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ABSTRACT
Objective  Metastasis is the major cause of cancer 
death. However, what types of heterogenous cancer 
cells in primary tumour and how they metastasise to the 
target organs remain largely undiscovered.
Design  We performed single-cell RNA sequencing 
and spatial transcriptomic analysis in primary colorectal 
cancer (CRC) and metastases in the liver (lCRC) or ovary 
(oCRC). We also conducted immunofluorescence staining 
and functional experiments to examine the mechanism.
Results  Integrative analyses of epithelial cells reveal 
a stem-like cell cluster with high protein tyrosine 
phosphatase receptor type O (PTPRO) and achaete 
scute-like 2 (ASCL2) expression as the metastatic culprit. 
This cell cluster comprising distinct subpopulations 
shows distinct liver or ovary metastatic preference. 
Population 1 (P1) cells with high delta-like ligand 4 
(DLL4) and MAF bZIP transcription factor A (MAFA) 
expression are enriched in primary CRC and oCRC, thus 
may be associated with ovarian metastasis. P3 cells 
having a similar expression pattern as cholangiocytes 
are found mainly in primary CRC and lCRC, presuming to 
be likely the culprits that specifically metastasise to the 
liver. Stem-like cells interacted with cancer-associated 
fibroblasts and endothelial cells via the DLL4-NOTCH 
signalling pathway to metastasise from primary CRC to 
the ovary. In the oCRC microenvironment, myofibroblasts 
provide cancer cells with glutamine and perform a 
metabolic reprogramming, which may be essential for 
cancer cells to localise and develop in the ovary.
Conclusion  We uncover a mechanism for organ-
specific CRC metastasis.

INTRODUCTION
Colorectal cancer (CRC) is the third most common 
and lethal cancer in the world.1 Tumour metastasis 
accounts for 90% of CRC death,2 with reported 
5-year survival rates being <20%.3 Although 
the most common sites CRC metastasises to are 
the lymph node, liver and lung, a proportion 
of CRCs can metastasise to the bone and ovary.4 
The ovarian metastasis of CRC is believed to be 
directly colonised by malignant cells spreading 
from the serosal surface into the peritoneal cavity 
through ascites.5 Over the last five decades, studies 

on various types of cancer have proposed that 
despite the presence of many heterogeneous cells 
in tumours, only certain type of malignant cells can 
drive the relapse and distant metastasis.6–8 However 
to date, there appear to be no systematic studies on 
what subtype of heterogeneous CRC cells prefers 
distant metastasis.

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Colorectal cancer (CRC) is a highly 
heterogeneous malignant disease that can 
metastasise to lymph node, liver, lung, bone and 
ovary.

	⇒ Heterogeneity in CRC primary tumour leads to 
organ-specific metastasis that remains largely 
undiscovered.

WHAT THIS STUDY ADDS
	⇒ We decipher subtypes of heterogenous 
cancer cells in primary CRC tissue, CRC liver 
and ovarian metastasis tissue, and profile 
characteristic for organ-specific CRC metastasis 
at single cell resolution.

	⇒ We identify that a stem-like cell cluster with 
high expression of achaete scute-like 2 and 
protein tyrosine phosphatase receptor type O is 
the cause of CRC liver and ovarian metastasis.

	⇒ Malignant cells with high delta-like ligand 
4 (DLL4) expression interact with cancer-
associated fibroblasts and endothelial cells 
via the DLL4-NOTCH signalling pathway to 
metastasise from primary CRC to the ovary.

	⇒ In ovarian metastasis, myofibroblasts provide 
cancer cells with glutamine and induce 
metabolic remodelling in malignant cells.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ The comprehensive transcriptome atlas is 
a valuable resource for primary CRC and 
distant metastasis, especially for CRC ovarian 
metastasis.

	⇒ Our findings provide an important theoretical 
basis for organ-specific CRC metastasis.
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Single-cell RNA sequencing (scRNA-seq) can dissect heteroge-
neous tumour and decipher the cell compositions. Recent studies 
have compared cell compositions in the microenvironments of 
primary CRC and their liver metastatic CRC (lCRC) and found 
that certain subtypes of immune cells such as tumour-associated 
macrophages and pericytes were significantly enriched in lCRC 
compared with primary CRC.9–11 Another study has reported 
increased immature plasma cells but decreased activated B cells 
in lCRC than primary CRC.12 Although these studies have indi-
cated the importance of different immune features in the micro-
environments of CRC and lCRC, it remains unrevealed what 
subtype of malignant cells are the metastatic culprit. Further-
more, to the best of our knowledge, the tumour microenviron-
ment and cell composition of ovarian metastatic CRC (oCRC) 
has never been explored yet.

In this study, we have performed scRNA-seq and spatial 
transcriptomic analysis of primary CRC and lCRC or oCRC, 
focusing on deciphering which subtype of malignant cells in 
primary CRC may metastasise to the ovary and liver and how 
these metastases grow in the target organs. We have discovered 
that a stem-like cell cluster, which expresses protein tyrosine 
phosphatase receptor type O (PTPRO), is the metastatic initiator 
in CRC. These stem-like cells also exhibit heterogeneity in terms 
of the transcription pattern that determines the cells to metas-
tasise to the liver or ovary. The development of oCRC relies on 
the interaction network of NOTCH signalling pathway between 
the metastatic cells and cancer-associated fibroblasts (CAFs) or 
endothelial cells, and myofibroblasts also create a metabolically 
active state in the microenvironment to help the oCRC growth. 
Overall, our results have provided an important insight into 
CRC metastasise to the ovary and liver and identified a subtype 
of CRC cells for the organ-specific metastasis. These results may 
provide an important theoretical basis for organ-specific CRC 
metastasis.

