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ABSTRACT
Objective  Haematogenous dissemination is a 
prevalent route of colorectal cancer (CRC) metastasis. 
However, as the gatekeeper of vessels, the role of 
tumour pericytes (TPCs) in haematogenous metastasis 
remains largely unknown. Here, we aimed to investigate 
the heterogeneity of TPCs and their effects on CRC 
metastasis.
Design  TPCs were isolated from patients with CRC with 
or without liver metastases and analysed by single-cell 
RNA sequencing (scRNA-seq). Clinical CRC specimens 
were collected to analyse the association between the 
molecular profiling of TPCs and CRC metastasis. RNA-
sequencing, chromatin immunoprecipitation-sequencing 
and bisulfite-sequencing were performed to investigate 
the TCF21-regulated genes and mechanisms underlying 
integrin α5 on TCF21 DNA hypermethylation. Pericyte-
conditional Tcf21-knockout mice were constructed 
to investigate the effects of TCF21 in TPCs on CRC 
metastasis. Masson staining, atomic force microscopy, 
second-harmonic generation and two-photon 
fluorescence microscopy were employed to observe 
perivascular extracellular matrix (ECM) remodelling.
Results  Thirteen TPC subpopulations were identified 
by scRNA-seq. A novel subset of TCF21high TPCs, 
termed ’matrix–pericytes’, was associated with liver 
metastasis in patients with CRC. TCF21 in TPCs increased 
perivascular ECM stiffness, collagen rearrangement 
and basement membrane degradation, establishing 
a perivascular metastatic microenvironment to 
instigate colorectal cancer liver metastasis (CRCLM). 
Tcf21 depletion in TPCs mitigated perivascular ECM 
remodelling and CRCLM, whereas the coinjection of 
TCF21high TPCs and CRC cells markedly promoted 
CRCLM. Mechanistically, loss of integrin α5 inhibited 
the FAK/PI3K/AKT/DNMT1 axis to impair TCF21 DNA 
hypermethylation in TCF21high TPCs.
Conclusion  This study uncovers a previously unidentified 
role of TPCs in haematogenous metastasis and provides a 
potential diagnostic marker and therapeutic target for CRC 
metastasis.

INTRODUCTION
Colorectal cancer (CRC) is the third most common 
malignant tumour worldwide, and colorectal cancer 

liver metastasis (CRCLM) counts as the leading cause 
of disease mortality.1 CRCLM results from haematog-
enous dissemination,2 which refers to tumour cell 
intravasation into circulation and extravasation from 
blood vessels, followed by the formation of metastatic 
foci in liver.3 Tumour intravasation is a critical and 
rate-limiting step of haematogenous metastasis, during 
which tumour cells invade the perivascular extracel-
lular matrix (ECM), breach the endothelial barrier 
and enter blood circulation.4 5 During intravasation, 
the invading tumour cells contact endothelial and 
immune cells to form a tumour microenvironment 
of metastasis (TMEM).6 Pericytes are contractile cells 
embedded within the capillary walls and wrapped 
around endothelial cells, where they act as the supervi-
sors of endothelial cells to regulate vessel stabilisation 

SIGNIFICANCE OF THIS STUDY

WHAT IS ALREADY KNOWN ON THIS SUBJECT?
	⇒ Colorectal cancer (CRC) metastasises mainly to 
the liver, which results from haematogenous 
dissemination.

	⇒ Tumour pericytes (TPCs) are the major 
components of tumour vessels; their 
heterogeneity and functions in CRC metastasis 
remain largely unknown.

WHAT ARE THE NEW FINDINGS?
	⇒ The heterogeneity of TPCs derived from patients 
with CRC was dissected by single-cell RNA 
sequencing.

	⇒ This study elucidated an undefined role of TPCs 
in promoting CRC metastasis.

	⇒ We identified a novel TPC-related prometastatic 
signalling pathway for CRC metastasis.

HOW MIGHT IT IMPACT ON CLINICAL 
PRACTICE IN THE FORESEEABLE FUTURE?

	⇒ This study provides new insights into the 
heterogeneity of TPCs and their prometastatic 
effects on CRC.

	⇒ Therapeutic targeting of the prometastatic 
TCF21high TPCs may represent a new paradigm 
for cancer therapy.
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and vascular permeability.7 However, the role of tumour pericytes 
(TPCs) in haematogenous metastasis remains controversial.

TPCs attached to endothelial cells act as physiological barriers 
to inhibit tumour cell intravasation. Genetic depletion of NG2+ 
or PDGFRβ+ pericytes or pharmaceutical inhibition of pericyte 
recruitment has been shown to enhance vascular permeability and 
intratumoral hypoxia, which promotes tumour cell epithelial-to-
mesenchymal transition (EMT) and tumour metastasis.8–10 Tumor-
derived PDGF-BB induces pericyte–fibroblast transition (PFT), 
leading to cell detachment from blood vessels or secretion of inter-
leukin-33 to recruit tumor-associated macrophages, enhancing 
haematogenous metastasis.11 12 Tumor-derived exosomes activate 
KLF4 in pericytes, resulting in cell detachment and abundant 
deposition of fibronectin in secondary organs, thereby establishing 
a premetastatic niche to facilitate haematogenous metastasis.13 
However, TPCs also play a prometastatic role. CD45-VLA-1bri 
or endosialin-expressing pericytes in primary tumours facilitate 
haematogenous metastasis by promoting tumour cell intravasation 
in a cell contact-dependent manner without altering the tumour 
vasculature structure or permeability.14 15 These contradictory 
effects of TPCs on haematogenous metastasis may be associated 
with their heterogeneity,16 which has not been determined.

