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Summary
Background Cell–cell interaction factors that facilitate the progression of adenoma to sporadic colorectal cancer (CRC)
remain unclear, thereby hindering patient survival.

MethodsWe performed spatial transcriptomics on five early CRC cases, which included adenoma and carcinoma, and
one advanced CRC. To elucidate cell–cell interactions within the tumour microenvironment (TME), we investigated
the colocalisation network at single-cell resolution using a deep generative model for colocalisation analysis,
combined with a single-cell transcriptome, and assessed the clinical significance in CRC patients.

Findings CRC cells colocalised with regulatory T cells (Tregs) at the adenoma–carcinoma interface. At early-stage
carcinogenesis, cell–cell interaction inference between colocalised adenoma and cancer epithelial cells and Tregs
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based on the spatial distribution of single cells highlighted midkine (MDK) as a prominent signalling molecule sent
from tumour epithelial cells to Tregs. Interaction between MDK-high CRC cells and SPP1+ macrophages and stromal
cells proved to be the mechanism underlying immunosuppression in the TME. Additionally, we identified syndecan4
(SDC4) as a receptor for MDK associated with Treg colocalisation. Finally, clinical analysis using CRC datasets
indicated that increased MDK/SDC4 levels correlated with poor overall survival in CRC patients.

Interpretation MDK is involved in the immune tolerance shown by Tregs to tumour growth. MDK-mediated
formation of the TME could be a potential target for early diagnosis and treatment of CRC.

Funding Japan Society for the Promotion of Science (JSPS) Grant-in-Aid for Science Research; OITA Cancer Research
Foundation; AMED under Grant Number; Japan Science and Technology Agency (JST); Takeda Science Foundation;
The Princess Takamatsu Cancer Research Fund.

Copyright © 2024 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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Research in context

Evidence before this study
CRC is one of the most common cancers worldwide. The
adenoma-carcinoma sequence is the established model of
cancer progression in sporadic CRC. Although immunotherapy
has emerged as a novel therapeutic arm, the fact that most
patients with CRC do not benefit from this treatment reveals
the need for a more detailed understanding of the
mechanisms underlying immunosuppression in the TME. The
previous reports in single-cell RNA sequencing analysis have
shown that the proportion of Tregs and precancer-associated
fibroblasts increases during late-stage adenoma in trajectory
analysis. However, the key mediators of immune tolerance
which facilitate the progression of adenoma to carcinoma
remain unclear. Moreover, most previous works profiling
genetic, epigenetic, and transcriptomic changes that occur in
malignancy have focused on advanced tumours rather than
premalignant lesions.

Added value of this study
Our integration of single-cell RNA sequencing and spatial
transcriptomics of CRC at a single-cell resolution revealed that

an MDK-mediated colocalisation network involving epithelial
tumour cells and Tregs may induce immune tolerance in
precancerous CRC tissues. In addition, examination of cell–cell
interactions enabled us to identify SDC4 as a MDK receptor on
Tregs. In vitro analyses using MDK-knockdown CRC cells and
SDC4-knockdown Treg-like cells showed that MDK-SDC4
interaction promoted the migration of Treg-like cells.
Clinically, MDK expression in early-stage CRC tissues is higher
compared to that in normal tissues, and high MDK and SDC4
expression levels have been linked to poor survival in CRC
patients.

Implications of all the available evidence
In this study, we simultaneously conducted a spatial
transcriptome analysis as well as a single-cell RNA analysis to
decipher colocalised cells and the molecular crosstalk between
them via a deep-learning computational framework. Our
current analysis further disclosed that MDK is involved in the
immune tolerance of Tregs during the early stages of CRC,
highlighting that MDK signalling may be a therapeutic target
of immunotherapy aimed at CRC.
Introduction
Colorectal cancer (CRC) is the third most common
cancer worldwide, with sporadic types accounting for
approximately 65% of cases.1,2 Although various thera-
pies, such as molecular target therapy, have been
developed for sporadic CRC, it remains a serious chal-
lenge with a high fatality rate and morbidity; therefore,
new therapeutic approaches are needed to improve
prognosis. The adenoma–carcinoma sequence is the
established model of cancer progression in sporadic
CRC. Approximately 80–90% of colorectal tumours are
defective in adenomatous polyposis coli (APC), and in-
testinal hyperplasia is driven by the stabilisation of
β-catenin and the activation of Wnt signaling.3–9 Any
subsequent carcinogenesis is triggered through the
activation of mutations of the KRAS (or BRAF) onco-
gene and inactivation of mutations of the TP53 tumour
suppressor gene.10,11 Although several attempts to devise
molecular therapies targeting adenocarcinoma-related
genes, such as KRAS and MYC, and those encoding
other transcription factors, have been made, direct tar-
geting of such genes in cancer cells has been chal-
lenging. Therefore, different cancer cells, such as
immune tolerance-related cells, cancer-associated fibro-
blasts (CAFs), tumour-associated macrophages (TAMs),
and other interstitial cells, should be considered as novel
targets for cancer eradication. The effects exerted by the
tumour microenvironment (TME) on carcinogenesis
www.thelancet.com Vol 103 May, 2024

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.thelancet.com


Articles
remain unclear, resulting in a lack of progress in
devising therapies aimed at the TME.

Previously, focusing on the genomic evolution of
cancers, we multi-sampled early and advanced CRC,
including carcinoma in adenoma expressed in the
evolutionary model of biology, to elucidate the estab-
lishment of intratumour heterogeneity. During the
progression of a precancerous lesion to carcinoma, the
lesion positively selects driver mutations contributing to
cancer development in a manner similar to Darwinian
evolution; the TME exerts evolutionary selection pres-
sure once driver mutations have ubiquitously evolved in
a process resembling neutral evolution.12,13 However, the
role played by the TME, with particular reference to
immune tolerance-related cells in the carcinogenic
evolution of precancerous lesions, remains unknown.
Thus, the identification of critical cell–cell interactions
and genes involved in crosstalk in the TME, which
exacerbate the carcinogenic process in epithelial cells
may be deemed essential.

Immunotherapy, mainly using immune checkpoint
inhibitors, has emerged as the fourth therapeutic arm
for cancer, with high positive outcomes in specific
cancers. Although treatment of sporadic CRC cases with
PD-1 inhibitors, such as pembrolizumab and nivolu-
mab, has not been successful, a significant response to
dostarlimab in rectal cancer has been reported.14

Comprehension of immune tolerance in the TME at
the single-cell level may provide clues that would help
better understanding the differences between treatment
outcomes.15,16

Single-cell RNA sequencing (scRNA-seq) has
contributed greatly to the elucidation of the TME in
many cancers.17–19 By integrating scRNA-seq and spatial
transcriptome sequence (ST-seq) analyses, we had pre-
viously found that HLA-G secreted by malignant
epithelial cells induces immune tolerance by recruiting
SPP1+ macrophages to the invasive front in advanced
cancer.20 However, immune tolerance during the pro-
gression of adenoma to carcinoma remains unclear.
Although scRNA-seq aimed at adenomas and carci-
nomas has been reported previously, this is the first
study to scrutinise them in identical specimens.
Furthermore, we were able to overcome sampling dif-
ficulties in adenoma and carcinoma in situ using
scRNA-seq or ST-seq. Having gained patient under-
standing of the ethical issues involved, we obtained
approval from the Kyushu University Ethics Committee
for this analysis.21,22 The use of trajectory analysis has
revealed that the proportion of regulatory T cells (Tregs)
and precancer-associated fibroblasts increases during
late adenoma.22 However, key mediators of cellular
changes and cell–cell interactions that occur during the
progression from normal to precancerous lesions to
cancer remain unknown.