METHODS
Cell culture
Human microsatellite stable CRC cell lines HT-29 and SW-480, 
human embryonic kidney cell line 293T and human umbilical 
vein endothelial cell (HUVEC) were purchased from the Cell 
Bank of Type Culture Collection of the Chinese Academy of 
Sciences Shanghai Institute of Biochemistry and Cell Biology. 
Human ovarian fibroblast cell line was purchased from Biotech-
nology Company. CRC cells and HUVEC were cultured in 
RPMI-1640 with 10% fetal bovine serum (FBS) and 293T cells 
were cultured in Dulbecco’s Modified Eagle Medium with 10% 
FBS in an atmosphere of 5% CO2 and 99% relative humidity at 
37°C. Human ovarian fibroblast cell line was cultured in ICell 
Primary Fibroblast Culture System.

A detailed description of all methods used in this study can be 
found in online supplemental file 1.

RESULTS
Single-cell transcriptomic landscape in CRC
We performed scRNA-seq on 29 samples from 7 patients with 
CRC with distant metastases, including 8 primary CRC, 5 oCRC, 
2 lCRC, 7 adjacent normal tissues and 7 peripheral blood mono-
nuclear cells (PBMC). We also downloaded the publicly available 
scRNA-seq data of 41 samples from 24 patients, including 29 
CRC and 12 adjacent normal tissues, to increase the statistical 
power. Among these 24 patients, 3 had distant metastases but 
the detailed metastatic information is unavailable.13 Thus, for 
the final analysis, we had 31 patients with CRC including 10 

distant metastases. All CRC were diagnosed as microsatellite 
stable (MSS) CRC. The working flow and the detailed informa-
tion of patients and tissue samples are shown in figure 1A and 
online supplemental tables 1 and 2.

After quality control and batch correction, we analysed 
scRNA-seq data of 230 818 cells, in which 167 205 (72.44%) 
were from our own samples (online supplemental figure 1A). 
Using the classical markers of different cell clusters, we iden-
tified 10 cell types including 4 non-immune cell types such as 
epithelial cells, fibroblasts, endothelial cells and glial cells and 
6 immune cell types such as B cells, T cells, myeloid cells, mast 
cells, megakaryocytes and plasma B cells (figure 1B‒C and online 
supplemental figure 1B‒D). We then calculated the proportions 
of these 10 cell types in different tissue types, which are shown 
in figure 1D‒E and online supplemental table 3.

Stem-like cells are the originator of CRC metastasis
We subclassified the epithelial cells expressing EPCAM and 
KRT18 (online supplemental figure 2A) and found 14 cell 
subtypes that were present in all patients (figure 2A and online 
supplemental figure 2B). The marker genes of these 14 cell 
subtypes are shown in figure 2B. Among the 14 cell subtypes, 
we identified 5 subtypes of malignant cells including stem-like 
cells highly expressing ASCL2 and PTPRO, DNAJB1+ malignant 
cells expressing DNAJB1 and RND3, FDPS+ malignant cells 
expressing FDPS and SCD, GPRC5A+ malignant cells expressing 
GPRC5A and SLC2A1 and IL32+ malignant cells expressing IL32 
and S100A11 (figure 2B and online supplemental figure 2C‒E). 
We found that enterocytes were enriched in normal colorectal 
tissues, cholangiocytes were enriched in lCRC and stem-like cells 
and other malignant cell subtypes were enriched in both primary 
and metastatic CRC samples (figure 2C). The stem-like malig-
nant cell subtypes from primary CRC and metastatic CRC had 
significantly higher DNA copy number variations than epithe-
lial cells from adjacent normal tissues (figure 2D‒E and online 
supplemental figure 2F). We then applied CytoTRACE14 to 
predict the differentiation states of five malignant cell subtypes 
and the results showed that the stem-like cells had a significantly 
higher differentiation potential than other cell types in the 
lCRC or oCRC (online supplemental figure 2G). The partition-
based graph abstraction analysis showed that the stem-like cells 
had a closer evolutionary relationship with the malignant cell 
subtypes than other epithelial cell subtypes (figure 2F). The RNA 
velocity analysis indicated that the flow directions were from 
the stem-like cells to other malignant cell subtypes (figure 2F). 
Moreover, the stem-like cells had the highest stemness signature 
score among all epithelial cell subtypes (figure 2G). These results 
suggested that the stem-like cells might be the originator of CRC 
metastasis.