TCF21, a member of the basic helix–loop–helix family of tran-
scription factors, is critical for embryogenesis. Deficiency of TCF21 
leads to abnormalities in multiple organs and neonatal lethality.17 
High expression of TCF21 in coronary artery smooth muscle cells 
inhibits their differentiation and promotes their migration and 
proliferation, contributing to stable atherosclerotic plaques and 
reducing the risk of coronary artery disease.18 19 TCF21 also drives 
the expression of inflammatory genes and deposition of collagen IV 
in visceral adipose stem cells.20 TCF21 acts as a tumour suppressor 
in various types of tumours, which is low expressed in tumour cells 
owing to its promoter hypermethylation.17 However, the expres-
sion profile and function of TCF21 in TPCs remain unknown.

Here, we employed single-cell RNA sequencing (scRNA-seq) to 
dissect the heterogeneity of TPCs derived from patients with CRC 
with or without liver metastases, and 13 distinct TPC subpopulations 
were identified. Among them, a novel subset of TCF21high TPCs, 
termed matrix–pericytes, was correlated with CRCLM. TCF21 in 
TPCs increased perivascular collagen deposition and rearrangement 
and basement membrane degradation, facilitating the establishment 
of the perivascular metastatic microenvironment (PMM) to enhance 
tumour cell intravasation. Pericyte-specific knockout of Tcf21 inhib-
ited CRCLM by reducing perivascular ECM remodelling, main-
taining the integrity of the basement membrane, and decreasing 
circulating tumour cells (CTCs). Moreover, the expression of 
TCF21 in matrix–pericytes was regulated by the loss of integrin α5, 
which conferred to the DNA hypermethylation of TCF21 via the 
FAK/PI3K/AKT-DNMT1 axis.

MATERIALS AND METHODS
The detailed materials and methods can be found in the online 
supplemental materials.

RESULTS
Identification of a distinct subpopulation of TPCs associated 
with CRC metastasis
To dissect the heterogeneity of TPCs and assess their contribution 
to CRC metastasis, TPCs were isolated from primary tumour tissues 
of patients with CRC with or without liver metastases and were 
analysed by scRNA-seq using the 10× chromium platform. Single-
cell transcriptomes were generated from 50 000 cells, which were 
juxtaposed in t-stochastic neighbour embedding (t-SNE) space to 

identify distinct clusters (figure 1A). The gene expression profiles of 
TPCs were classified into 13 distinct clusters (figure 1B), and their 
origins were determined using known pericyte markers (online 
supplemental figures 1A, B). The top 10 cluster-specific genes are 
shown in figure 1C . The proportion of cells in cluster 2 showed the 
greatest difference among all subsets between patients with CRC 
with (18.5%) and without (3.4%) liver metastases (figure 1D), indi-
cating that this subset was associated with CRCLM. Gene Ontology 
(GO) enrichment analysis indicated that the upregulated genes in 
samples from patients with CRC with liver metastases were asso-
ciated with several GO terms related to the ECM (figure  1E), 
including MATN2, CHI3L1, COL3A1, COL1A2, CILP, MMP2, 
MFAP4, FBLN1 and FBLN2 (figure  1F and online supplemental 
figure 2). Therefore, cells in cluster 2 were defined as matrix–peri-
cytes. One of the genes exclusively enriched in cluster 2, MATN2, 
which encodes the protein matrilin-2 (MATN2), was selected as a 
biomarker for matrix–pericytes. The ratio of MATN2+ TPCs was 
higher in tumour sections derived from patients with CRC with 
liver metastases than in those without liver metastases (figure 1G 
and online supplemental table 1). In addition, receiver operating 
characteristic (ROC) curve analysis showed that the optimal cut-off 
percentage of MATN2+ TPCs to predict CRCLM with high sensi-
tivity and specificity was 30% (figure 1H). Kaplan-Meier survival 
analysis showed that overall survival (OS) (figure 1I) and disease-
free survival (DFS) (figure 1J) were shorter in patients with a high 
(>30%) ratio of MATN2+ TPCs. Furthermore, the correlation 
analysis between the MATN2+ TPC ratio and clinicopathological 
parameters showed that the MATN2+ TPC ratio had a positive 
correlation with the TNM stage and liver metastasis of patients 
with CRC (online supplemental table 2). Taken together, these data 
indicate that matrix–pericytes are notably associated with CRC 
metastasis.

TCF21 in TPCs is associated with CRC metastasis
Key regulators of matrix–pericytes were identified using the single-
cell regulatory network inference and clustering (SCENIC) pipe-
line, which connects cis-regulatory sequence information with 
scRNA-seq data.21 SCENIC analysis showed that the regulon 
activity of TCF21 was the highest in matrix–pericytes (figure 2A), 
which was confirmed in the t-SNE space of all cells (figure 2B). In 
addition, the number of TCF21high TPCs was markedly increased 
in samples from patients with CRC with liver metastases compared 
with those without liver metastases (figure 2C). In addition, the ratio 
of TCF21+ TPCs was increased in tumour sections from patients 
with CRC with liver metastases (figure 2D and online supplemental 
table 1). However, TCF21 was undetectable in TPCs in hepatic 
metastatic tumours derived from patients with CRC (online supple-
mental figure 3). Pearson’s correlation coefficient analysis showed 
a positive correlation between the ratio of TCF21+ TPCs and 
MATN2+ matrix–pericytes (r=0.805, P<0.001; figure 2E). Addi-
tionally, flow cytometry analysis showed that the proportion of 
TCF21+MATN2+ TPCs was significantly increased in TPCs derived 
from patients with CRC without metastases (TPCNM) infected with 
lentivirus harbouring TCF21-overexpressing plasmid (TPCNM