Herein, we focused on early-stage cancer lesions
pathologically diagnosed as carcinoma in adenoma and
www.thelancet.com Vol 103 May, 2024
analysed them using a deep-learning framework, Deep-
COLOR.23 Using scRNA-seq data for a reference cell
population, each spot in spatial data containing multiple
cells can be deconvolved to identify colocalisation net-
works that exist among single cells in the spatial niche.
Furthermore, the spatial distribution of single cells and
their gene-expression profiles may be utilised to recon-
struct spatial gene-expression patterns. Our integration of
scRNA-seq of CRC and ST-seq analysis of adenocarci-
noma tissues enabled us to investigate immune tolerance
and TME at the adenoma–tumour interface. We identi-
fied that midkine (MDK) induces Tregs in the early stage
of carcinogenesis. Epithelial cells with high MDK
expression colocalised with Tregs and acted on SPP1+
macrophages and fibroblasts to form the TME. Here, we
show the mechanism underlying the acquisition of im-
mune tolerance and its regulation during the develop-
ment of sporadic CRC.
Methods
Experimental methods
Patient and tissue samples
CRC and normal colon tissue samples were collected
according to protocols approved by the Institutional Re-
view Board of Kyusyu University. Six samples—two
fresh-frozen tissue specimens and four paraffin-
embedded specimens from patients undergoing endo-
scopic treatment or surgery at Kyusyu University Beppu
Hospital—were used for spatial transcriptomics. Surplus
tumour specimens of optimal size were flash-frozen in
optimal cutting temperature compound (OCT; Tissue-
Tek, Sakura Finetek USA, Inc., Torrance, CA) or in
10% formalin (Sigma–Aldrich, St. Louis, MO, USA).
Specimens embedded in the OCT compound were stored
at −80 ◦C until needed. Specimens embedded in formalin
were stored at room temperature until needed. All di-
agnoses were confirmed following histological examina-
tion by a board-certified colorectal pathologist. The four
paraffin-embedded specimens, involved previously
treated cases with a histologic diagnosis of adenoma and
carcinoma in situ and cancer cells only in the epithelium
or mucosal intrinsic layer without vascular invasion.
Detailed information regarding the samples is provided
(Supplementary Data 1). Informed consent was obtained
in the form of an opt-out option available on the website
(https://www.beppu.kyushu-u.ac.jp/geka/information/cli
nical_disclosure/). Those who opted out were excluded.

CRC cohort data for 137 patients who underwent
surgical resection of a primary tumour at Kyusyu Uni-
versity Beppu Hospital (or affiliated hospitals) from
1994 to 2002 were used. Their clinicopathological fac-
tors and clinical stage were classified using the Amer-
ican Joint Committee on Cancer 8th edition TNM
staging system. Written informed consent was obtained
from all patients. Resected tumour tissues and paired
normal tissues were obtained as previously described.24
3
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Spatial transcriptomics
Formalin-fixed, paraffin-embedded (FFPE) samples,
which had passed RNA quality control, were used for
spatial transcriptomic construction and sequencing.
Five-micrometer thick sections were prepared from the
FFPE samples and processed using a Visium Spatial
Gene Expression Slide Kit (10× Genomics) according to
Visium Spatial Gene Expression Reagent Kits for FFPE
User Guide. Sections were stained with H&E and
imaged, followed by probe hybridisation and ligation.
The captured probe library was sequenced using an
MGI DNBSEQ-G400 system for 28, 10, 10, and 50 cycles
for Read 1, i7, i5, and Read 2 sequences, respectively.
Reads were demultiplexed and mapped to the reference
genome, GRCh38 (build 2020-A, 10× Genomics), using
Space Ranger software v.1.3.1 (10× Genomics). Spots
were annotated by a specialist colorectal pathologist
using Loupe v.6.0.0 software (10× Genomics). Spatial
transcriptomics (10× Genomics Visium) for fresh-
frozen specimens was performed as previously
described.20

RT-quantitative PCR
qPCR was performed using LightCycler FastStart DNA
Master SYBR Green I (Roche Diagnostics) as previously
described.25 MDK mRNA levels were normalised to
those of 18 S mRNA as an internal control and
expressed relative to cDNA expression from Human
Universal Reference Total RNA (Clontech). The qPCR
primer sequences were as follows: MDK, forward 5′-TG
GAGCCGACTGCAAATACAA-3′ and reverse 5′-GGC
TTAGTCACGCGGATGG-3′; SDC4, forward 5′-GAGC
CCTACCAGACGATGAG-3′ and reverse 5′-GGGCC
GATCATGGAGTCTTC-3′; and 18 S, forward 5′-AGTC
CCTGCCCTTTGTACACA-3′ and reverse 5′-CGATCC-
GAGGGCCTCACTA-3′.

Immunohistochemistry
Immunohistochemistry (IHC) was performed on FFPE
CRC samples obtained from patients who underwent
surgery at the Kyusyu University Beppu Hospital as
previously described.25,26 IHC was performed using
rabbit monoclonal antibody (anti-Midkine; RRID:AB_
880698, ab52637, 1:50, Abcam), mouse monoclonal
antibody (anti-FOXP3; RRID:AB_449304, ab450, 1:100,
Abcam), and rabbit polyclonal antibody (anti-SDC4;
RRID:AB_2877797, 11820-1-AP, 1:200, Proteintech).
FFPE cell line pellets known to express each antigen
were used to establish optimal conditions, sensitivity,
and specificity for immunostaining. Stained section
images were captured using a Nikon camera (DS L3)
(Tokyo, Japan).

Immunofluorescence analysis
Immunofluorescence analysis was performed using the
following primary antibodies: anti-MDK (RRID:AB_
627949, sc-46701, 1:50, Santa Cruz), anti-FOXP3
(RRID:AB_449304, ab450, 1:100, Abcam), and anti-SDC4
(RRID:AB_2877797, 11820-1-AP, 1:200, Proteintech).
Next, antibodies against MDK/FOXP3 (anti-mouse IgG
488, RRID:AB_10694704, Cell Signaling) and SDC4
(anti-rabbit IgG 555, RRID:AB_10694110, Cell Signaling)
were used to stain MDK/FOXP3 protein and SDC4
protein, respectively, in FFPE at a dilution of 1:500 and
1:1000, as described above, followed by the observation
of fluorescent images using a fluorescence microscope
(BZ-X700, Keyence, Osaka, Japan).

Cell culture
Mouse colon cancer MC-38 cells were purchased from
Kerafast (Boston, MA, USA). Human colorectal cancer
RKO cells were obtained from the American Type Cul-
ture Collection (Manassas, VA, USA). Human regula-
tory T cell-like MT-2 cells27 were obtained from the
Japanese Collection of Research Bioresources Cell Bank
(Osaka, Japan). Authenticated cells obtained from cell
banks were frozen immediately, thawed, and used in
this study without exceeding 10 passages. MC-38 cells
were cultured in Dulbecco’s modified Eagle medium
(FUJIFILM Wako, Osaka, Japan) and RKO and MT-
2 cells were cultured in RPMI 1640 medium (FUJIFILM
Wako, Osaka, Japan). All media were supplemented
with 10% foetal bovine serum (FBS), 100 units/ml
penicillin, and 100 μg/ml streptomycin at 37 ◦C in a
humidified 5% CO2 incubator. Cell lines were routinely
tested for mycoplasma contamination.

