (Fig. 4F), which confirmed the spatially close
relationship between SULF1* CAFs and CD31"cells. Furthermore,
multicolor staining revealed that SULF1" CAFs were in closer
proximity to CD31" than SULF1~ CAFs (Supplementary Fig. S5F).

In in vitro experiments, we cultured HUVEC with the conditional
medium (CM) from CAFs and found that the tube formation ca-
pacity of HUVECs cultured with CM from control CAFs was sig-
nificantly impaired by a VEGFA-neutralizing antibody. In contrast,
HUVECs cultured with CM from SULF1¥P CAFs showed an im-
paired capacity to induce tube formation of HUVECs, and this
effect was not further reduced by VEGFA neutralization (Fig. 4G),
suggesting that CAF-expressed SULF1 facilitates angiogenic ability
of endothelial cells in a VEGFA-dependent manner. In colorectal
cancer mice, VEGFA neutralization reduced tumor growth
(Fig. 4H; Supplementary Fig. S5G) in mice coinjected with WT
CAFs but not those with SULF1" CAFs. In addition, CD31
staining was also decreased as the tumor growth reduction (Fig. 4I).
These results indicate that SULF1* CAFs promote tumor angio-
genesis in a VEGFA-dependent manner.

SULF1*" CAFs positively regulate ECM deposition in a VEGFA-
dependent manner

To further dissect the effect of SULF1 in CAFs, we performed
RNA-seq using control or SULF1¥P CAFs. GO analysis revealed
that genes downregulated in SULF1¥P CAFs were enriched mainly
in pathways related to the chemotaxis of immune cells, the regu-
lation of cell adhesion, and the composition of ECM components,
which is consistent with the results of our single-cell sequencing
data (Figs. 1G and H, 5A). Cell contraction assays and wound-
healing assays showed that SULF1 knockdown inhibited the con-
traction and migration abilities of CAFs (Fig. 5B; Supplementary
Fig. S6A). In colorectal cancer mice, SULF1 knockdown in CAFs
decreased collagen components as evidenced by Masson staining
(Fig. 5C). Consistently, collagen components were also reduced in
Sulf1*-KO mice compared with Sulfl® WT mice (Fig. 5D).

Next, we clustered matrix-associated proteins detected by RNA-
seq and intersected them with matrix proteins in CAFs detected by
single-cell sequencing. The analysis revealed nine target genes that
are potentially regulated by SULF1 in CAFs (Fig. 5E; Supplementary
Fig. S6B). In addition, the expression of these nine genes was sig-
nificantly positively correlated with SULFI expression in TCGA
colorectal cancer cohorts (Supplementary Fig. S6C). Among these
nine genes, CTHRCI was the second most differentially expressed
gene between NFs and CAFs (Supplementary Fig. S2A), and
exhibited the most robust downregulation in response to SULFI
deletion in CAFs (Supplementary Fig. S6D), indicating that
CTHRC is a target gene of SULF1. Similar to the expression profile
of SULFI, the highest CTHRCI expression was observed in the
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Figure 4.

SULF1* CAFs promote tumor angiogenesis in a VEGFA-dependent manner. A, Volcanic maps of different proteins in the supernatants of CAFs and CAF SULF1¥P.
B, Protein-protein interaction network of different proteins in the two groups. C, Expression of VEGFA in the supernatants of the two groups. D, Gene set
enrichment analysis of genes associated with angiogenesis. E, Multicolor staining of Sulfi” WT and Sulfi” KO. Scale bar, 40 um. F, Multicolor staining of patients
with colorectal cancer with different levels of the ratio of SULFT'aSMA™ to aSMA™. Scale bar, 40 um. G, Tube formation was evaluated in HUVECs cultured for 8
hours in medium collected from CAFs treated as described. H, SW480 and CAF Ctrl, CAF SULF1% cells were implanted subcutaneously into nude mice treated
with VEGFA or IgG neutralization (150 ug, i.p. twice a week). I, IF staining of CD31in the four groups. Scale bar, 100 um. The data are presented as the mean + SD
of three independent experiments, two-tailed Student ¢t tests. ns, nonsignificant; ***, P < 0.001.

poor-prognosis stroma-rich molecular subtype of colorectal cancer
(CMS4), and single-cell analysis showed that the expression levels of
SULFI and CTHRCI were consistent in different fibroblast subtypes
(Supplementary Fig. S6E and S6F).