TCF21) 
compared with those harbouring vector (TPCNM

Vector) (online 
supplemental figure 4A). In contrast, knockdown of TCF21 in 
TPCs derived from patients with CRC with liver metastases (TPCLM) 
showed opposite effects (online supplemental figure 4B). These data 
indicate that TCF21+ TPCs are closely associated with matrix–peri-
cytes. ROC curve analysis revealed that the optimal percentage of 
TCF21+ TPCs for predicting liver metastases in patients with CRC 
was 44% (figure 2F). Kaplan-Meier survival analysis suggested that 
OS (figure 2G) and DFS (figure 2H) were significantly shorter in 
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Figure 1  Transcriptomic characterisation of matrix-pericytes in TPCs derived from CRC patients. (A) Schematic diagram of scRNA-seq for TPCs. (B) 
t-SNE visualisation of TPC subsets derived from primary tumour tissues of CRC patients with (n=2) or without (n=2) liver metastasis. (C) Dot plots of 
the top ten marker genes in each TPC subset. (D) Percentage of each subset of TPCs. (E) GO analysis of the upregulated genes in cluster 2. (F) t-SNE 
visualisation of TPCs at all stages is combined, overlaid with the expression of indicated genes. (G) Immunofluorescence analysis and quantification 
of MATN2+ matrix-pericyte ratio in primary tumour tissues from CRC patients with (n=34) or without (n=41) liver metastasis. white arrows indicate 
the staining of MATN2 in TPCs. scale bar, 20 µm. each sample on the violin plots represents individual patient data. ***P < 0.001 by two-tailed 
Mann-Whitney test. (H) ROC curve analysis of MATN2+ TPC ratio in CRC patients (n=75). (I, J) Kaplan-Meier analysis of the OS (I) or DFS (J) in 
CRC patients with high or low MATN2+ matrix-pericyte ratio (based on 30% cut-off, n=75). P<0.001 by Log-rank (Mantel-Cox) test. BP, biological 
process; CC, cellular component; CRC, colorectal cancer; DAPI, 4',6-diamidino-2-phenylindole; DFS, disease-free survival; GO, Gene Ontology; LM CRC, 
liver metastatic colorectal cancer; MF, molecular function; NM CRC, non-metastatic colorectal cancer; OS, overall survival; ROC, receiver operating 
characteristic; TPC, tumour pericyte; t-SNE, t-stochastic neighbour embedding; VWF, von willebrand factor.
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patients with higher (>44%) ratio of TCF21+ TPCs. Furthermore, 
the TCF21+ TPC ratio was notably correlated with TNM stage and 
liver metastasis in patients with CRC (online supplemental table 3). 
These findings indicate that TCF21 in TPCs can serve as a predic-
tive biomarker for CRC metastasis.

TCF21 in TPCs contributes to the phenotype transition of 
matrix–pericytes and the remodelling of perivascular ECM
The positive correlation between TFC21 upregulation in 
TPCs and CRCLM suggested that TCF21 may be involved in 
the activation of TPCs and may promote the phenotype tran-
sition of matrix–pericytes. Depletion or overexpression of 
TCF21 in TPCs had negligible effects on cell proliferation, 
adhesion and migration (online supplemental figure 5). The 

levels of nine genes in matrix–pericytes, including IGFBP5, 
CILP, MFAP4, c11orf96, A2M, SFRP2, MAF, PTGDS and 
MATN2, were significantly higher in TPCNM

TCF21 than in 
TPCNM

Vector (figure 3A). Conversely, the levels of these genes 
were significantly lower in TPCLM transfected with siTCF21 
(TPCLM

siTCF21) than in those transfected with negative 
control siRNA (TPCLM

siNC) (online supplemental figure 6A). 
In addition, the percentage of MATN2+ matrix–pericytes 
was increased by overexpression of TCF21 in TPCNM and 
decreased by the knockdown of TCF21 in TPCLM (figure 3B 
and online supplemental figure 6B).

Genes acting downstream of TCF21 were investigated in TPCs 
using whole-transcriptome RNA-seq and ChIP-seq assays (online 
supplemental figure 6C, D). RNA-seq assays showed that 1276 

Figure 2  TCF21 in matrix–pericytes is positively associated with liver metastasis of CRC. (A) Heat map analysis of the regulon activities in distinct 
subsets of TPCs. (B) t-SNE visualisation of TCF21 regulon modulus in all TPC subsets. (C) Expression of TCF21 in matrix–pericytes derived from CRC 
patients with or without liver metastasis. (D) Immunofluorescence staining and quantification of TCF21+ TPC ratio in tumour sections from CRC 
patients with (n=34) or without (n=41) liver metastases.White arrows indicate TCF21 staining in TPCs. Scale bar, 20 µm. Each sample on the violin 
plots represents individual patient data. ***P<0.001 by two-tailed Mann-Whitney test. (E) Pearson’s correlation analysis of TCF21+ TPC ratio and 
MATN2+ matrix–pericyte ratio (n=75). (F) ROC curve analysis of TCF21+ TPC ratio in CRC patients (n=75). (G, H) Kaplan-Meier analysis of OS (G) or 
DFS (H) in CRC patients with high or low TCF21+ TPC ratio (based on the 44% cut-off, n=75). P<0.001 by log-rank (Mantel-Cox) test. CRC, colorectal 
cancer; DAPI, 4',6-diamidino-2-phenylindole; DFS, disease-free survival; OS, overall survival; ROC, receiver operating characteristic; TPC, tumour 
pericyte; t-SNE, t-stochastic neighbour embedding; VWF, von willebrand factor.
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Figure 3  TCF21 is essential for the formation of matrix–pericytes and facilitates CRC cell invasion by ECM remodelling. (A) RT-qPCR analysis for 
matrix–pericyte-related genes in TPCNM