Construction of the lentiviral Mdk expression
vector
Mouse Mdk cDNA from mouse brain was amplified
using RT-PCR and subcloned into pENTR/D-TOPO
(Thermo Fisher Scientific, Waltham, MA, USA) before
being transferred into the lentivirus vector pLenti6
(Thermo Fisher Scientific), as described previously.28

Lentiviral vectors were generated and used according
to the manufacturer’s instructions and transfected into
MC-38 cells.

siRNA knockdown
siRNAs for negative control (SIC002, MISSION siRNA
Universal Negative Control #1), MDK (SASI_Hs01_
00172415), and SDC4 (SASI_Hs01_00138116) were pur-
chased from Sigma–Aldrich (St. Louis, MO, USA). siRNAs
were transfected to cells at 20 nM using lipofectamine
RNAiMAX (Thermo Fisher Scientific, Waltham, MA,
USA). Cells were used for the indicated assays 72 h after
transfection.

Western blotting
Cells were lysed in lysis buffer (1% Nonidet P-40,
50 mM Tris pH 8.0, and 150 mM NaCl) and centrifuged
at 20,000 × g for 15 min at 4 ◦C. The supernatant was
collected; the total protein content was measured using
the Bradford assay (Bio-Rad, Hercules, CA, USA).
www.thelancet.com Vol 103 May, 2024
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Proteins in the lysates were resolved using sodium
dodecyl sulphate-polyacrylamide gel electrophoresis,
transferred onto polyvinylidene fluoride membranes,
and analysed via western blotting with mouse anti-
β-actin antibody (RRID:AB_2223041, MAB1501; Merck
Millipore, Burlington, MA), rabbit anti-MDK polyclonal
antibody (RRID:AB_2881168, 28546-1-AP; Proteintech,
Rosemont, IL, USA), or rabbit anti-SDC4 polyclonal
antibody (RRID:AB_805586, NB110-41551; Novus Bi-
ologicals, Centennial, CO, USA) as primary antibodies
and horse anti-mouse IgG HRP-linked antibody (RRI-
D:AB_330924, 7076; Cell Signaling Technology, Dan-
vers, MA, USA) and goat anti-rabbit IgG HRP-linked
antibody (RRID:AB_2099233, 7074; Cell Signaling
Technology) as secondary antibodies. The specificity of
antibodies was confirmed by knockout/knockdown ex-
periments of each antigen.

Tumour growth assay
MC-38 cell tumourigenicity was examined using 8-
week-old male C57BL/6J mice (Clea Japan, Tokyo,
Japan) and BALB/c nude mice (Clea Japan), as previ-
ously described.29 Mice were housed at the Kansai
Medical University, which is a 12:12 light:dark cycled,
temperature and humidity-controlled, specific pathogen-
free animal facility and with ad libitum access to food
and water. Briefly, mice were randomised and 5 × 105

MC-38 cells were injected subcutaneously into the dor-
sal side of mice. Subsequently, implanted tumours were
measured with calipers on the indicated days by a
researcher in a blinded manner and mice were sacri-
ficed 3 weeks after injection. Their volumes were
calculated using the formula V= (L × W2)/2, where V is
the volume (mm3), L is the largest tumour diameter
(mm), and W is the smallest tumour diameter (mm).
Sample sizes of all animal experiments were pre-
determined. Experimental protocols were approved by
the Animal Care and Use Committees of the Kansai
Medical University and all experiments were conducted
in accordance with the institutional ethical guidelines
for animal experiments and the safety guidelines for
gene manipulation experiments.

Flow cytometry
For Treg analysis, tumours were digested using a gen-
tleMACS Dissociator and Tumour dissociation kit
(Miltenyi Biotec, Bergisch Gladbach, Germany), while
red blood cells were lysed with 1 × RBC Lysis Buffer
(BioLegend, San Diego, CA, USA). Per sample,
2 × 106 cells in the FCM buffer (PBS containing 5% FBS
and 2 mM EDTA) were treated with anti-mouse CD16/
32 antibodies (RRID:AB_467134, 14-0161-85; Thermo-
Fisher Scientific) for 30 min at 4 ◦C and stained with
anti-mouse CD45 PE-Cy7 (RRID:AB_2734986, 25-0451-
82; ThermoFisher Scientific), anti-mouse CD4 PE
(RRID:AB_2621736, 50-0041; Cytek Biosciences, Fre-
mont, CA, USA), and anti-mouse CD25 APC
www.thelancet.com Vol 103 May, 2024
(RRID:AB_312861, 102012; BioLegend) for 30 min at
4 ◦C. Cells were subsequently washed twice with the
FCM buffer, stained with 7-aminoactinomycin D (Bio-
Legend), and analysed on an Attune NxT Flow Cytom-
eter (ThermoFisher Scientific). FCM data were analysed
using FlowJo software (Becton, Dickinson and Com-
pany, Ashland, OR, USA). Tumour growth data were
statistically evaluated using the Wilcoxon rank sum test
in the GraphPad Prism software (GraphPad Software,
Inc., La Jolla, CA, USA).

Transwell migration assay
Transwell migration assays were performed as previ-
ously described, with some modifications.30,31 Briefly,
transwells with 8-μm pore size filters (Corning Inc.,
Corning, NY, USA) were inserted into 24-well plates.
Conditioned medium of RKO cells or RPMI 1640 me-
dium containing 10 ng/ml of recombinant human MDK
(R&D Systems, Minneapolis, MS, USA) (500 μL) was
added to the lower chamber, while a 200-μL cell sus-
pension (1 × 105 cells) of MT-2 cells in serum-free RPMI
1640 medium was added to the upper chamber. The
plates were incubated at 37 ◦C in a 5% CO2 atmosphere
for 24 h. Cells in the lower chamber were then stained
with 0.1% crystal violet solution (Sigma–Aldrich) and
counted. Cells were lysed in the Laemmli sample buffer
and subjected to Western blotting.

Analytical methods
Data pre-processing
We downloaded raw-count matrix data of 3′-end scRNA-
seq data (10× Genomics) on 63689 cells from 23 primary
CRC and 10 matched normal samples from 23 CRC
patients from GSE132465.19 Data were processed using
the python package, Scanpy (v 1.8). Briefly, as described
in the tutorial (https://scanpy.readthedocs.io/en/stable/
tutorials.html), to identify highly variable genes, where
genes detected in less than 3 of total cells and cells with
<200 expressed genes were removed and selected ac-
cording to the following criteria: cells with <2500 genes
and <5% mitochondrial gene expression in unique mo-
lecular identifier (UMI) counts, the count matrix being
normalised to 10,000 per cell by the total number of
UMIs per cell and log-transformed by adding one and
standardised for each gene. Highly variable genes were
selected based on specific thresholds for mean expression
and dispersion using scanpy.pp.highly_variable_genes
(min_mean = 0.08, max_mean = 4, min_disp = 0.7).