To determine the mechanism underling SULF1-mediated
CTHRCI1 expression in CAFs, we performed KEGG analysis, and
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found that SULFI knockdown altered gene expression in many
signaling pathways, and the PI3K/AKT signaling pathway was the
most overrepresented with 26 related genes (Fig. 5F). Consistently,
knockdown of SULFI in CAFs inhibited the activation of PI3K-
AKT signaling pathway and reduced the expression of CTHRCI
(Fig. 5G; Supplementary Fig. S6G). In addition, treatment with
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Figure 5.

SULF1* CAFs enhance ECM deposition in a VEGFA-dependent manner. A, Gene Ontology (GO) functional enrichment showed that cell functions were affected
mainly by the knockdown of SULF1in CAFs. B, Cell contraction assay to verify the effect of SULF1 knockdown in CAFs on CAF contractility. C, Masson trichrome
staining to verify the effect of SULF1 knockdown in CAFs on the production of extracellular collagen. Scale bar, 50 um. D, Masson trichrome staining to verify the
effect of conditional Sulfl knockout in CAFs on the production of extracellular collagen. Scale bar, 50 um. E, Heatmap showing ECM proteins affected by
knockdown of SULF1 in CAFs. F, KEGG pathway enrichment analysis showed that cell function was mainly affected by SULF1 knockdown in CAFs. G, Western
blotting detected the effect of SULF1 knockdown in CAFs on the PI3K/AKT signaling pathway and the protein level of CTHRCI. H, gPCR to verify the mRNA level
of CTHRCT with the addition of the PI3K inhibitor LY294002 or knockdown of SULF1 in CAFs. I, Coimmunoprecipitation experiment to verify the combination of
VEGFR2 and VEGFA after knockdown of SULF1in CAFs. J, The protein levels of PI3K/AKT signaling pathway and CTHRC1 in the four groups were detected by
Western blotting. K, Cell contraction assay to verify the effect of VEGFR2 knockdown in CAFs on CAF contractility. L, IF staining of FSP1(green), SULF1 (red), and
VEGFR2 (white). Scale bar, 20 um. The data are presented as the mean + SD of three independent experiments, two-tailed Student ¢ tests. ns, nonsignificant;

**, P < 0.01; ***, P < 0.001.

PI3K inhibitor LY294002 significantly inhibited the expression of
CTHRCI in CAFs (Fig. 5H). These results indicate that SULF1
promotes CTHRCI1 expression in a PI3K/AKT-dependent manner.

Next, we explored how SULFI affects the PI3K/AKT signaling
pathway in CAFs. It was found that the knockdown of SULF1 re-
duced the level of VEGFA in the supernatant, which was a known
upstream molecule of PI3K/AKT signaling pathway (Fig. 4C).
Coimmunoprecipitation experiment showed that the knockdown of
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SULF1 in CAFs prevented the binding of VEGFA to VEGFR2
(Fig. 5I), suggesting that SULF1 affects the VEGFA chelation ca-
pacity by HSPG. Knockdown of VEGFR2 or SULF1 inhibited the
activation of PI3K and AKT signaling pathway and decreased
CTHRCI expression in CAFs. Treatment of SULF1-depleted CAFs
with recombinant VEGFA reversed the changes in the activation of
PI3K/AKT signaling and the expression of CTHRCI1 (Fig. 5J). Cell
contraction assays also showed that VEGFR2 knockdown inhibited
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the contraction ability of CAFs (Fig. 5K), indicating that SULF1"
CAFs regulate ECM deposition by increasing the bioavailability of
VEGFA. In addition, the expression of KDR was significantly pos-
itively correlated with SULFI expression in TCGA colorectal cancer
cohorts (Supplementary Fig. S6H), and in the clinical samples of
colorectal cancer and in colorectal cancer clinical samples, we de-
tected VEGFR2 expression in SULF1" CAFs in the interstitium
(Fig. 5L).