Vector or TPCNM
TCF21 (n=3). (B) FCM analysis for MATN2 expression in TPCNM

Vector and TPCNM
TCF21 (n=3). (C) GO 

terms of differentially expressed genes derived from RNA-seq in TPCNM
TCF21 compared with those in TPCNM

Vector. (D) GO terms of TCF21 peaks derived 
from ChIP-Seq in TPCNM

TCF21. (E) Venn diagram showing the number of overlapped genes derived from TCF21-upregulated genes, TCF21 peaks and 
matrix–pericyte genes. (F) GO analysis for the intersected genes derived from E. (G) RT-qPCR analysis for the indicated genes in TPCNM

Vector and 
TPCNM

TCF21 (n=3). (H) ChIP-qPCR analysis for the binding of TCF21 with the promoter of indicated genes in TPCNM
TCF21 (n=3). (I) Western blotting 

analysis for the expression of indicated proteins in TPCNM
Vector and TPCNM

TCF21 (n=3). (J) AFM imaging of topography and roughness of the collagen 
fibres incubated with TPCNM

Vector or TPCNM
TCF21 (n=3). White arrows indicate the collagen fibres. (K) Young’s modulus detection of the stiffness of 

collagen gels (n=3). Schematics of the 3D coculture model (left) and Young’s modulus detection (right) are shown. Red dotted line indicates the 
removed part. (L) Representative images and quantification of collagen contraction caused by TPCNM

Vector or TPCNM
TCF21 (n=3). (M) Representative 

images and quantification of invaded HCT116 cells (green) (n=3). Scale bar, 50 µm. (N) Schematics of organotypical culture system for studying the 
invasion of tumour cells (upper). Representative images and quantification of HCT116 cells that invaded into the TPC-containing matrix (bottom) 
(n=3). Scale bar, 20 µm. Red dotted line indicates the removed part; white lines indicate the initiation. Data are presented as mean±SEM. *P<0.05, 
**P<0.01, ***P<0.001 by two-tailed unpaired t-test. AFM, atomic force microscopy; ChIP-qPCR, chromatin immunoprecipitation-quantitative PCR; 
CRC, colorectal cancer; EC, endothelial cell; ECM, endothelial culture medium; GO, Gene Ontology; RT-qPCR, real-time quantitative PCR; TPC, tumour 
pericyte.



715Li X, et al. Gut 2023;72:710–721. doi:10.1136/gutjnl-2022-327913

Colon

genes were upregulated, and 1397 genes were downregulated 
in TPCNM

TCF21 compared with TPCNM
Vector (online supplemental 

figure 6E). A heatmap of the RNA-seq results showed that the 
expression of matrix–pericyte-specific genes, including MFAP4, 
CILP, MATN2, MMP2, COL3A1, COL1A2, CHI3L1 and 
FBLN1, was significantly higher in TPCNM

TCF21 (online supple-
mental figure 6F). GO enrichment analysis of the RNA-seq and 
ChIP-seq results showed that genes regulated by TCF21 were 
associated with the categories ‘ECM organisation’ and ‘ECM’ 
(figure 3C,D), which were similar to the expression profiles in 
matrix–pericytes. Moreover, comparison of the TCF21 peaks 
detected by ChIP-seq analysis, TCF21-induced genes detected 
by RNA-seq and matrix–pericyte genes detected by scRNA-seq 
identified 139 overlapping genes (figure  3E). GO analysis of 
these overlapping genes showed their associations with the cate-
gories ‘collagen-containing ECM’ and ECM (figure 3F). These 
results were confirmed by RT-qPCR and ChIP-qPCR, and the 
binding of TCF21 to the promoter of matrix–pericyte-specific 
genes was significantly upregulated in TCF21-overexpressing 
TPCNM (figure 3G,H, and online supplemental figure 6G and H), 
which were confirmed by western blotting (figure 3I and online 
supplemental figure 6I). These results indicate that TCF21 is 
critical for the generation of matrix–pericytes.

ECM remodelling is crucial for tumour metastasis,22 which is 
represented by aberrant collagen production and cross-linking 
leading to tissue stiffness, thus promoting tumour metastasis.23 24 
Moreover, degradation of the vascular basement membrane by 
proteases such as matrix metalloproteinases facilitates the escape 
of tumour cells from primary tumour sites.25 We proposed that 
TCF21 may play a role in perivascular ECM remodelling and 
CRC metastasis. Neither overexpression nor knockdown of 
TCF21 in TPCs altered tumour cell proliferation, migration, 
EMT or endothelial cell tube formation in vitro (online supple-
mental figure 7A–H). Atomic force microscopy (AFM) revealed 
that TPCNM

TCF21 possessed greater ability than TPCNM
Vector in 

inducing local alignment of collagen, reorganisation of curly and 
sheet-like collagen fibres into radial and bundling structures, 
and increased roughness (figure  3J). Moreover, TPCNM