Integrative analysis and colocalisation analysis
using DeepCOLOR
Colocalisation analysis was performed using the pack-
age, DeepCOLOR, a computational framework based on
a deep generative model which integrates spatial and
single-cell transcriptome data to recover co-localisation
relationships between single cells.23 Here, we briefly
introduce DeepCOLOR; details of the algorithms and
5
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benchmarking are described by Kojima et al., (2022).
First, DeepCOLOR derives latent cell states from single-
cell transcriptomes based on a variational auto
encoder,32 which summarises high dimensional
expression profiles into low dimensional cell states via
an encoder and reconstructs the expression profiles of
these cell states using a decoder. Next, it assumes a
neural network that transforms the cell states into
spatial distributions on the tissues observed by the
spatial transcriptome and optimises that neural network
to maximise the generative probability of observed
spatial gene expression patterns via multiplication of the
spatial distribution with reconstructed expression pro-
files of various cell states. Based on the optimised spatial
distribution of single cells, the co-localisation network
between single cells (which helps identify cell pop-
ulations based on co-localisation), can be reconstructed
and cell–cell interactions of co-localised cells, which
occur via Ligand–Receptor interactions, can be
estimated.

Following scRNA-seq pre-processing, we excluded
genes with total counts <10 and aligned genes for both
scRNA-seq and spatial transcriptomics data using selected
highly variable genes. We combined the estimated spatial
distribution of single cells with their expression profiles
using deepcolor.estimate_spatial_distribution with specified
optional parameters (first_epoch = 500 and sec-
ond_epoch = 500). We then conducted and visualised
uniform manifold approximation and projection (UMAP)
embeddings of the latent states of single cells. For the
subset analysis, we reconstructed UMAP in the extracted
cell population. Spatial gene expression was examined
with the imputed expression estimated after integration
using deepcolor.calculate_imputed_spatial_expression. To
identify cell populations associated using specific patho-
logical tissue annotations, we aggregated the spatial
assignment of each single cell on spatial spots, annotated
as normal, adenoma, or carcinoma using the pathological
image. The proportion of these aggregated assignments to
the total spatial assignment of each cell was calculated,
and the most appropriate cell population with the top-10%
for each annotation across six cell types (epithelial, T, B,
stromal, and mast cells; monocytes) was extracted. The
cell proportions in the spatial distribution of cell types and
cell subtypes were estimated using deepcolor.calculate_
clusterwise_distribution.

In the colocalisation analysis, cell pairs with high
colocalisation scores were clustered using deep-
color.analyze_pair_cluster with a specified optional
parameter (max_pair_num = 30000). The clusters of
colocalised single-cell pairs were based on the scores
observed between two cells that were uniformly mapped
to each spatial spot. The spatial distribution of colo-
calised cell clusters was estimated using
deepcolor.calculate_clusterwise_distribution.
Ligand activity analysis using DeepCOLOR
We identified candidates for ligand–receptor commu-
nication between colocalised single cells using
deepcolor.calculate_proximal_cell_communications with
specified optional parameters (ntop_genes = 1000, cell-
type_sample_num = 500). In this implementation, the
strength of the ligand-receptor communication is
quantified by the number of colocalised cell pairs where
sender cells exhibit the top-10% expression of ligands
and receiver cells exhibit the top-10% ligand activity.
The ligand activity scores are calculated by scanpy.tl.s-
core_genes for the top-1% target genes derived from a
ligand-target matrix described as follows. We utilised
ligand–receptor pair data from diverse sources33–43 to
construct a weighted network using the construct_weight-
ed_networks and apply_hub_corrections functions from the
‘nichenetr’ package.37 During this process, the signalling
network and the genetic regulation network were inte-
grated, with weight adjustments performed for each edge.
The construct_ligand_target_matrix function was then
employed to generate a ligand–target matrix. This was
achieved using the constructed weighted network to esti-
mate the regulatory potential scores for each ligand–target
pair. The computations were performed using the
Personalized PageRank (PPR) algorithm.44

Enrichment analysis
Cluster-based detection of Differentially Expressed Genes
(DEGs) was performed using the Wilcoxon rank-sum test
and Benjamini–Hochberg method45 to correct for multi-
ple comparisons (scanpy.tl_rank_genes_groups). DEGs
with adjusted p < 0.05 and log 2 fold changes >0.5 were
included. Based on DEGs, GO and Reactome pathway
analyses were performed using scapy.queries.enrich.

Public datasets
TCGA CRC mRNA expression data (version 2017-09-08)
were downloaded from UCSC XENA (http://xena.ucsc.
edu/). We obtained gene-level transcription estimates
as log 2 (x + 1) transformed RSEM normalised counts,
and clinical information for CRC patients. The associa-
tion between survival and gene expression levels was
analysed using the R (4.2.0) package, survival (3.5.5).
Overall survival (OS) was estimated using the Kaplan–
Meier method, and the survival curves were compared
using the log-rank test. Univariate and multivariate an-
alyses were performed using the Cox proportional haz-
ards model to identify independent variables predictive
of OS; p < 0.05 was considered statistically significant. A
CRC single T cell sequencing dataset was downloaded
from GSE108989. The data processing methods were
described in the original article.46 Mutation annotation
data for 2844 CRC patients were obtained from the
Catalogue of Somatic Mutations in Cancer (COSMIC)
database (https://cancer.sanger.ac.uk/cosmic).
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Ethics
All patients were treated according to the Japanese So-
ciety of Cancer of the Colon and Rectum Guidelines for
the Treatment of Colorectal Cancer. The study was
approved by the Kyushu University Institutional Review
Board (approval #2021-337 and #2022-131). All data
were de-identified prior to use in the study. All in-
vestigations carried out in this study were performed in
accordance with the tenets of the Declaration of
Helsinki.

Statistics
The statistical analyses were performed using R soft-
ware v4.2.0 and Python v3.9.16. Associations between
variables were analysed using Welch’s t-test, the Wil-
coxon rank sum test, and one-way ANOVA. Overall
survival (OS) curves were plotted according to the
Kaplan–Meier method and compared using the log-rank
test. Patient data in survival analyses were divided into
with high and low mRNA expression by median
expression levels. Univariate and multivariate analyses
were carried out using the Cox proportional hazards
model to identify independent variables predictive of
OS. The Schoenfeld residuals diagram was performed
to verify the proportional hazards assumption. A two-
sided p value < 0.05 was deemed statistically significant.

Role of funders
The funders of the study had no role in the study design,
data collection, data analysis, data interpretation, writing
the paper, and in the decision to submit the paper for
publication.
Results
Single-cell and spatial transcriptome profiling in
CRC
We generated ST-seq data for five cases of carcinoma in
adenomatous polyps, and for one case of advanced CRC
to unravel TME construction associated with multistep
carcinogenesis of CRC (Supplementary Data 1). ST-seq
and public scRNA-seq data for 23 Asian patients from
GSE132465 (33 samples: 23 cancer cases and 10 normal
tissues)19 were integrated using DeepCOLOR (Fig. 1a).
ST-seq cases were divided into normal, adenoma, and
carcinoma regions by mucosal layer for early CRC, and
into normal and carcinoma regions for advanced CRC
(Fig. 1b; Supplementary Figure S1); scRNA-seq con-
tained 63,689 cells; cell annotation was performed as in
the dataset, classified by 6 cell types and 30 cell subtypes
(Fig. 1c).