Using the Jaspar website, we predicted that transcription factors
FOXO1 and CREB1 downstream from the PI3K/AKT pathway
bind to the promoter region of CTHRCI (Supplementary Mate-
rials), and further knockdown of FOXOI and CREBI in CAFs to
detect the mRNA level of CTHRCI showed that depletion of
CREBI reduced mRNA level of CTHRCI, whereas knocking down
FOXO1I had no effect on the mRNA level of CTHRCI, so CREB1
may potentially regulate the transcription of CTHRCI (Supple-
mentary Fig. S7A). Immunoblotting analyses showed that CREB1
depletion inhibited the expression of CTHRC1 in CAFs, and
protein detection in the extracted supernatant showed that CREB1
depletion reduced the protein level of CTHRCI in culture su-
pernatant (Supplementary Fig. S7B). Luciferase reporter analyses
showed that CREBI expression enhanced the luciferase activity
driven by CTHRCI1 promoter (Supplementary Fig. S7C). Consis-
tently, analyses of CTHRC1 promoter regions predicted that
CREBI binds to the 472-691 region, which was validated by the
chromatin immunoprecipitation assay using a CREB1 antibody
(Supplementary Fig. S7D). Immunoblotting analyses found that
SULF1 depletion or LY294002 treatment reduced the levels of
phosphorylated (P)-PI3K, P-AKT, P-CREBI1, and CTHRC1 in
CAFs, and the level of CTHRCI in culture supernatant (Supple-
mentary Fig. S7E), and cell contraction assays demonstrated that
SULF1 depletion, LY294002 treatment, and CTHRCI depletion
inhibited the contraction ability of CAFs (Supplementary Fig.
S7F). These results indicate that SULF1 regulates the CTHRCI1
expression via the VEGFA-PI3K-CREBI axis.

SULF1 upregulation in CAFs is attributed to low butyrate
production

The enhanced SULF1 expression in CAFs prompted us to look at
the mechanisms contributing to SULF1 upregulation. Culture of
CAFs with CM from colorectal cancer cells failed to increase SULFI
expression in CAFs (Fig. 6A). It is known that gut microbial me-
tabolites have profound impacts on tumor growth (44). Interest-
ingly, when we treated CAFs with fecal extracts from patients with
colorectal cancer, SULFI expression was significantly increased
compared with CAFs treated with fecal extracts from healthy sub-
jects (Fig. 6B), indicating a possible role of gut microbial metabo-
lites in the modulation of SULF1 expression. Given that SCFAs are
the most abundant metabolites in the mammalian colon (28), we
examined the levels of four major SCFAs, including acetate, pro-
pionate, butyrate, and pentanoate, which were significantly reduced
in the feces from patients with colorectal cancer compared with
those from healthy subjects in our previous study (37). Among these
SCFAs, only butyrate significantly inhibited SULF1 expression in
CAFs at mRNA and protein levels in a dose- and time-dependent
manner (Fig. 6C-E). Consistently, fecal butyrate concentrations
were negatively correlated with tumor SULFI expression in patients
with colorectal cancer (Fig. 6F; Supplementary Fig. S8A). There are
many gut bacteria that can produce butyrate. We collected stool
samples from 17 patients with colorectal cancer for third-generation
16S sequencing, among which, three reported butyrate-producing
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bacteria were detected (45-47). Interestingly, Faecalibacterium
prausnitzii and Eubacterium hallii were negatively correlated with
SULFI levels in tissues (Fig. 6G; Supplementary Fig. S8B). Cell
contraction assay showed that SULF1 overexpression-induced
contractility of CAFs was inhibited by butyrate supplementation
(Fig. 6H). In addition, butyrate inhibited the hyperactivation of
PI3K/AKT signaling in SULF1* CAFs (Fig. 6I). However, butyrate
supplementation had little effect on contractility and PI3K/AKT
signaling in the CAF SULF1¥P group (Fig. 6] and K).

Butyrate can act as an activator of G protein—coupled receptor
(GPCR), or an inhibitor of HDACs (35, 48). The treatment of
CAFs with pertussis toxin (a GPCR signaling inhibitor) failed to
reverse the ability of butyrate to suppress SULFI expression,
suggesting that butyrate decreases SULFI expression independent
of its GPCR agonist activity. In contrast, the general HDAC in-
hibitor trichostatin A recapitulated the inhibitory effect of buty-
rate on SULFI (Fig. 6L), confirming that butyrate decreased
SULFI expression in CAFs through the inhibition of HDACs. The
treatment of CAFs separately with entinostat (a class I HDACI),
TMP269 (a class IIa HDACI), ricolinostat (a class IIb HDACI),
nicotinamide (a class III HDACI), or SIS17 (a class IV HDACI)
showed that only entinostat strongly inhibited the SULFI ex-
pression (Fig. 6M). These results suggest that butyrate decreases
SULF1 expression in CAFs through inhibition of class I HDACs.