TCF21 
was superior to TPCNM

Vector in stiffening the mechanical proper-
ties of collagen (figure 3K) and increasing collagen contraction 
(figure 3L), thereby enhancing ECM stiffness. To further assess 
the effects of TCF21-mediated perivascular ECM remodelling 
on the transmigration of CRC cells, PKH-67-labelled HCT116 
or DLD-1 cells mixed with TPCNM

Vector, TPCNM
TCF21, TPCLM

siNC 
or TPCLM

siTCF21 were seeded into Matrigel. TPCNM
TCF21 was 

better than TPCNM
Vector in facilitating CRC cell invasion through 

the Matrigel-coated transwell membranes (figure 3M and online 
supplemental figure 8A), whereas TPCLM

siTCF21 reduced the inva-
sion of CRC cells compared with TPCLM

siNC (online supplemental 
figure 8B, C). The experiments performed on an organotypical 
culture system showed that the number of invaded HCT116 cells 
was significantly increased when matrix, consisting of collagen 
I and Matrigel, was premixed with TPCNM

TCF21 compared with 
TPCNM

Vector (figure 3N). Collectively, these results indicate that 
TCF21 in matrix–pericytes induces perivascular ECM remodel-
ling and facilitates CRC cell invasion through the perivascular 
matrix.

We further investigated whether MATN2 exerted prometa-
static effects similar to those of TCF21. Given that TCF21high 
TPCs facilitated tumour metastasis through ECM remodelling, 
the levels of genes encoding ECM proteins, such as COL1A2, 
COL3A1, MMP2, CHI3L1 and FBLN1, were examined by 
RT-qPCR in TPCs with overexpression or knockdown of 
MATN2 (online supplemental figure 9A, B). Our results showed 

that MATN2 in TPCs had negligible effects on the levels of these 
ECM-related genes (online supplemental figure 9C, D). Addi-
tionally, MATN2 in TPCs had negligible effects on tumour cell 
invasion (online supplemental figure 9E, F). These data indicate 
that MATN2+ TPCs could not give metastatic phenotypes to 
tumour cells similar to TCF21high TPCs, which may merely serve 
as a characteristic marker for matrix–pericytes.

Knockout of Tcf21 in TPCs inhibits CRC metastasis
To determine whether TCF21 in TPCs is essential for CRC 
metastasis in vivo, pericyte lineage-tracing mice (PClin) and 
tamoxifen-inducible Cspg4-driven pericyte-specific Tcf21 
knockout mice (PClin-KO) were generated (figure 4A and online 
supplemental figure 10A, B). Tamoxifen administration to both 
PClin and PClin-KO mice resulted in the permanent labelling of 
pericytes with tdT fluorescence, and the knockout of Tcf21 in 
PClin-KO mice. To examine the effects of TCF21 in TPCs on CRC 
metastasis, PClin and PClin-KO mice were orthotopically injected 
with luciferase-labelled tumour cells (MC38-luc-LM3), followed 
by treatment with tamoxifen for 1 week (online supplemental 
figure 11A). Tamoxifen treatment had negligible effects on 
the non-tumour tissues (online supplemental figure 11B) but 
induced Cre activity in TPCs, as indicated by tdT fluorescence in 
both PClin and PClin-KO mice and loss of TCF21 in PClin-KO mice 
(online supplemental figure 11C, D). In vivo, the TPC-specific 
deletion of Tcf21 significantly inhibited the formation of liver 
metastases (figure 4B). The area and number of liver metastatic 
foci were significantly decreased in PClin-KO mice compared with 
those in PClin mice (figure  4C). Furthermore, the number of 
EpCAM+CD45− CTCs was significantly lower in PClin-KO mice 
than that in PClin mice (figure 4D and online supplemental figure 
12A, B). Knockout of Tcf21 in TPCs had negligible effects on 
primary tumour growth and EMT, as indicated by equal levels 
of E-cadherin, vimentin, and Ki67 in tumour sections from PClin 
and PClin-KO mice (online supplemental figure 13A, B). These 
data indicate that TCF21 in TPCs promotes CRC metastasis, 
independent on tumour growth and EMT.