Following integration using DeepCOLOR, the
abundance at the single-cell level in the spatial distri-
bution of each pathological diagnosis was compared for
each cell type and subtype (Fig. 1d and Supplementary
Figure S2a and b). Normal epithelial cell types were
classified as normal, and tumour epithelial cells were
www.thelancet.com Vol 103 May, 2024
specifically classified as adenoma or carcinoma, con-
firming successful integration. Next, to describe the
tissue origin, we calculated the proportion of the
aggregated assignments based on spatial pathological
diagnosis and defined the top-10% of each of the six cell
types in normal, adenoma, and carcinoma regions as
cells with distinctive tissue origins (Fig. 1e;
Supplementary Figure S2c and d). We then identified
17,442 cells as these specific cells and confirmed that
the spatial distribution of epithelial cells in each specific
tissue origin was in close agreement with the patho-
logical diagnosis (Fig. 1f; Supplementary Figures S2e
and S3).

Regulatory T cells were enriched in carcinoma in
adenomatous polyps
In order to clarify the characteristics of early-stage CRC,
we extracted epithelial cells and conducted gene ontology
(GO) analysis for cancer and adenoma epithelial cells
(Fig. 2a, Supplementary Data 2). Cancer epithelial cells
were enriched in processes associated with cell prolifer-
ation and invasive potential, which result was consistent
with that of pathological diagnosis (Fig. 2b). Additionally,
immune-related pathways were enriched in the Reac-
tome pathway analysis (Supplementary Figure S4a). Next,
we extracted and analysed T cells in the same manner
(Fig. 2c and d). The pathway related to the activity of
Tregs was the most enriched, indicating that Tregs may
affect immune tolerance activities during carcinogenesis.
We performed GO and pathway analyses for all other cell
types. GO analysis showed enrichment of processes
involved in cancer-induced angiogenesis in fibroblasts
(Supplementary Figure S4b).

We determined the proportion of cell subtypes
identified by integrative analysis using DeepCOLOR in
pathological diagnosis on ST-seq to assess the infiltra-
tion of Tregs in early-stage CRC (Fig. 2e). Consistent
with the pathological diagnosis, the number of tumour
epithelial cells increased with tumour progression. The
proportion of T cell subtypes, especially CD4+ T cells
and Tregs, in cancer tissues was higher than that in
normal tissues. Importantly, the proportion of CD4+ T
cells was not significantly different between adenoma
and normal tissue, whereas that of Tregs was signifi-
cantly higher in adenoma and carcinoma tissues (Fig. 2f
and g). Tregs play a strong immunosuppressive role in
the TME, inhibiting anti-tumour immunity and
contributing to tumour progression.47 Furthermore,
tissue localisation of Tregs is associated with poor
prognosis in many types of cancer, including head and
neck, liver, gastrointestinal tract, pancreatic, breast, and
ovarian cancer.48–58 In CRC and adenomas, scRNA-seq
trajectory analysis showed an increase in the propor-
tion of Tregs in late-stage adenoma and cancer,22 sug-
gesting that the increase in Treg proportion in adenoma
may be associated with immune tolerance, starting from
the precancerous stage.
7
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Fig. 1: Single-cell decomposition of scRNA-seq colorectal cancer (CRC) dataset and spatial mapping of single cells. (a) Schematic of library
collection and integrative analysis of single-cell and spatial transcriptomics of CRC. (b) Spatial visualisation of clustering on the CRC sample slide.
(c) Uniform manifold approximation and projection (UMAP) of all colorectal cancer cell types and subtypes. (d) Stacked violin plots of spatial
assignment to each pathological diagnosis for 30 cell subtypes. (e and f) UMAP of specific tissue origins (e) and cell types (f) after the definition
of cell origin filtering of the top-10% based on each pathological diagnosis.
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Fig. 2: Characteristics of epithelial and T cells and cell proportions in spatial distribution. (a) Uniform manifold approximation and projection
(UMAP) of epithelial cells in spatial distribution after filtering. (b) Gene ontology (GO) analysis of biological process comparing carcinoma and
adenoma epithelial cells. (c) UMAP of T cells in spatial distribution after filtering. (d) Reactome pathway analysis comparing carcinoma and ad-
enoma T cells. (e) Heatmap of the mean proportion values per spatial pathological diagnosis of each cell subtype. (f and g) Spatial distribution
following the reconstruction of spatial gene expression patterns and violin plots of proportions based on pathological diagnosis, in CD4+ T
cells_other (f) and regulatory T cells (g); **, p < 0.01; ***, p < 0.001; p values were determined using Welch’s t-test.
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Adenoma epithelial cells colocalised with tregs and
interacted via MDK
To explore Treg-mediated immune tolerance in ade-
noma, we examined epithelial cells that colocalised with
Tregs in adenomas. DeepCOLOR derives the colocali-
sation profile for two cells from the overlapping spatial
distribution of single cells, and clusters adjacent single-
cell pairs to classify the populations. Of the 5168 cells
defined as adenoma-specific cells, 1702 epithelial cells
and Tregs were co-localised (Fig. 3a and b;
Supplementary Figure S5a). Epithelial adenoma cells
that were colocalised with Tregs were particularly
abundant at the adenoma–carcinoma interface and in
adenoma regions in the vicinity of carcinoma. Tregs
were also present in the stroma of colocalising epithelial
cells (Fig. 3c).

We predicted ligand-mediated intercellular commu-
nication using DeepCOLOR between colocalised cells by
combining data for colocalisation scores, gene expression
in single cells, and ligand–receptor relationships and
their downstream signalling information. Cell–cell
interaction inference highlighted MDK as a molecule
that enables communication between adenoma epithelial
cells and Tregs (Fig. 3d). MDK is a secreted protein, the
expression of which is highly increased in various can-
cers in addition to being associated with tumour cell
proliferation, transformation, epithelial–mesenchymal
transition, angiogenesis, mitogenesis, anti-apoptosis,
and chemotherapy resistance.59 We assessed MDK
expression in carcinoma and adenoma and found that
most epithelial cells in colocalisation clusters expressed
MDK (Fig. 3e and f). Furthermore, we analysed differ-
entially expressed ligand genes between adenoma
epithelial cells colocalised with Tregs or other adenoma
epithelial cells and identified 313 genes. MDK was a
significantly highly expressed ligand gene in colocalised
cells (Fig. 3g and h; Supplementary Data 3). GO analysis
revealed that proliferative capacity-related processes were
enriched in colocalised adenoma epithelial cells than in
other adenoma epithelial cells (Fig. 3i). Moreover, we
performed in vivo validation to confirm Mdk-mediated
tumour growth and Treg induction as previously re-
ported in melanoma.60 Using the mouse colon cancer cell
line, MC38, we confirmed that the proportion of Tregs in
tumour tissues from cells overexpressing Mdk was
significantly increased and that the proliferative potential
of these cells was enhanced in an immune-dependent
manner (Supplementary Figure S6). These results sug-
gested that MDK was associated with immune tolerance
of Tregs to tumour growth in CRC.