SULF1* CAFs are potential indicators for patients who
benefited from HDACis

To determine whether butyrate-induced SULF1 suppression in
CAFs affects colorectal cancer development, the abovementioned fi-
broblast conditional Sulfl knockout mice were used. Intriguingly,
butyrate suppressed tumor development only in Sulfi® WT mice but
not in Sulfl"™-KO mice, suggesting that CAF-expressed Sulfl con-
tributed to the antitumor effect of butyrate (Fig. 7A and B). IHC
experiments showed that butyrate treatment reduced the level of Sulfl
in the Sulfl-overexpressing group but not in the Sulfl-deficient group
(Fig. 7C). Consistently, Masson staining showed that collagen com-
ponents were reduced by butyrate in the Sulfl® WT group, but not in
the Sulfi™-KO group (Fig. 7C). In addition, the density of CD31*
blood vessels was significantly decreased by butyrate supplementation
in Sulfl® WT tumors but not in Sulfi™-KO tumors (Fig. 7C; Sup-
plementary Fig. S9A). H&E staining of the major organs revealed no
obvious pathologic changes in the heart, liver, spleen, lung, kidney, or
colon in any group (Supplementary Fig. S9B).

We next treated the mice with HDACi suberoylanilide
hydroxamic acid (also known as vorinostat) and found that sub-
eroylanilide hydroxamic acid reduced tumor growth (Fig. 7D and
E) in mice coinjected with WT CAFs, but not those coinjected with
SULF1¥P CAFs. The collagen deposition and the density of CD31*
blood vessels showed consistent trends with tumor growth (Fig. 7F;
Supplementary Fig. S9C). H&E staining of the major organs
revealed no obvious pathologic changes in the heart, liver, spleen,
lung, kidney, or colon among the different groups (Supplementary
Fig. S9D). These results suggest that HDACis exert their therapeutic
effect at least partially through the inhibition of SULF1 expression
in CAFs.

At present, HDACis, such as chidamide, have been approved for
the treatment of specific types of cancer including advanced breast
cancer and peripheral T-cell lymphoma (49, 50). To further explore
the clinical significance of CAF-expressed SULF1, we collected
pretreatment specimens from 9 patients with breast cancer who
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Figure 6.

SULF1 upregulation in CAFs is attributed to low butyrate production. A, gPCR to verify the effects of CM from HCT116 and SW480 cells on the expression of
SULFTin CAFs. B, gPCR to verify the effects of fecal extracted media from healthy people and patients with colorectal cancer on the expression of SULFTin CAFs.
C, gPCR to verify the effects of acetate, propionate, butyrate, and pentanoate on the expression of SULFT in CAFs. D, qPCR to detect the effects of different
butyrate treatment time periods on SULFT levels in CAFs. E, Western blotting to detect the effects of butyrate at different concentrations on SULF1 levels in
CAFs. F, Correlation between SULFT expression in 32 colorectal cancer tissues and the levels of SCFAs in the feces of 32 patients with colorectal cancer, as
detected by gPCR. The P values and r values were determined using Spearman correlation analysis. G, The correlation between SULFT expression in 17 colorectal
cancer tissues and the levels of different species of bacteria in the feces of 17 patients with colorectal cancer, as detected by qPCR. The P values and r values
were determined using Spearman correlation analysis. H, Cell contraction assay to verify the effect of SULF1 overexpression in CAFs with/without butyrate
supplementation on CAF contractility. I, Western blotting to verify the effect of SULF1 overexpression in CAFs with/without butyrate supplementation on PI3K/
AKT signaling in CAFs. J, Cell contraction assay to verify the effect of knocking down/not knocking down SULF1in CAFs with/without butyrate supplementation
on the contractility of CAFs. K, Western blotting to verify the effect of knocking down/not knocking down SULF1in CAFs with/without butyrate supplementation
on PI3K/AKT signaling in CAFs. L, gPCR to detect the mRNA level of SULFT in CAFs in different groups. M, gPCR to detect the mRNA level of SULFT in CAFs
treated with different subtypes of HDACis. The data are presented as the mean + SD of three independent experiments, two-tailed Student t tests. ns,
nonsignificant; **, P < 0.01; ***, P < 0.001. BU, butyrate; PT, propionate,
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Figure 7.