The effects of TCF21 in TPCs on vascular structure and func-
tion were further evaluated by assessing pericyte coverage and 
the percentage of MATN2+ matrix–pericytes in tumour vessels. 
Immunofluorescence staining showed that deletion of Tcf21 in 
TPCs had negligible effects on total pericyte coverage (online 
supplemental figure 13C), whereas the number of MATN2+ 
matrix–pericytes in primary tumour tissues of MC38-luc-LM3 
CRCLM xenografts was lower in PClin-KO mice than in PClin mice 
(figure  4E and online supplemental figure 12C). In addition, 
the expression of ECM remodelling-related proteins, including 
MMP2, COL1A2, COL3A1 and CHI3L1, in TPCs from PClin 
mice was significantly higher than those from PClin-KO mice 
(figure 4F and online supplemental figure 12D). Masson staining 
showed that the density of fibrillar collagen components was 
significantly decreased in tumour sections from PClin-KO mice 
compared with that in PClin mice (figure 4G and online supple-
mental figure 12E). Transmission electron microscopy analysis 
indicated that the collagen bundles at the perivascular region 
were thinner in tumour sections from PClin-KO than in those 
from PClin mice (figure 4H). Collagen deposition is required for 
tissue stiffness and the local invasiveness of tumour cells, and 
changes in collagen orientation also contribute to tumour metas-
tasis.26 The structure of perivascular collagen was further exam-
ined by second-harmonic generation and two-photon excited 
fluorescence. Perivascular collagen fibres in PClin-KO mice were 
arranged irregularly around the tumour vessels with curly and 
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Figure 4  Pericyte-specific knockout of Tcf21 inhibits the remodelling of perivascular ECM and CRC metastasis. (A) schematic diagram of the 
construction of Cspg4 (NG2) lineage-tracing Tcf21 inducible knockout mice. (B) Representative images and quantification of bioluminescence signals 
of mice orthotopically injected with MC38-luc-LM3 cells (n=6). (C) Representative images and H&E analysis of livers derived from MC38-luc-LM3 
xenograft-bearing mice (n=6). Yellow and black dotted lines indicate the liver metastatic loci. Scale bar, 2 mm. (D) Quantification of CTCs (n=6). (E) 
Quantification of MATN2+ TPC ratio in primary tumour sections (n=6). (F) Quantification of the expression of COL3A1, MMP2, COL1A1 and CHI3L1 on 
TPCs (tdTomato) in primary tumour sections (n=6). (G) Quantification of perivascular collagen in primary tumour sections (n=6). (H) Representative 
TEM images of collagen fibres surrounding TPCs (n=6). Red arrowheads indicate the perivascular collagen fibres. Scale bar, 2 µm. (I) Representative 
images of perivascular collagen organisation in tumours imaged by SHG (green) and CD31 (red) (n=6). White arrowheads indicate the perivascular 
collagen fibres. Scale bar, 50 µm. (J,K) Representative AFM images and quantification of the stiffness of the perivascular area in primary tumour 
sections (n=6). (L) Immunofluorescence staining and quantification of laminin (green) surrounding TPCs (tdTomato) in primary tumour sections (n=6). 
Scale bar, 20 µm. (M) Immunofluorescence staining and quantification of FITC–dextran 40 kD (green) surrounding vessels labelled with CD31 in 
primary tumour sections (n=6). Scale bar, 20 µm. Data are presented as mean±SEM. *P< 0.05, ***P <0.001 by two-tailed unpaired t-test. AFM, atomic 
force microscopy; CRC, colorectal cancer; CTC, circulating tumour cell; EC, endothelial cell; ECM, extracellular matrix; RBC, red blood cell; SHG, second-
harmonic generation; TEM, transmission electron microscopy; TPC, tumour pericyte.
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unfixed outlines, whereas perivascular collagen in PClin mice 
had an almost parallel orientation and were tightly embraced 
surrounded the tumour vessels (figure 4I). The stiffness of peri-
vascular areas was determined by AFM and analysed with Young’s 
modulus patterns, and we found that the perivascular areas in 
PClin-KO mice were significantly softer than those in PClin mice 
(figure  4J,K). As the basement membrane serves as a physical 
barrier for tumour cell intravasation, degradation of the base-
ment membrane could weaken its barrier function and increase 
vessel permeability.27 Our results showed that the expression of 
laminin, the most abundant component in the vascular basement 
membrane, was significantly higher in PClin-KO mice than that in 
PClin mice (figure 4L), and deletion of Tcf21 in TPCs resulted 
in decreased vessel permeability in PClin-KO mice compared with 
PClin mice (figure 4M). Taken together, TCF21 in matrix–peri-
cytes might be a key regulator of perivascular ECM remodelling, 
which establishes a PMM to facilitate CRC cell intravasation.

Loss of integrin α5 attenuates DNA methylation of TCF21 
promoter and increases TCF21 expression in TPCs
Integrins, the key receptors of ECM components, function as 
mechanical transducers to facilitate tumour metastasis.28 Our 
results showed that ITGA2, ITGA5 and ITGB1 were signifi-
cantly decreased in matrix–pericytes among the 13 clusters of 
TPCs (figure 5A). Integrin α2 and integrin β1 were unrelated to 
TCF21, whereas integrin α5 expression was inversely correlated 
with TCF21 expression in TPCs (online supplemental figure 
14A, B). Gain-of-function and loss-of-function experiments 
showed that TCF21 was negatively regulated by integrin α5 at 
both the mRNA and protein levels (figure 5B and online supple-
mental figure 14C-E), whereas integrin α2 and integrin β1 had 
negligible effects on TCF21 expression (online supplemental 
figure 14F).

Hypermethylation of TCF21 DNA suppresses TCF21 expres-
sion in various types of tumour cells, including non-small cell 
lung cancer, head and neck squamous cell carcinoma, and 
CRC.29–31 Evaluation of the methylation of CpG islands within 
the promoter of TCF21 in TPCs showed that TCF21 expression 
in TPCs was inversely correlated with its methylation status, as 
indicated by the decreased 5-mC level of TCF21 promoter of 
TPCLM compared with TPCNM (online supplemental figure 14G). 
In addition, integrin α5 positively regulated TCF21 DNA hyper-
methylation, and loss of integrin α5 in TPCs attenuated DNA 
hypermethylation of TCF21 promoter in TPCs (figure 5C and 
online supplemental figure 14H).

DNMT1 has been reported to regulate the DNA hypermethyl-
ation of TCF21 in lung cancers.32 Our results showed that deple-
tion of integrin α5 reduced the expression of DNMT1 in TPCNM 
by inhibiting the FAK/PI3K/AKT axis, whereas overexpression 
of integrin α5 in TPCLM exerted opposite effects, which could 
be reversed by the FAK inhibitor Y15 (figure  5D and online 
supplemental figure 14I). Furthermore, either Y15 or DNMT 
inhibitor SGI1027 decreased the expression of DNMT1 and 
suppressed the DNA hypermethylation of TCF21 (figure  5E), 
followed by an increase in the expression of TCF21 in TPCL-

M
ITGA5 (figure 5D). These results indicate that the loss of integrin 

α5 upregulates TCF21 in TPCs by suppressing the DNA hyper-
methylation of TCF21.