We applied trajectory-inference algorithm to predict the flow 
directions of the malignant cell subtypes in primary tumours and 
metastatic tumours. The results showed that in both primary 
and metastatic CRC, other malignant cells seemed to come 
from stem-like cells (online supplemental figure 2H). We further 
performed differentially expressed gene analysis and found that 
compared with other cell subtypes, stem-like cells had signifi-
cant upregulation of PTPRO and some stemness-associated 
markers including ASCL2, LGR5, AXIN2, EPHB2, SOX9, 
PROM1, CD44 and ALCAM (figure  2H). We also revealed a 
significant expression elevation of genes in the MYC target V1 
and WNT/β-catenin signalling pathways in the stem-like cells 
(figure 2I). Nevertheless, the expression program were hetero-
geneous among the malignant cell subtypes; for example, some 
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Figure 1  Single-cell transcriptomic landscape in human CRC. (A) The schematics of sample collection, scRNA-seq and spatial transcriptomic 
analysis of CRC and combined analysis with public datasets. CRC, colorectal cancer; lCRC, liver metastatic CRC; oCRC, ovarian metastatic CRC; PBMC, 
peripheral blood mononuclear cells. (B) Uniform manifold approximation and projection (UMAP) of 230 818 cells analysed by scRNA-seq across 
all samples. Clusters were annotated by the canonical markers. (C) The expression levels of the selected markers in different cell subtypes. Dot size 
indicates the fraction of expressing cells and the colours represent normalised gene expression levels. (D) Relative proportions of cell subtypes across 
different tissue types. (E) The proportion of different cell subtypes across normal, primary CRC from patients without distant metastases (NM-CRC), 
primary CRC from patients with distant metastases (M-CRC), oCRC and lCRC. Only cell subtypes with the proportion being >0.5% are shown.
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Figure 2  Stem-like cells are the originator of CRC metastasis. (A) UMAP showing 14 epithelial cell subtypes. (B) Bubble heatmap showing 
expression levels of marker genes (indicated as different colours) and the proportion of expressing cells (indicated as different dot sizes) across 14 
epithelial cell subtypes shown in (A). (C) Tissue distribution of different epithelial cells estimated by Ro/e score. (D) UMAP plot showing the copy 
number variation (CNV) score of epithelial cells. (E) Ridgeline plot showing the genomic instability score of five malignant cell subtypes. (F) Partition-
based graph abstraction analysis of 14 epithelial cell subtypes (left panel) and UMAP of RNA velocity of 14 epithelial cell subtypes (right panel). 
(G) Density of stemness scores of all epithelial cells. (H) Differential expressed genes between stem-like cells and the other cell subtypes. Y-axis 
indicates the -log2p value, genes ordered by log2fold change along the x-axis. (I) Gene set enrichment analysis showing MYC target V1 and WNT/β-
catenin signalling pathway were upregulated in stem-like cells. The normalised enrichment score (NES) and false discovery rate (FDR) are included. 
CRC, colorectal cancer; lCRC, liver metastatic CRC; oCRC, ovarian metastatic CRC; PBMC, peripheral blood mononuclear cells.
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genes in the fatty acid metabolism, glycolysis and gluconeogen-
esis pathways were highly expressed in FDPS+ malignant cells 
while some genes in the chemokine signalling and leucocyte 
trans-endothelial migration pathways were highly expressed in 
GPRC5A+ malignant cells. IL32+ malignant cells had overex-
pression of ribosome genes (online supplemental figure 2I). We 
obtained similar results by using the Gene Expression Omnibus 
(GEO) and The Cancer Genome Atlas (TCGA)-colon adenocar-
cinoma (COAD) RNA-seq datasets, showing that the stem-like 
gene signature was significantly higher in the primary CRC with 
distant metastasis or in the metastatic CRC (online supplemental 
figure 3A,B). We analysed TCGA-COAD RNA-seq dataset and 
identified three CRC subtypes based on the stem-like signature 
score. Patients with higher stem-like signature score had signifi-
cantly shorter survival time (online supplemental figure 3C‒F). 
Additionally, we found that the ASCL2 and PTPRO expression 
levels were higher in sigmoid colon cancers with high stem-like 
signature score than those with low stem-like signature score 
(online supplemental figure 3G‒I).

Overexpression of ASCL2 and PTPRO confers CRC stem-like 
cells metastatic phenotype
ASCL2, a basic helix-loop-helix transcription factor (TF), is a 
key regulator of intestinal stem cells and is involved in CRC 
proliferation and motility15 16 and since stem-like cells in our 
CRC samples had high PTPRO RNA levels (figure 3A), we there-
fore analysed the relationship between the ASCL2 and PTPRO 
expression levels and found a significant and positive correla-
tion (online supplemental figure 4A). This result encouraged us 
to perform the spatial transcriptomic and immunofluorescence 
analyses on our primary CRC samples. As a result, we found that 
a subtype of epithelial cells highly expressed ASCL2 and PTPRO 
(figure 3B‒C), suggesting that ASCL2 might be a TF of PTPRO. 
We then conducted gene operation experiments in two CRC 
cell lines to test this notion and the results showed that in cells 
with ASCL2 depletion, the PTPRO mRNA and protein levels 
were significantly decreased; but in cells with PTPRO depletion, 
the ASCL2 expression levels were not significantly changed 
(figure 3D and online supplemental figure 4B,C). These results 
further indicated that ASCL2 is a TF regulating PTPRO expres-
sion. We also looked at the PTPRO RNA levels in primary CRC 
tumour centres, invasive fronts and peritoneal metastases in the 
GSE75117 dataset and revealed that the levels were significantly 
higher in metastases than in primary tumour centres or inva-
sive fronts (figure 3E). Kaplan-Meier estimation and multivar-
iate analysis of survival time based on the PTPRO RNA level 
showed that patients with MSS CRC with high PTPRO levels 
had significantly shorter survival time than those with low 
PTPRO levels (figure  3F and online supplemental figure 4D). 
Finally, we examined the effects of PTPRO expression changes 
on CRC cell phenotypes and found that PTPRO knockdown 
significantly reduced CRC cell migration, invasion (figure  3G 
and online supplemental figure 4E) and sphere-propagating abil-
ities (online supplemental figure 4F). Together, these results indi-
cate that primary CRC contains a stem-like cell subtype featured 
by high expression of ASCL2 and PTPRO, which confers CRC 
metastatic phenotype.

Heterogeneity of CRC stem-like cells in organ-specific CRC 
metastasis
We next wanted to explore whether the stem-like cell subtype 
was of heterogeneity that might link to organ-specific metas-
tasis. Based on the transcriptomic profiles, we divided the 