By contrast, Tregs that were colocalised with ade-
noma epithelial cells were found to act on those cells via
T cell immunoreceptors with Ig and ITIM domains
(TIGIT; Supplementary Figure S5b). TIGIT is an
inhibitory immune checkpoint protein that is expressed
on activated CD8+ T cells, CD4+ T cells, Tregs, and NK
cells, and inhibits immune cell-mediated antitumour
responses.61–63 TIGIT was highly expressed in most
Tregs colocalised with adenoma epithelial cells, indi-
cating immune tolerance by Tregs (Supplementary
Figure S5c). With respect to spatial distribution, TIGIT
was highly expressed in the stroma of carcinoma and
adenoma regions (Supplementary Figure S5d).
Furthermore, several ligands from Treg-colocalised ad-
enoma epithelial cells interacted with monocytes and
stromal cells. Specifically, we found the involvement of
LCN2, an anti-inflammatory regulator that acts on
SPP1+ macrophages,64 EDN1, which promotes fibro-
blast activation, proliferation, and differentiation into
myofibroblasts,65 and MMP7, which acts on fibroblasts
in CRC and promotes angiogenesis (Fig. 3d).66

Thus, our results suggested that Treg-colocalised
adenoma epithelial cells with high MDK expression
not only interact with Tregs to induce immune tolerance
and promote cell proliferation but also act on monocytes
and stromal cells, thereby initiating TME formation in
pathological adenoma.

Identification of networks of tumour-promoting
and immunosuppressive environments driven by
MDK
We analysed the colocalisation between carcinoma
epithelial cells and Tregs. Among 6871 cells defined as
having a carcinoma origin, we identified 2016 cells that
colocalised with Tregs; of these 2016 cells, 1607 were
epithelial cells (Fig. 4a; Supplementary Figure S7a and
b). Pathological diagnosis indicated that epithelial car-
cinoma cells colocalised with Tregs were distributed
throughout the cancerous region. Colocalised Tregs
were also widely distributed in the stromal regions of
the carcinoma (Fig. 4b; Supplementary Figure S7c). The
colocalised cell population was subclustered into seven
clusters based on single-cell pair colocalisation scores
(Fig. 4c). Comparison of MDK expression in colocali-
sation clusters of epithelial cells showed that 1401 cells
were present in clusters 0, 1, 2, and 3 with high MDK
expression, and that these cells accounted for 87.2% of
all colocalised epithelial carcinoma cells, indicating that
most epithelial carcinoma cells which were colocalised
with Tregs showed high MDK expression (Fig. 4d).

Next, we identified colocalisation clusters between
epithelial carcinoma cells-colocalised Tregs and mono-
cytes and stromal cells (Supplementary Figure 7d and
7e). When cell–cell interactions were examined for
colocalised clusters, ligands similar to those found in
adenoma were detected, with the same TME being
formed following carcinogenesis (Fig. 4e and f). In cell–
cell interactions between colocalised epithelial carci-
noma cells and Tregs, we detected CXCL14, CCL2, and
CCL4, which are involved in activating Tregs as well as
in suppressing cytotoxic T cells.67–70 Following carcino-
genesis, colocalised epithelial cells with high MDK
expression also acted on Tregs with other cytokines
involved in immune tolerance (Supplementary
www.thelancet.com Vol 103 May, 2024
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Fig. 3: Colocalisation analysis and cell–cell interaction of adenoma epithelial cells and regulatory T cells. (a) Uniform manifold approxi-
mation and projection (UMAP) of cell subtypes in adenoma cluster. (b) Colocalisation clusters between adenoma epithelial cells and regulatory T
cells (Tregs) in UMAP representation across all adenoma cells. (c) Spatial distribution of colocalised adenoma epithelial cells (upper) and Tregs
(lower). (d) Ligand activity between colocalised single cells from epithelial adenoma cells colocalised with Tregs to other cells. The widths of the
lines correspond to the ligand activity scores. (e) Imputed MDK expression in spatial distribution. (f) MDK normalised expression in colocalised
cell populations in UMAP representation. (g) Violin plot representing MDK normalised expression in colocalised adenoma epithelial cells and
other epithelial adenoma cells. ***p < 0.001. p values were determined using the Wilcoxon rank-sum test and Benjamini–Hochberg method. (h)
Volcano plot representing the differentially expressed ligand genes between colocalised adenoma epithelial cells and other adenoma epithelial
cells. p values were determined using the Wilcoxon rank-sum test and Benjamini–Hochberg method. (i) Gene ontology (GO) analysis of bio-
logical process comparing colocalised adenoma epithelial cells and other adenoma epithelial cells.
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Fig. 4: Colocalisation analysis in carcinoma epithelial cells and cellular distribution of ligand-receptor genes in single cells. (a) Colocal-
isation clusters between carcinoma epithelial cells and regulatory T cells (Tregs) in uniform manifold approximation and projection (UMAP)
representation. (b) Spatial distribution of colocalised adenoma epithelial cells with Tregs. (c) MDK normalised expression and colocalisation
cluster distribution in colocalised cell populations in UMAP representation. (d) Violin plot of MDK normalised expression levels by colocalisation
clusters. ***p < 0.001. p values were determined using the Wilcoxon rank-sum test and Benjamini–Hochberg method. (e and f) Ligand activity
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Figure S7f). By contrast, Tregs acted on epithelial car-
cinoma cells via TIGIT, a finding similar to that seen in
adenomas, pointing to a Treg-mediated immune toler-
ance environment (Supplementary Figure S7g and h).

We then examined MDK and TIGIT expression in
scRNA-seq data for 63689 cells across all cell types.
MDK was most highly expressed in tumour epithelial
cells, while TIGIT was most highly expressed in T cells,
especially Tregs (Supplementary Figure 8a–c). Both
genes were also highly expressed in colocalised tumour
epithelial cells and Tregs in adenoma and carcinoma.
GO analysis of epithelial cells highly expressing MDK
revealed an enrichment of cell proliferation-related
processes, a result that was similar to that of our
colocalisation analysis (Fig. 4g and h, Supplementary
Figure S8d). Furthermore, pathway analysis of T cells
with high TIGIT expression showed that the pathway
related to Tregs was the most enriched, confirming that
TIGIT functions as an inhibitory immune checkpoint
(Supplementary Figure S8e–g). We confirmed that the
MDK-mediated colocalisation was consistent with
scRNA-seq data for CRC.

To identify MDK receptors, we examined MDK re-
ceptor genes expressed on Tregs using ligand–receptor
pair data. The distribution of the expression levels of
six identified candidate genes, ITGA6, PTPRB, SDC4,
TSPAN1, NCAM1, and SDC2, in T cells, revealed that
SDC4 was the most highly expressed gene in Tregs,
especially in those colocalised with epithelial tumour cells
(Fig. 4i; Supplementary Figure S9a and b). Additionally,
we analysed the expression of MDK receptor genes on
Tregs using public CRC single T cell sequencing data
from GSE108989 (12 CRC cases).46 The proportion of
CD4+ CD25 high T cells, Tregs, in cancer tissue was
higher than in normal tissues (Supplementary
Figure S10a). We found that among the six MDK re-
ceptor candidate genes, only SDC4 was highly expressed
in tumour-derived T cells, particularly in Tregs
(Supplementary Figure S10b–e). These findings sug-
gested that SDC4 may act as a receptor expressed on
Tregs in MDK-mediated immune tolerance in CRC.