SULF1 upregulation in CAFs is attributed to low butyrate production in patients with colorectal cancer. A, Size and weight of the subcutaneous tumorigenesis
model of MC38 cells in the four groups (n = 5). B, Tumor volume in the four groups. C, IHC staining of Sulfl, Masson trichrome staining, and IF of CD31 in the four
groups. D, The effect of tumor size on the subcutaneous tumorigenesis of SW480 cells in the six groups (n = 5). E, Tumor volume in the six groups. F, IF of SULFT,
Masson trichrome staining, and IF of CD31 in the six groups. G, Costaining (yellow) of SULF1 and FSP1 was detected by IF staining of SULF1 (red) and FSP1
(green) in patients with advanced breast cancer (responders, n = 4; nonresponders n = 5) and by IF staining of CD31 in patients with advanced breast cancer
(responders n = 4; nonresponders n = 5). H, Proportion of SULF1* CAFs in responders (n = 4) and nonresponders (n = 5). The data are presented as the mean +
SD of three independent experiments, two-tailed Student ¢ tests. ns, nonsignificant; **, P < 0.01; ***, P < 0.001. BU, butyrate.
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received chidamide therapy (chidamide in combination with
exemestane). IF staining results demonstrated that SULF1 and FSP1
had substantial colocalization in breast cancer tissues, supporting
the fibroblast-specific expression of SULF1. Strikingly, patients who
responded to chidamide had significantly more SULF1* CAFs than
the nonresponders (Fig. 7G and H); simultaneously, we also found
that patients with breast cancer who had more SULF1" CAFs had
relatively higher expression of CD31 (Fig. 7G). The results suggest
that patients with more SULF1" CAFs are more likely to benefit
from HDAC:i therapy.

Discussion

Through in-depth analysis and mining of the recently published
single-cell public database of colorectal cancer (datasets GSE132465
and GSE144735; ref. 39), identified a CAF subtype with SULFI as
the marker gene for the first time. In addition, we further verified
the CAF-specific expression of SULF1 in colorectal cancer tissues
through FISH and IF. FISH analyses indicated an almost perfect
overlap between SULF1 and FSP expression, whereas the IF analyses
suggested some SULF1- or FSP1 single-positive cells, it was expected
that SULF1 and FSP1 are costained differently in FISH and IF
staining because one is at the RNA level and the other is at the
protein level, and our study was based on the SULF1 protein levels.
Previous studies of SULF1 only focused on the effect of its ex-
pression and function in tumor cells (51, 52). In our study, we
identified CAFs as the main source of SULF1 in colorectal cancer
tissues. The SULF1" CAFs are closely associated with colorectal
cancer progression, a finding that provides new targets for the co-
lorectal cancer treatment.

In different research contexts, it is noteworthy that the SULF1-
HSPG axis might have different effects on tumor development,
depending on the type of ligands sequestered by HSPG (51, 53). In
colorectal cancer, we found that SULF1* CAFs mainly impact the
bioavailability of VEGFA, which activated angiogenesis in the TME.
Previous studies on the regulatory effect of SULF1 on angiogenesis
have shown inconsistent results. SULF1 was reported to be a critical
inducer of postinfarction angiogenesis in acute myocardial infarc-
tion (54), whereas it inhibited angiogenesis and tumorigenesis in
vivo in breast cancer (55). In our study, we demonstrated that
SULF1 promoted VEGFA release from HSPG and promoted colo-
rectal cancer angiogenesis in vitro, in genetically engineered mice
and in human specimens.