stem-like cells into eight distinct subpopulations (P1 to P8) as 
shown in figure 4A. All these cells exhibited the stem cell prop-
erty and one of the populations displayed high proliferative 
capacity (online supplemental figure 5A). We found that among 
the eight subpopulations without significant individual differ-
ence, P1 and P2 were enriched in the oCRC while P3 and P4 
were enriched in the lCRC. In primary CRC and oCRC, the 
percentage of P1 cells was 48.57% and 45.85%, but in primary 
CRC and lCRC, the percentage of P3 cells was 65.35% and 
24.64% (figure  4B‒C, online supplemental figure 5B,C and 
table 4). The high proportion of P1 and P3 cells in oCRC and 
lCRC suggested that these stem-like cells were the originators 
for CRC to metastasise to these two organs, respectively. We 
analysed the localisation of cell subpopulations in each of oCRC 
from five patients and the results supported the evolutionary 
trend from P1 to P2; similarly, the results in each of lCRC from 
two patients also showed the potential evolutionary trend from 
P3 to P4 (online supplemental figure 5D,E). Spatial transcrip-
tomic analysis showed a spatial distribution pattern of P1 and 
P3 cells that are consistent with these results (figure 4D). Gene 
expression analysis showed that P1 and P2 cells had uniquely 
high expression of MAFA and DLL4 while P3 and P4 cells 
had high expression of TOMM6, CXCL14, ATP6V0C, PSMA6, 
CALML4, DBNDD2, RNASE4 and DEFB1 (figure 4E). Cholan-
giocytes also had expression pattern like P3 and P4 cells (online 
supplemental figure 5F). P6 cells were not linked to metastasis 
but expressed a set of genes, including CXCL1, CXCL2, CXCL3, 
VEGFA, ASPSCR1 and IGF2 (figure 4E). The difference in the 
gene expression feature between P1 and P3 cells was validated in 
primary CRC (figure 4F) and the different expression patterns 
formed in primary CRC were retained in the oCRC or lCRC 
(figure 4G and online supplemental figure 5G). Immunohisto-
chemical staining of clinical tissue samples showed that primary 
CRCs metastasised to the ovary had higher DLL4 expression 
levels than that metastasised to the liver (figure 4H and online 
supplemental figure 6A). The calculated area under the receiver 
operating characteristic curve indicated the ability of DLL4 
expression level in predicting ovarian metastasis (figure 4I). We 
also transplanted ASCL2, PTPRO or DLL4 knockdown CRC 
cells into mice through tail vein and the results showed that the 
ovarian metastases rate was significantly decreased as compared 
with that transplanted with control cells (figure 5A–C). Since TF 
plays a critical role in keeping cell phenotype and fate by regu-
lating the expression of certain genes, we thus explored whether 
there are such TF(s) that determine the metastatic potential of 
stem-like cells. The master TF analysis suggested that ELF3, a 
gene playing leading role in the malignant phenotype of ovarian 
cancer,17 is a master TF in P1 cells while ETV4, a gene linking 
to the development of liver cancer,18 is a master TF in P3 cells 
(online supplemental figure 6B). Immunohistochemical staining 
of clinical tissue samples showed that primary CRCs that metas-
tasised to the ovary had higher ELF3 levels than that metasta-
sised to the liver while primary CRCs that metastasised to the 
liver had higher ETV4 levels than that metastasised to the ovary 
(online supplemental figure 6C). These results suggest that the 
heterogeneity of stem-like cells caused by different master TFs 
may determine organ-specific metastasis of primary CRC.

Interactions of stem-like cells with CAFs and differentiated 
endothelial cells in CRC metastasis
It is known that cancer metastasis is determined by cancer cells 
themselves and by the orchestration of other cell types including 
CAFs and endothelial cells in the tumour microenvironment.19 20 
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Figure 3  Overexpression of achaete scute-like 2 (ASCL2) and protein tyrosine phosphatase receptor type O (PTPRO) confers colorectal cancer (CRC) 
stem-like cells metastatic phenotype. (A) The expression levels of ASCL2 and PTPRO across 14 epithelial cell subtypes. Dot size indicates the fraction of 
expressing cells and the colour represents normalised expression levels. (B) Stem-like signature score (left panel) and the expression levels of ASCL2 
(middle panel) and PTPRO (right panel) based on spatial transcriptomic analysis of primary CRC sample from patient 2. (C) Immunofluorescence 
showing stem-like cells aggregate in a primary CRC sample. Scale bars, 50 μm. (D) The effect of ASCL2 depletion (shASCL2) on the expression level 
of PTPRO. (E) Comparison of PTPRO expression levels in peritoneal CRC metastasis and primary CRC tumour centre or invasive front (from GSE75117 
dataset). P values were determined by Wilcoxon rank-sum tests. (F) Kaplan-Meier estimation of overall survival time in patients with microsatellite 
stable CRC by the expression level of PTPRO. (G) The effect of PTPRO depletion (shPTPRO) on CRC cell migration and invasion abilities. (H) The 
effect of PTPRO expression change (shPTPRO) on CRC cell sphere-propagating capacity. Data in (G) and (H) are mean±SD from three independent 
experiments, *p<0.05, **p<0.01, ***p<0.001 were determined by one-way analysis of variance (ANOVA) test with Dunnett’s T3 multiple-
comparison. IF, invasive front; ns, not significant; PM, peritoneal metastasis; TC, tumour centre.
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Figure 4  Heterogeneity of CRC stem-like cells in organ-specific CRC metastasis. (A) UMAP plot showing eight stem-like cell subtypes. (B) Density 
plot showing the distribution of stem-like cell subtypes in different organs. White box highlights high proportion of stem-like cell subtypes in 
each organ. (C) The proportions of P1, P2, P3 and P4 cells across normal, CRC, lCRC and oCRC. (D) Assignment of cell subtypes and their spatial 
distributions in CRC, lCRC and oCRC. (E) The signature expression of each stem-like cell subtype. (F) Differentially expressed genes (DEGs) between 
P1 cells and P3 cells in primary CRC. The x-axis represents the difference in the fraction of genes between the two groups. (G) Heatmap showing 
the expression level of some DEGs in P1 cells and P3 cells from primary CRC, oCRC and lCRC. (H) Comparison of DLL4 levels in primary CRC 
from patient with liver metastasis (LM) or ovarian metastasis (OM). P values were calculated by two-sided Wilcoxon rank-sum test. (I) Receiver 
operating characteristic (ROC) curves show predictive efficiency of DLL4 protein level in primary CRC for ovarian metastasis (area under the curve 
(AUC)=0.7083). CRC, colorectal cancer; lCRC, liver metastatic CRC; oCRC, ovarian metastatic CRC.
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Figure 5  Delta-like ligand 4 (DLL4), achaete scute-like 2 (ASCL2) and protein tyrosine phosphatase receptor type O (PTPRO) promotes colorectal 
cancer (CRC) ovarian metastasis. (A) Effect of ASCL2, PTPRO or DLL4 depletion on the CRC ovarian metastasis. (B) The proportions of mice with 
ovarian metastasis (OM) or without ovarian metastasis (non-OM) as function of ASCL2, PTPRO or DLL4 depletion. (C) Representative H&E images of 
mouse OM. Red arrows indicate CRC metastases. Scale bars, 500 μm and 250 μm.
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Based on the specific markers, we identified 13 fibroblast subtypes 
in all samples, including fibroblasts, myofibroblasts, pericytes 
and smooth muscle cells (figure  6A and online supplemental 
figure 7A‒C), and among these subtypes, 9 were enriched in 
primary CRC samples (online supplemental figure 7D‒E). 
We then calculated the attraction strength of ligand-receptor 
pairs to seek the molecules that may mediate the interactions 
of CAFs with stem-like cells and promote CRC metastasis. We 
found that among the ligand-receptor pairs between stem-like 
cells and CAFs, PDGFA-PDGFRA, DLL4-NOTCH2 and DLL4-
NOTCH3 pairs were significantly enriched in P1 cells despite 
that many other ligand-receptor pairs were presented in P6 cells 
that were not linked to metastasis (figure  6B). Analysis using 
another tool iTALK yielded similar results showing that P1 cells 
had stronger crosstalk with CAFs through the ligand-receptor 
interaction of DLL4-NOTCH2, DLL4-NOTCH3 and PDGFA-
PDGFRA than P6 cells (online supplemental figure 7F). We then 
calculated the interaction scores of DLL4-NOTCH2, DLL4-
NOTCH3 and PDGFA-PDGFRA pairs, which were corrected 
by the corresponding cell fractions, and analysed their correla-
tions with patient survival time in TCGA-COAD cohort. The 
results showed that patients with MSS CRC with high scores 
had significantly shorter survival time than those with low scores 
(figure 6C and online supplemental figure 7G).