Reproducibility of MDK-mediated colocalisation
network with multiple CRC cases
We compared the results of these integrated analyses
with other ST-seq data. We integrated ST-seq and
scRNA-seq data and examined colocalised-cell distribu-
tion between epithelial cells and Tregs identified in the
previous analyses (Supplementary Figure S11a). In all
initiating from epithelial carcinoma cells colocalised with regulatory T ce
widths of the lines correspond to the ligand activity scores in e and f. (g) U
MDK expression divided by median MDK expression levels. (h) comparativ
high and low MDK expression in epithelial cells. (i) Dot plot of the express
the circle size represents the cell proportion.
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cases of carcinoma in adenoma, epithelial tumour cells
colocalised with Tregs were found at the carcinoma–
adenoma interface as well as in the proximity of the
cancer in adenomas (Fig. 5a; Supplementary
Figure S11b). Identified adenoma and carcinoma
epithelial cell clusters showed a distribution pattern that
was almost the same as that detected via pathological
diagnosis, confirming that other forms of integrated
analysis could successfully annotate cell groups via deep
learning (Supplementary Figure S1b). Additionally, the
ratio of Tregs colocalised with epithelial tumour cells
was high around the carcinoma–adenoma interface
(Fig. 5a; Supplementary Figure S11b).

MDK-mediated formation of TME is present in CRC
cases
Next, we performed immunohistochemistry and
immunofluorescence staining for MDK, FOXP3, and
SDC4 in other CRC cases (Supplementary Data 4).
MDK and SDC4 were found to be highly and coloca-
lisedly expressed in epithelial tumour cells and stroma
at the adenoma–carcinoma interface and in the ade-
noma region near carcinoma (Fig. 5b and c). FOXP3
was also expressed in the same stromal area, while
immunofluorescence staining indicated that SDC4 was
expressed in Tregs at the adenoma–carcinoma interface
and in the adenoma region near carcinoma (Fig. 5b and
d). In advanced carcinomas, the same results as that
observed for carcinoma in adenomatous polyps were
observed in the invasive front (Supplementary
Figure S12). Finally, we confirmed the spatial distribu-
tion of MDK, TIGIT, and SDC4 in all other cases
(Supplementary Figure S13). These results suggested
that MDK-mediated formation of TME was present in
early and advanced CRC cases.

MDK-SDC4 interaction in CRC cells promotes the
migration of Treg-like cells
We assumed that the MDK signalling pathway in the
interaction of MDK and SDC4 ligand-receptor commu-
nication played a significant role in inducing Tregs in
CRC. To validate our hypothesis, we performed a
transwell migration assay using human colorectal can-
cer RKO cells with MDK knockdown and human reg-
ulatory T cell-like MT-2 cells with SDC4 knockdown.27

Significant downregulation of the protein levels of
MDK-knockdown RKO cells and SDC4-knockdown MT-
2 cells was observed (Fig. 6a and b). The transwell
migration assay showed that, compared with the control,
lls (Tregs) to colocalised stromal cells (e) and monocyte cells (f) The
MAP distribution in comparison of epithelial cells with high and low
e Gene ontology (GO) analysis of biological processes associated with
ion and proportion of MDK receptor genes per cell subtype in T cells;
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Fig. 5: Distribution of colocalised cells between epithelial cells and regulatory T cells and MDK, FOXP3, and SDC4 expression in carcinoma
in adenomatous polyps. (a) Spatial distribution of epithelial cells colocalised with regulatory T cells (Tregs) and colocalised Tregs ratio in other
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the knockdown of MDK in RKO cells and SDC4 in MT-
2 cells significantly decreased the migration of MT-
2 cells (Fig. 6c). Interestingly, the addition of MDK
protein to conditioned medium of MDK-knockdown
RKO cells showed a significant effect on MT-2 migra-
tion, while its addition to serum-free medium showed
no significant difference (Fig. 6d). These results suggest
that other secreted molecules, not MDK, could act as
chemotactic agents for Tregs, and SDC4 interaction
could interact with MDK secreted in CRC and promote
the motility of Treg migration, resulting in immuno-
suppressive environments.

High MDK and SDC4 expression levels predict poor
prognosis in patients with CRC
MDK, which is highly expressed in various tumours,
shows potential as a potential diagnostic and prognostic
cancer biomarker.59,71,72 Reportedly, serum MDK acts as
a prognostic biomarker in CRC.73 We investigated the
association between MDK expression and prognosis
using RT-quantitative PCR (qPCR) in paired normal and
cancer tissues from our CRC cohort data. MDK
expression in cancer tissues was significantly higher
than that in normal tissues. In addition, the TN ratio at
each T stage increased as the T stage progressed, and
was higher not only in advanced cancer but also in the
early stages of Tis and T1 (Fig. 7a and b). This suggested
that MDK expression in early-stage CRC tissues was
higher than that in normal tissues. Our cohort data and
The Cancer Genomics Atlas (TCGA) data showed that
groups with high MDK and SDC4 expression received
poor prognoses (Fig. 7c). Notably, the group showing
high expression levels of both MDK and SDC4 received
the poorest prognoses (Fig. 7d). Furthermore, MDK
expression in cancer tissues showed potential as an in-
dependent prognostic factor in multivariate analysis
(Table 1, Supplementary Figure S14a). The detection of
only a few MDK and SDC4 mutations indicated that the
inhibition of their expression in the MDK/SDC4 path-
ways may be a potential therapeutic target
(Supplementary Figure S14b). Considered together,
these findings suggested that MDK and SDC4 may act
as mediators that are essential for immunotherapeutic
targeting in CRC, given their links with poor prognoses.
Discussion
We constructed a single-cell transcriptome atlas of cell
populations in CRC using publicly available scRNA-seq
data and performed an integrated analysis using
carcinoma in adenomatous polyps, case 4. Colocalised Tregs ratio is calcula
among all Tregs. (b) Immunostaining of MDK, FOXP3, and SDC4 in carcin
N: normal tissue, A: adenoma tissue, C: carcinoma tissue. (c) Immunofluo
adenomatous polyps. (d) Immunofluorescence images of FOXP3, SDC4, an
tissue; C: carcinoma tissue.
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DeepCOLOR, a deep-learning computational frame-
work, with ST-seq data for early and advanced CRC.19,23

This integrated analysis helped overcome the limitations
of sample collection and allowed for more complex
transcriptome analyses than would be feasible with
histopathological diagnosis. We utilised this deep
learning framework to identify colocalised cells and gain
insights into the TME by examining cell–cell
interactions.

Interaction between tumour cells and immune cells
affects cancer development. Thus, regulation of such
interactions plays an important role in immunosup-
pression in cancer.74 Tregs in the TME of various cancer
types are believed to be involved in immune tolerance.47

Herein, we found that Tregs contribute to immune
tolerance in the adenoma–carcinoma sequence during
the early stages of cancer. In CRC, MDK induces the
colocalisation of Tregs in the TME (Fig. 7e). Such
colocalisation was prominent at the adenoma–
carcinoma interface of adenomas. This is the first
study indicating MDK-mediated induction of immune
tolerance in adenomas during the early stages of cancer.
MDK is a secreted protein that drives immune cell
chemotaxis.59 TAM- and T cell-mediated immune toler-
ance associated with elevated MDK in epithelial cells has
been reported in melanoma and gallbladder cancer.60,71