The effects of integrin α5 in TPCs on CRC metastasis in 
vivo were investigated in an orthotopic xenograft model 
generated by the co-injection of HCT116-luc-LM3 or DLD1-
luc-LM3 cells and integrin α5-overexpressing or -knockdown 
TPCs (figure  5F). Compared with TPCNM

shNC, TPCNM
shITGA5 

increased collagen density in perivascular areas of tumour tissues 
(figure 5G and online supplemental figure 15A, B), facilitated 
perivascular basement membrane degradation (online supple-
mental figure 15C, D) and significantly increased the number 
and area of metastatic foci in the liver (figure  5H and online 
supplemental figure 15E). Conversely, co-injection of tumour 
cells and TPCLM

ITGA5 showed the opposite effects compared with 
those with TPCLM

Vector (figure  5G,H, and online supplemental 
figure 15A–E). These data indicate that loss of integrin α5 in 
TPCs promotes CRC metastasis.

TCF21high matrix–pericytes correlate with perivascular ECM 
remodelling and liver metastasis in patients with CRC
To determine whether the above findings were applicable to 
patients with CRC, perivascular collagen deposition and align-
ment were assessed in patients with CRC with and without 
liver metastases. Compared with patients with CRC without 
liver metastases, the perivascular collagen abundance, and the 
reorientation of perivascular collagen fibres into a radial align-
ment were more prominent in patients with CRC with liver 
metastases (figure  6A,B, and online supplemental figure 16A, 
B). In addition, the stiffness of perivascular areas was signifi-
cantly enhanced in tumour tissues from patients with CRC with 
liver metastases compared with those without liver metastases 
(figure 6C,D). Moreover, the expression of COL1A2, COL3A1 
and CHI3L1 (figure  6E), as well as MMP2, a key protease 
involved in the degradation of basement membrane (figure 6F), 
was higher in TPCs from patients with CRC with liver metas-
tases than those without liver metastases. Correspondently, the 
expression of integrin α5 was lower in TPCs from patients with 
CRC with liver metastases than in those without liver metas-
tases (figure  6G). Pearson correlation analysis indicated that 
the levels of MMP2, COL1A2, COL3A1 and CHI3L1 in TPCs 
were positively correlated, whereas the level of integrin α5 in 
TPCs was negatively correlated with the ratio of TCF21high 
TPCs (figure 6E–G). These clinical data indicate that integrin α5 
loss-induced upregulation of TCF21 is an important regulator 
of perivascular ECM remodelling and the establishment of the 
PMM, thus facilitating CRC metastasis.

DISCUSSION
Cellular heterogeneity in the tumour microenvironment (TME) 
may result in distinct pathological phenotypes and different 
responses to cancer therapy.33 The heterogeneity of tumour 
cells,34 tumor-infiltrating immune cells,35 cancer-associated 
fibroblasts (CAFs),36 and endothelial cells37 has been extensively 
investigated by scRNA-seq, which has also been employed to 
analyse pericytes derived from tumours, enteritis, and normal 
GI tract.38–41 However, the specific phenotype and function of 
pericytes in tumour progression are largely unknown. There-
fore, evaluating the heterogeneity of TPCs may provide new 
insights into the mechanisms underlying haematogenous metas-
tasis. Here, the heterogeneity of TPCs was first revealed by 
scRNA-seq. By comparing the subpopulations of TPCs in our 
study with those in previous studies,39 42 four novel subpopu-
lations of TPCs were specifically identified in our work (online 
supplemental figure 17A–C).