We also subclassified endothelial cells and identified 10 
subpopulations (figure 6D‒E, online supplemental figure 8A,B). 
Among these, Art_NOTCH4 (another receptor of DLL4), Tip_
COL4A1, Veins_ACKR1 and Veins_SERPINE1 subtypes were 
enriched in primary CRC (figure 6F). Enrichment score analysis 
of gene signatures for these four cell subtypes in TCGA-COAD 
dataset revealed that patients with metastases had significantly 
higher scores of Art_NOTCH4 and Tip_COL4A1 than patients 
without metastases. Conversely, patients without metastases 
had higher scores of Veins_ACKR1 and Veins_SERPINE1 than 
those with metastases (figure  6G). Analysing the Cancer Cell 
Line Encyclopaedia (CCLE) database obtained a similar result 
showing that the signature scores of Art_NOTCH4 and Tip_
COL4A1 were positively correlated but the signature scores of 
Veins_ACKR1 and Veins_SERPINE1 were negatively correlated 
with the metastatic potential of CRC cell lines (online supple-
mental figure 8C). Differential expression analysis revealed that 
Art_NOTCH4 and Tip_COL4A1 cells had some similar signal-
ling pathway activation, for example, the NOTCH signalling 
pathway; however, Veins_ACKR1 and Veins_SERPINE1 cells 
had reduced expression levels of genes in the NOTCH signalling 
pathway (figure 6H). Single sample gene set enrichment anal-
ysis indicated that Art_NOTCH4 and Tip_COL4A1 cells had 
a significantly higher NOTCH signalling score than two veins 
endothelial cell types (online supplemental figure 8D). We exam-
ined TCGA-COAD dataset and the results also showed that the 
signature score of the NOTCH signalling pathway was signifi-
cantly higher in patients with MSS CRC with metastases than 
those without metastases, and a high score was associated with 
poor survival (online supplemental figure 8E). In addition, Art_
NOTCH4 and Tip_COL4A1 cells expressed significantly higher 
levels of the key components in the NOTCH pathway, that is, 
NOTCH1, NOTCH4, HEY1, JAG2 and RBPJ than two veins 
endothelial cell types (figure  6I). We found that P1 cells had 
strong crosstalk with endothelial cells via the ligand-receptor 
interaction of DLL4 and JAG1 with NOTCH1 and NOTCH4, 
and in TCGA-COAD cohort, high score of P1 cells and endo-
thelial cell interaction was associated with significantly shorter 
survival time (online supplemental figure 8F). Since arterial and 
venous capillaries in tumour tissues are formed by differentiated 

(D) endothelium derived from endovascular progenitor (EVP) 
and transit-amplifying cells,21 we thus identified the differential 
expressed genes between EVP and D endothelial cells in two 
bulk RNA-seq datasets and examined the expression pattern of 
overlapped genes in four endothelial cell subtypes. The results 
showed that 34 genes were upregulated in EVP while 65 genes 
were upregulated in D (online supplemental figure 8G‒I). We 
found that the signature score consisting of the 65 upregu-
lated genes was significantly higher in Art_NOTCH4 and Tip_
COL4A1 cells than in veins_ACKR1 and veins_SERPINE1 cells 
(figure  6J), suggesting that Tip_COL4A1 and Art_NOTCH4 
cells are likely the D endothelial cells. Analysis of transendo-
thelial migration in vitro showed that compared with control 
cells, CRC cells with ASCL2, PTPRO or DLL4 knockdown had 
significant decreased ability to migrate through endothelial 
cells (online supplemental figure 9A‒C). Together, these results 
suggest that P1 cells can interact with CAFs and D endothelial 
cells in the primary CRC microenvironment via their overex-
pressed ligands DLL4 with the NOTCH receptors on CAFs and 
D endothelial cells, which may promote them to metastasise to 
the ovary (figure 6K).