Similarly, MDK-mediated immune tolerance is
believed to manifest during early-stage CRC. Thus,
MDK represents an important target in immuno-
therapy. Although MDK is highly expressed in various
cancers, it is also involved in normal-cell growth and
division as well as in the regulation of blood vessel
formation and function.75 Therefore, in order to mini-
mise off-target effects of direct MDK inhibition, it is
necessary to inhibit the pathway associated with
tumour-specific MDK signaling, via the development of
selective inhibitors of the MDK receptor in cancer tis-
sues. In this study, we identified SDC4, which encodes
the MDK receptor on the Treg cell-membrane surface.
SDC4 which binds MDK,76 is closely associated with the
development of osteosarcoma, breast cancer, prostate
cancer, colorectal cancer, and many other cancers.77–80

SDC4 reportedly acts as a main endogenous
membrane-associated receptor, which regulates cell
migration and cell adhesion in tumourigenesis and
progression. Moreover, SDC4 promotes cell migration
by affecting several signalling pathways, such as regu-
lating Rac 1 GTPase activity, regulating focal adhesion
kinase, protein kinase C-alpha, and the level of intra-
cellular calcium.81–85 We also showed that MDK-SDC4
ted as the proportion of Tregs colocalised with epithelial tumour cells
oma in adenomatous polyps. Pathological diagnosis by H&E staining;
rescence images of MDK, SDC4, and DAPI expression in carcinoma in
d DAPI expression in carcinoma in adenomatous polyps. A: adenoma
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Fig. 6: MDK and SDC4 promote the migration of Treg-like cells in colorectal cancer (CRC) cells. (a) Immunoblotting for MDK in control and
MDK-knockdown CRC cells (RKO). (b) Immunoblotting for SDC4 in control and SDC4-knockdown Treg-like cells (MT-2). (c) Transwell migration
assays of control and SDC4-knockdown MT-2 cells with conditioned medium of control and MDK-knockdown RKO cells. (d) Transwell migration
assays of MT-2 cells with conditioned medium of MDK-knockdown RKO cells and serum-free medium containing 10 ng/ml of recombinant
human MDK; NS, p > 0.05; ****, p < 0.0001. p values were determined using one-way ANOVA, followed by Dunnett’s multiple comparisons
test. Scale bar, 100 μm.
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Fig. 7: Clinical significance of MDK and SDC4 expression in human colorectal cancer (CRC). (a) MDK mRNA expression in 125 CRC tissues and
paired normal colon tissues in our CRC cohort dataset, assessed using RT-quantitative PCR; p values were determined using the Wilcoxon rank
sum test. (b) Expression ratio of MDK in tumour and normal tissues by pathological T stage; NS, p > 0.05; *, p < 0.05. p values were determined
using one-way ANOVA, followed by Dunnett’s multiple comparisons test. (c) Overall survival rate in CRC patients according to MDK and SDC4
mRNA expression in tumour tissues in our CRC cohort data (top) and The Cancer Genomics Atlas (TCGA) data (bottom). (d) Overall survival rate
in CRC patients by the combination of MDK and SDC4 mRNA expression in tumour tissues in our CRC cohort data (top) and TCGA data
(bottom). Overall survival was estimated using the Kaplan–Meier method, and survival curves were compared using the log-rank test. CI:
confidence interval; HR: hazard ratio. (e) Schematic of tumour MDK-mediated immunosuppressive environment in early CRC.
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Variables HR Univariate p value HR Multivariate p value

(95% CI) (95% CI)

Age (<65 y/≥65 y) 2.42 1.12–5.24 0.025 1.57 0.66–3.70 0.31

Gender (female/male) 1.18 0.55–2.55 0.68

Size (≥5 cm/< 5 cm) 1.79 0.83–3.87 0.14

Tumour location (right/left) 1.25 0.57–2.76 0.58

Histological type (muc, por/well, mod) 7.02 2.35–20.97 <0.01 7.35 2.08–26.01 <0.01

T stage (3,4/is, 1, 2) 12.92 1.75–95.49 0.012 5.94 0.77–45.87 0.087

Lymph node metastasis (+/−) 6.85 2.36–19.91 <0.01 3.06 0.97–9.68 0.057

Distant metastasis (+/−) 15.05 4.04–56.08 <0.01 10.66 2.61–43.45 <0.01

Lymphatic invasion (+/−) 5.41 2.26–12.95 <0.01

Venous invasion (+/−) 4.3 1.98–9.37 <0.01

pStage (III, IV/0, I, II) 10.03 3.01–33.45 <0.01

MDK expression (high/low) 3.09 1.30–7.36 0.011 2.73 1.04–7.13 0.041

CI, confidential interval; CRC, colorectal cancer; HR, hazard ratio; muc, mucinous adenocarcinoma; por, poorly differentiated adenocarcinoma; well, well-differentiated
adenocarcinoma; mod, moderately differentiated adenocarcinoma.

Table 1: Univariate and multivariate analysis of clinicopathological factors affecting the overall survival in patients with colorectal cancer.
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interaction in CRC cells promotes the migration of
Treg-like cells. These findings show thet SDC4 could
potentially be a new therapeutic candidate. Further
exploration will be required to elucidate the mechanism
underlying the effects exerted by SDC4 on Tregs in
CRC.

Previously, we showed that multiple subclones
harboring different mutations in driver genes that
appear during the early stages of tumourigenesis are
responsible for tumour heterogeneity.12,13 Immune
tolerance resulting from MDK secretion at the
adenoma–carcinoma border may contribute to this
process. Furthermore, we reported two intriguing find-
ings regarding the regulation of MDK expression:
binding of HIF-1a to hypoxia-responsive elements in the
MDK promoter region, and activation by Wnt/β-catenin
signaling.86,87 The MDK promoter region harbors a
binding site for TCF/LEF interacting with APC/β-cat-
enin. The frequent occurrence of APC mutations in
colorectal adenomas and carcinomas,7 indicates that
upregulation of Wnt/β-catenin signaling may be
involved in increased MDK expression. Further inves-
tigation is needed to examine the association between
these regulatory processes and MDK expression in CRC.

Using spatial analysis at the single-cell level, we
identified MDK and noted that interaction between
colocalised Tregs and tumour epithelial cells is medi-
ated via TIGIT. These results are novel, considering the
fact that mediator molecules that confer immune
tolerance have not been reported in previous single-cell
studies on adenoma and early CRC. TIGIT is an
inhibitory receptor that directly reduces T-cell receptor
signaling in T cells. TIGIT has been focused upon as a
target for immune checkpoint therapy in cancer. Clin-
ical trials of anti-TIGIT antibody in combination with
anti-PD-1/PD-L1 antibodies in patients with various
solid tumours have shown favorable antitumour
effects.88 MDK may be an important biomarker that
predicts the therapeutic efficacy of these new immuno-
therapies in CRC.

A limitation that affected this study was that scRNA-
seq and ST-seq were not implemented using identical
samples. Therefore, all intra-adenoma cancer-specific
cell populations may not have been captured. However,
to overcome this issue, we performed an integrated
analysis using scRNA-seq data from a large number of
cases.

Finally, our clinical analysis showed that MDK
expression was high in early CRC stages and that MDK
and SDC4 gene overexpression could be a prognostic
factor in CRC. These results may help diagnose early-
stage CRC as well as potential therapeutic targets. In
summary, the integrated analysis performed herein
unambiguously revealed MDK as a driver inducing the
immune-tolerance phenotype in adenoma, the precan-
cerous CRC lesion. These findings suggest that MDK
signaling may play an important role in CRC progres-
sion and shows potential as an essential mediator in
immunotherapeutic targeting in CRC, given its associ-
ation with poor prognoses.
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