We found that SULF1 was mainly enriched in the regulation of
cell adhesion and the composition of ECM components through
the VEGFA/AKT axis in CAFs. It has been reported that che-
motherapy induces PIGF/VEGF upregulation, which directly
activates CAFs to produce ECM in pancreatic ductal adenocar-
cinoma (56). In the past few years, how the ECM affects the
malignant behaviors of tumor cells has emerged as the focus of
tumor research (57, 58). ECM stiffness transmits mechanical
signals from outside the cell to the cell through mechanical
transduction pathways, such as squeezing or stretching through
tension models, to cause tumor cells to have biological responses.
Membrane proteins sense ECM signals, recruit downstream
molecules to transmit mechanical signals, and further activate
downstream pathways (59, 60). Our study provides new insights
into ECM-mediated tumor regulation by revealing that SULF1
increased the secretion of the ECM protein CTHRC1, which has
been reported to be related to multiple signaling pathways such
as the TGFP, WNT, and Hippo/YAP pathways (61-63). It is still
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possible that other pathways are involved in this process, which
should be further explored.

In previous studies, SULF1 was found to be regulated by TGFp as
well as certain noncoding RNAs in tumor cells (64, 65). Our study
identified a new upstream regulatory mechanism of the SULF1"
subpopulation of CAFs. There is a complex relationship between
tumor cells and mesenchymal cells in the TME, and tumor cells and
immune cells in the stroma can promote the transformation of
CAFs through various mechanisms (66, 67); however, when we used
the CM from colorectal cancer tumor cells to treat CAFs, we did not
observe changes in SULFI expression, excluding the possibility that
tumor cell-derived factors modulate SULFI expression. Recently,
the role of the gut microbiota and its metabolites in colorectal
cancer has been a research hotspot and has significantly affected
colorectal cancer resistance and susceptibility (68, 69). Among
various microbial metabolites, SCFAs exist at high concentrations
and play pivotal roles in regulating the TME by acting on tumor and
immune cells (70, 71). However, the impact of SCFAs on CAFs
remains elusive. Our study showed that compared with those cul-
tured with fecal media from healthy volunteers, CAFs cultured with
fecal media collected from patients with colorectal cancer had a
significantly elevated SULFI expression. This was the first study to
report the regulation of CAFs by SCFAs, which affects the function
of CAFs and the expression of key genes, providing strong evidence
for the contribution of SCFAs to colorectal cancer progression.

In addition, we showed for the first time that butyrate regulated the
function of CAFs through HDAC inhibition and revealed that the
expression level of SULF1 in CAFs determined the clinical efficacy of
butyrate and HDACis, providing the possibility for CAF-targeted
colorectal cancer treatment. HDACis have attracted much attention
in recent decades. To date, more than 30 HDACis have been studied
in clinical trials. Vorinostat was the first HDACi to receive a FDA
approval for the treatment of cutaneous T-cell lymphoma in 2006
(72). Subsequently, several HDACis, such as belinostat, romidepsin,
tucidinostat, and panobinostat, have been approved by the FDA for
lymphoma and multiple myeloma treatment (73). Tucidinostat, also
referred to as chidamide, was approved by China’s National Medical
Products Administration for use in peripheral T-cell lymphoma in
2014 and for use in patients with postmenopausal advanced breast
cancer in combination with exemestane in 2019 (74). The role and
mechanism of HDACis in solid tumors require further study. In our
study, we found that there was a high proportion of SULF" CAFs in
patients who responded to chidamide, suggesting that SULF1 ex-
pression may serve as a potential biomarker in HDACi-based cancer
therapies. In our ongoing project, patients with colorectal cancer are
involved in assessment of whether SULF1™ CAFs could serve as a
candidate biomarker for HDACi therapy.

This study has several limitations. For example, the specific mech-
anism by which ECM-related proteins regulate colorectal cancer tumor
cells needs to be further explored. Furthermore, although butyrate
inhibited SULF1 expression through the function of HDACis, the direct
interaction mechanisms involved require further investigation. The
expression of SULF1 in breast cancer and the effectiveness of chidamide
treatment in our study were retrospectively studied, and the number of
patients was relatively low; therefore, we can only conclude that patients
with colorectal cancer and high expression of SULF1 may benefit from
chidamide treatment. To further enhance the specificity of the associ-
ation, we initiated a clinical study in patients with colorectal cancer to
explore the specific relationship between SULFI expression and the
response to chidamide in patients with colorectal cancer. Taken to-
gether, our findings revealed the protumor capacity of SULF1* CAFs
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and its potential significance in predicting the therapeutic outcome of
HDAC:i drugs.
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