Characterisation of the metabolic features in ovarian CRC 
metastasis
We found that some unique cell subtypes including P1 and P2 cells 
and RBP1+ myofibroblasts (MyoFib_RBP1) were enriched in 
the oCRC microenvironment with MyoFib_RBP1 cells occurred 
only in oCRC (figure 7A and online supplemental figure 7D). 
We investigated the lineage relationship among three myofibro-
blast subtypes using Monocle222 and the results showed that the 
developmental routes began from MyoFib_COL10A1 and ended 
in MyoFib_RBP1 (figure 7B). We then applied MEBOCOST to 
examine the metabolite-sensor communications between myofi-
broblasts and malignant cells and found that MyoFib_RBP1 cells 
had the most communications (152 events) among myofibro-
blasts as sender and FDPS+ malignant cells had the most commu-
nications (259 events) as receiver among all malignant epithelial 
cells (figure 7C). We also found that among all metabolite-sensor 
partners between MyoFib_RBP1 cells and FDPS+ malignant 
cells, the communication scores of L-glutamine and its trans-
porters were substantially higher than others (figure  7D). In 
line with this, MyoFib_RBP1 cells had significantly elevated 
expression of GLUL encoding the enzyme that converts gluta-
mate to glutamine compared with MyoFib_COL10A1 cells. The 
level of GLUL RNA was lower in FDPS+ malignant cells than 
in MyoFib_RBP1 cells, suggesting that FDPS+ malignant cells 
had a low ability to produce glutamine and the external supply 
was necessary (figure  7E). Analysis of TCGA-COAD dataset 
also revealed a significant and negative correlation between 
GLUL RNA levels and FDPS+ malignant signature score (online 
supplemental figure 10A). In addition, FDPS+ malignant cells in 
oCRC showed abnormally activated oxidative phosphorylation, 
glycolysis, D-glutamine/D-glutamate metabolism and TCA cycle 
(figure 7F) as indicated by the increase in the expression levels 
of some genes and their catalysed metabolites (figure 7G‒H and 
online supplemental figure 10B‒D). We found that the GLUL 
mRNA level in human CRC cells and glutamine content in their 
culture medium were lower than that in human ovarian fibro-
blast (online supplemental figure 10E‒F). We then cultured CRC 
cells with the medium collected from the cultivation of human 
ovarian fibroblasts without glutamine. Analysis of intracellular 
glutamine of cultured CRC cells showed that the glutamine 
level was significantly higher than that of CRC cells cultured 
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Figure 6  Interactions of stem-like cells with CAFs and differentiated endothelial cells in colorectal cancer (CRC) metastasis. (A) UMAP plot of 13 
fibroblast cell subtypes. (B) Selected ligand-receptor pairs between CAFs and P1/P6 cells in primary CRC. (C) Kaplan-Meier estimation of survival time 
of patients with microsatellite stable CRC in The Cancer Genome Atlas (TCGA)-COAD dataset based on the score of P1-CAFs interactions. (D) UMAP 
plot of 10 endothelial cell subtypes (left panel) and hierarchical clustering of these endothelial cell subtypes (right panel). (E) Bubble heatmap 
showing expression levels of selected markers in different endothelial cell subtypes. Dot size indicates the fraction of expressing cells and the colours 
indicate the normalised expression level. (F) Tissue prevalence of endothelial cell subtypes estimated by Ro/e score. (G) The signature scores of four 
endothelial cell subtypes in patients with or without CRC metastases. Data were from TCGA-COAD dataset. P values by Wilcoxon rank-sum tests. 
(H) Heatmap of the gene expression levels in some pathways in four endothelial cell subtypes. (I) The differential expression levels of some genes in 
the NOTCH signalling pathway in four endothelial cell subtypes. (J) The comparison of the D signature score of differentiated endothelial cells in four 
endothelial cell subtypes. P values by Wilcoxon rank-sum tests. (K) The network involved in DLL4-NOTCH ligand-receptor pairs between P1 and CAFs 
or Art_NOTCH4/Tip_COL4A1.
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Figure 7  Characterisation of the metabolic features in ovarian metastatic colorectal cancer (oCRC). (A) The schematics of cell subtypes present in 
the oCRC microenvironment. (B) Pseudotime-ordered analysis of three myofibroblast subtypes inferred by Monocle2. Cell subtypes are labelled by 
different colours (left panel) and pseudotime (right panel). (C) Bar plot showing the number of communications for the senders and receivers. The 
x-axis is the myofibroblast and cancer cell subtypes while the y-axis is the number of communications. The orange bars and purple bars indicate 
the number of communications for sender and receiver cells, respectively. (D) The diagram showing the information flow of metabolite-sensor 
communications from myofibroblast to FDPS+ malignant cells through metabolites and sensors. The size of dots represents the number of connections. 
The lines connect the sender, metabolite, sensor and receiver. The colour of the line indicates the −log10(p value) and the width of line represents the 
communication score. (E) Violin plot showing the GLUL mRNA level of two myofibroblasts and five malignant cell subtypes. (F) The metabolic scores 
of five malignant cell subtypes in oCRC, showing that FDPS+ malignant cells had the highest metabolic activity. The circle size and colour darkness 
both represent the scaled metabolic score. (G) Box plot showing the enrichment level of select metabolites in five malignant cell subtypes. (H) The 
expression levels of genes in the glutamine metabolism pathway in five malignant cell subtypes. Dot size indicates the fraction of expressing cells 
while the colour indicates the normalised expression levels.
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with control medium. Furthermore, the cultured medium of 
ovarian fibroblast significantly promoted CRC cell proliferation 
compared with control medium. However, treatment of CRC 
cells with V-9302, a glutamine transporter ASCT2 (SLC1A5) 
inhibitor, significantly abolished the pro-proliferation effect of 
the cultured medium of ovarian fibroblasts and intracellular 
glutamine in CRC cells (online supplemental figure 10G‒H). 
Gene regulatory network analysis of five malignant cell subtypes 
indicated that HOXA13 was highly expressed only in FDPS+ 
malignant cells colonised in the ovary (online supplemental 
figure 10I,J). These results indicated that FDPS+ malignant cells 
in oCRC had very active metabolisms and myofibroblasts can 
provide these cancer cells with glutamine to perform glutamine 
metabolism.