Loss of NG2 is an important hallmark of PFT, during which 
pericytes shed from the blood vessels where they were originally 
attached.11 We found that the expression of NG2 in clusters 10, 
11 and 12 was extremely low, suggesting that PFT may have 
occurred in these subpopulations. However, the expression of 
NG2 in cluster 2 was not significantly decreased, indicating that 
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Figure 5  Loss of integrin α5 inhibits hypermethylation of TCF21 promoter and upregulates the expression of TCF21 in TPCs. (A) Heat map of the 
expression of integrins in all subsets of TPCs. (B) Western blotting analysis of integrin α5 and TCF21 in integrin α5-knockdown TPCNM (n=3). (C) 
BSP analysis for TCF21 promotor region in integrin α5-knockdown TPCNM (n=3). Blue and grey circles represent the methylated and unmethylated 
CpGs, respectively. The percentage of total methylated CpGs is given on the right. (D) Western blotting analysis of DNMT1 and TCF21 in integrin 
α5-knockdown (left) or integrin α5-overexpressing (right) TPCs treated with or without FAK inhibitor (Y15) or DNMT1 inhibitor (SGI1027) (n=3). (E) 
BSP analysis for the methylation and unmethylation levels of TCF21 in TPCLM treated with or without Y15 and SGI1027 (n=3). (F) Schematic diagram 
of the in vivo experiments. (G) Representative TEM images of collagen fibres surrounding TPCs in primary HCT116 orthotopic xenografts (n=6). Red 
arrowheads indicate perivascular collagen fibres. Scale bar, 2 µm. (H) Representative images of the whole liver and H&E analysis of liver metastatic 
foci (n=6). Yellow and black dotted lines indicate the metastatic loci. Scale bar, 2 mm. Data are presented as mean±SEM. *P<0.05, **P<0.01, 
***P<0.001 by one-way analysis of variance followed by Tukey’s post hoc test. BSP, bisulfite sequencing PCR; CRC, colorectal cancer; EC, endothelial 
cell; RBC, red blood cell; TEM, transmission electron microscopy; TPC, tumour pericyte.
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Figure 6  TCF21 in matrix–pericytes is associated with the remodelling of perivascular ECM in primary tumours derived from patients with CRC. 
(A) Representative TEM images of collagen fibres surrounding TPCs in primary tumour tissues from patients with CRC (n=3). Red arrowheads 
indicate the perivascular collagen fibres. Scale bar, 1 µm. (B) Representative images of perivascular collagen structure and density in patients with 
CRC imaged by SHG (green) and VWF (red) (n=3). White arrowheads indicate perivascular collagen fibres. Scale bar, 50 µm. (C,D) Representative 
AFM images and quantification of stiffness in perivascular area in primary tumour tissues from patients with CRC. Data are presented as mean±SEM 
(n=3).***P<0.001 by two-tailed unpaired t-test. (E–G) Immunofluorescence staining and quantification of COL1A2, COL3A1, CHI3L1 (E), MMP2 
(F) and integrin α5 expression (G) in αSMA+ TPCs in primary tumour sections from patients with CRC (n=75), and Pearson’s correlation analysis for 
COL1A2, COL3A1, CHI3L1, MMP2 or integrin α5 expression in αSMA+ TPCs with TCF21+ TPC ratio (%) are shown (n=75). White arrowheads indicate 
the staining of indicated proteins in TPCs. Scale bar, 20 µm. Each sample on the violin plots represents individual patient data. **P<0.01, ***P<0.001 
by two-tailed Mann-Whitney test. AFM, atomic force microscopy; DAPI, 4',6-diamidino-2-phenylindole; EC, endothelial cell; ECM, extracellular matrix; 
LM CRC, liver metastatic colorectal cancer; NM CRC, non-metastatic colorectal cancer; RBC, red blood cell; SHG, second-harmonic generation; TEM, 
transmission electron microscopy; TPC, tumour pericyte; VWF, von willebrand factor.
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these TPCs retained perivascular characteristics despite being 
activated. Furthermore, trajectory analysis indicated that cluster 
2 originated from cluster 9 and later evolved into cluster 12 
(online supplemental figure 18A, B), further demonstrating that 
cluster 2 was a newly identified subset of TPCs. Therefore, our 
findings improve understanding of the heterogeneity of TPCs.

To initiate metastasis, tumour cells must break through the 
collagen-enriched ECM by matrix deposition and degrada-
tion, which generate ‘tracks’ or ‘tunnels’ that help tumour cells 
pass.43 On reaching blood vessels, these tumour cells interact 
with proangiogenic TIE2high/VEGFhigh macrophages and luminal 
endothelial cells to construct a TMEM, which supports the 
transendothelial migration of tumour cells into blood circula-
tion.6 During intravasation, tumour cells physically contact with 
tumour endothelial cells via juxtracrine and paracrine signal-
ling.5 Although TPCs attach to endothelial cells, their roles 
in tumour cell intravasation and the underlying mechanisms 
remain unclear. Our study demonstrates that matrix–pericytes 
are one of the TPC subpopulations promote CRC metastasis by 
establishment of PMM, providing an unidentified function of 
TPCs in haematogenous metastasis.

TCF21 in tumour cells is considered to inhibit tumour growth 
and metastasis,17 whereas the expression and function of TPCs in 
haematogenous metastasis remain largely unknown. In contrast 
to its suppressive role in tumour cells and CAFs,44 TCF21 
promoted phenotypical transition of TPCs into matrix–peri-
cytes, which facilitated the haematogenous metastasis of CRC. 
The distinct functions of TCF21 in TPCs in haematogenous 
metastasis may be caused by the different methylation levels of 
the TCF21. DNA methylation of TCF21 was lower in matrix–
pericytes than in tumour cells, which increased the expression 
of TCF21 in TPCs from patients with CRC with liver metas-
tases. DNA methylation of TCF21 was regulated by the FAK/
AKT/DNMT1 signalling pathway, whereas the expression and 
activation of FAK in TPCs are negatively correlated with tumour 
angiogenesis, tumour growth, and metastasis.45 However, the 
mechanism by which cancer cell regulates integrin α5 and TCF21 
expression in TPCs has not been revealed. Metastatic CRC cells 
could rely on gene mutations46 including TP53, BRAF and KRAS 
or extracellular vehicles (EVs)47 to promote tumour metastasis. 
We found that the TP53, BRAF and KRAS mutations were not 
independent predictors of CRCLM (online supplemental table 
4), and the above gene mutations were not associated with the 
TCF21+ TPC ratio or the expression of integrin α5 in TPCs 
(online supplemental figure 19A and B). Interestingly, we found 
that metastatic CRC cells could reduce the expression of integrin 
α5 while increase the expression of TCF21 in an EV-dependent 
manner (online supplemental figure 19C, D). Nevertheless, the 
mechanisms underlying tumor-derived EVs and other factors 
involved in the regulation of TPCs require further investigation.

In conclusion, this study used scRNA-seq to reveal the hetero-
geneity of TPCs in patients with CRC and to identify a novel 
subpopulation of TCF21high TPCs associated with CRCLM. 
These findings revealed the effects and mechanisms of TCF21high 
TPCs in the construction of the PMM to facilitate CRC metas-
tasis by remodelling the perivascular ECM and provided a 
potential diagnostic marker for haematogenous metastasis.
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