TIGIT is a potential target for immunotherapy of oCRC
We performed unsupervised clustering of CD4 cells and identi-
fied nine subtypes expressing CD4 but not CD8A and these cells 
expressed high levels of CD40LG or FOXP3 (online supple-
mental figure 11A,B). We also clustered CD8 cells and identified 
12 subtypes expressing high CD8A but not CD4, CD40LG or 
FOXP3 (online supplemental figure 11C‒D). We divided CD4 
cells into nine subtypes based on their marker gene expres-
sion, that is, naïve-like (SELL, TCF7, LEF1), memory (FOS, 
JUN, IL7R, CXCR4), effector (GZMA, GZMB, IFNG, NKG7), 
exhausted (PDCD1, CXCL13, CTLA4) and regulated (FOXP3, 
IL2RA, IKZF2). We found that the CD4_ALOX5AP subtype 
with high levels of GZMA, GZMB, IFNG, PDCD1 and CXCL13, 
presented mainly in primary CRC and metastatic CRC while 
FOXP3+ regulatory T cells were predominantly in primary CRC 
and oCRC but not lCRC (online supplemental figure 11E). We 
identified 12 subtypes of CD8 cells, including naïve-like (SELL, 
TCF7, LEF1), central memory (FOS, JUN, IL7R, CXCR4), 
effector memory (GZMK, EOMES), stress response (HSPA1A, 
HSPA1B), effector (GZMA, GZMB, IFNG, NKG7), exhausted 
(PDCD1, CXCL13, CTLA4), MAIT (SLC4A10 and ZBTB16), dg 
T cells (TRGC2, TRDC) and proliferated (MKI67, STMN1). CD8 
cells with high expression of heat shock protein were specifically 
enriched in oCRC (online supplemental figure 11F). Previous 
studies have shown that this subtype of CD8 cells was associated 
with poor prognosis of immune checkpoint inhibitor therapy.23 
We then calculated the attraction strength of ligand-receptor 
pairs to seek the molecules that may mediate the interactions 
of CAFs related to ovarian metastasis and T cells enriched in 
the oCRC and found that the THBS1-CD47, NECTIN2-TIGIT, 
MDK-NCL, LAMA4-CD44 and CXCL12-CXCR4 pairs were 
significantly enriched (online supplemental figure 11G,H). We 
also found that TIGIT expression level in T cells was significantly 
higher than that of PDCD1 (programmed cell death protein 1 
(PD-1)), the corresponding immune checkpoint ligand CD274 
(programmed death-ligand 1 (PD-L1)) was barely expressed in 
either cancer cells or fibroblasts in the tumour microenviron-
ment and TIGIT immune checkpoint ligand, NECTIN2, was 
highly expressed in cancer cells and fibroblasts (online supple-
mental figure 11I). These results indicate that the PD-1/PD-L1 
pair may not be the dominant immune checkpoint signalling 
molecules in oCRC. Instead, the TIGIT-NECTIN2 pair might be 
the important immune checkpoint molecules.

DISCUSSION
Cancer cells within a tumour are heterogeneous in terms of 
their biological behaviours. Although several published studies 
using scRNA-seq have examined the cell compositions and 

transcriptomic alterations in primary CRC and lCRC and 
described an intricate atlas,9 10 it remains unrevealed what types 
of CRC cells are the metastasis determinants. In the present 
study, we have used the integrative analysis of scRNA-seq and 
spatial transcriptomic assays to explore the primary CRC and 
their oCRC or lCRC and deciphered the cell compositions 
including immune and non-immune cells, which are consistent 
with the previous studies.24 25 Differently, our study has more 
focused on malignant cells and identified a stem-like cell cluster 
marked with PTPRO and ASCL2 as the metastatic initiator. This 
stem-like cell population shows further different organotropism, 
with P1 and P2 cells being enriched in oCRC while P3 and P4 
cells being enriched in lCRC. Furthermore, P1 cells interact with 
CAFs and D endothelial cells in the primary CRC microenviron-
ment through the NOTCH signalling pathway to metastasise.

It has been proposed that cancer stem cells (CSCs) may be 
the culprit to regenerate cancer metastasis. For example, it has 
been shown that despite numerous malignant cells in a tumour, 
only CSCs can drive the persistence and relapse of disseminated 
cancer and regenerate tumours at distant sites.6 7 In orthotopi-
cally xenografted CRC organoids, ablation of LGR5+ CSCs halts 
tumour growth and re-emergence leads to tumour regrowth.26 
We have revealed that stem-like cells in CRC tumours over-
express ASCL2 and PTPRO. ASCL2, a helix-loop-helix TF, is 
overexpressed and associated with CRC malignant phenotype,27 
inhibited immune infiltration28 and drug resistance29 and has 
been recognised as CRC stem cell marker.15 27 30 PTPRO has 
been reported to play oncogenic31 32 or antitumour33–35 roles. 
Our results have clearly demonstrated that PTPRO knockdown 
significantly inhibits CRC cell migration, invasion and sphere-
propagating capacity, indicating that PTPRO plays an oncogenic 
role in CRC. Interestingly, we have found that knockdown 
of ASCL2 significantly suppresses PTPRO expression, and a 
previous study has shown that ASCL2 can bind to the enhancer 
of PTPRO in human CRC cells,27 suggesting a direct regulation 
of PTPRO expression by ASCL2. Results of scRNA-seq, spatial 
transcriptomic and immunofluorescent analyses all have demon-
strated the occurrence of ASCL2+ and PTPRO+ stem-like cells 
in primary CRC.

Cancer metastasis always show organotropism or organ-
specific metastasis, which is probably regulated by multiple 
factors, including tumour-intrinsic factors, the circulation 
pattern, organ-specific niches and the interaction between 
tumour cells and the host microenvironment.36 37 Accumulating 
evidence indicated that cancer cells in primary tumours exhibit 
tropism towards the particular organ by evolving fitness or 
adaptability, which is regulated by epigenomic programmes and 
manifested by the activation of specific genes.38 39 This process 
is called ‘seed preselection’, which may explain why metastatic 
tropism often associated with specific gene expression patterns 
in primary tumours. These studies and the resultant hypothesis 
are corroborated by our findings. We have found that the stem-
like cells have eight distinct subpopulations based on their tran-
scriptomic features and these populations show organ-specific 
metastasis. P1 cells with high DLL4 are enriched in primary 
CRC and oCRC, thus are presumed to be likely the culprits 
that specifically metastasise from primary CRC to the ovary. 
P3 cells having a similar expression pattern to cholangiocytes 
are mainly found in primary CRC and lCRC and thus may be 
associated with liver metastasis. However, P6 cells with high 
CXCL1, CXCL2 and CXCL3 are uniquely enriched in adjacent 
normal tissues and are not associated with metastasis, although 
the CXCL3-CXCR2 signalling axis has been considered to 
drive pancreatic ductal adenocarcinoma (PDAC) metastasis.37 
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Although some CSCs are recognised as the culprit of CRC 
metastasis, our study is the first to show that CRC CSCs are 
heterogenous in the transcription pattern and organ-metastatic 
specificity. The activation of specific genes may make CSCs to 
acquire organ tropism adaptability, known as ‘seed preselection’, 
and might be the underlying mechanism for organotropism of 
metastasis. Further studies are warranted to examine the rela-
tionship between unique expression program, especially the 
master TFs in CSCs and organ-metastatic specificity.

Endothelial cells and fibroblasts play important roles in 
both metastases of primary cancer to distant organs and in situ 
in target organs the localisation and growth of metastasised 
cancer. We have found that P1 cells can uniquely interact with 
CAFs and D endothelial cells through the NOTCH signalling 
pathway in the primary CRC microenvironment, suggesting 
that NOTCH signalling activation in primary tumour is neces-
sary for ovarian metastasis. The activation is mediated by DLL4, 
a ligand to the NOTCH receptor family in P1 cells, contrib-
uting to angiogenesis,40 which can enhance cancer metastasis. 
Previous study has shown that silencing DLL4 in ovarian cancer 
cells or endothelial cells suppressed both tumour growth and 
angiogenesis and induced hypoxia in the tumour microenvi-
ronment.41 We have found that the interaction of DLL4 in P1 
cells and NOTCH1/NOTCH4 in D endothelial cells resulted 
in upregulation of many genes such as JAG2, RBPJ and HEY1, 
which play important roles in either tumour angiogenesis42 or 
cancer metastasis.43 These results indicate that the activation of 
DLL4-NOTCH signalling pathway may mediate primary CRC 
metastasis to other organs such as the ovary. For the interaction 
between oCRC cells and fibroblasts in the ovarian microenvi-
ronment, we have also demonstrated crosstalk between FDPS+ 
malignant cells and myofibroblasts. We have found that myofi-
broblasts provided oCRC cells with glutamine, indicating that 
oCRC cells performed a metabolic reprogramming. This meta-
bolic reprogramming may be critical for oCRC cells to localise 
and develop in the ovary since it is well-known that glutamine 
pathway is an important carbon source required for cellular 
bioenergy and biosynthesis.44 It is worth noting that FDPS+ 
malignant cells uniquely enriched in oCRC displayed the activa-
tion of other metabolic pathways including TCA cycle, glycolysis 
and oxidative phosphorylation, all of which can facilitate oCRC 
growth. The roles of adipocytes and lipid metabolic repro-
gramming in supporting cancer growth and metastasis are well 
studied. Cancer cells transmit signals to cancer-associated adipo-
cytes (CAAs), the latter produce various molecules or metabolic 
products that affect tumour cell growth and invasion. It has been 
suggested that CAAs could reside in distal tissues and organs and 
not directly physically contact with cancer cells yet influencing 
tumour cells by growth factors or cytokines.45 Iwamoto et al46 
reported that lipid-dependent metabolic reprogramming is asso-
ciated with antiangiogenic drug (AAD) resistance in patients 
with cancer. Mechanistically, AAD-induced tumour hypoxia 
activates fatty acid oxidation and promotes uptake of free fatty 
acid, eventually promoting cancer cell proliferation. Inhibition 
of fatty acid oxidation increases the therapeutic efficacy of AAD, 
which uncovers the regulatory role of lipid metabolism in the 
cancer cell behaviour and clinical therapy. However, the present 
study did not focus on the relationship between lipid metabolism 
and CSCs, an interesting issue that is warranted to investigate in 
the future.

We acknowledge some limitations in the present study. It 
would be more convincing if the spatial transcriptomics data 
were obtained from more than one section of the tumours. Thus, 
further validations using multiple tissue sections are needed 

in the future. In addition, a limitation might also exist in the 
comparison analysis between in-house and publicly available 
data due to patient heterogeneity and disbalance in cell numbers. 
Therefore, caution should be taken in interpreting any conclu-
sions drawn from such analysis.

In conclusion, by using integrative scRNA-seq, spatial tran-
scriptomic analysis and functional assays, we have uncovered a 
stem-like cell cluster marked with PTPRO and ASCL2 as the 
metastatic culprit, whose subpopulations show further different 
liver or ovary organotropism. In the primary CRC, metastasised 
CRC cells interact with CAFs and D endothelial cells through the 
NOTCH signalling pathway to obtain the nutrients and energy 
for their metastases. Our findings reveal the metastatic culprit of 
organ-specific CRC metastasis. Moreover, previous studies have 
reported that Wnt target genes, including LGR5 and AXIN2, 
are functional stem cell markers in epithelial tissues47–49 while 
ASCL2 is restricted to gastric and intestinal stem cells.27 50 Wang 
et al showed that high level of ASCL2 expression is critical for 
maintaining self-renewal properties and tumourigenicity of 
gastric CSCs.51 Therefore, our findings might also be implicated 
in other gastrointestinal (GI) cancers, especially gastric cancer, 
which warrants investigations.
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