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Supplementary Figure 1. Generation and annotation of the integrated 
single-cell atlas.
a. Pie chart depicting the composition of the single-cell dataset. The 
chart illustrates the total number of cells analyzed and patients enrolled 
in this study. 
b. UMAP visualization of cellular heterogeneity. Cells are colored ac-
cording to their cluster assignment, revealing distinct cell populations 
identified through unsupervised clustering.



a
CAF

b
INHBA+BNIP3+ CAF

INHBA+

INHBA+BNIP3+ CAF

c

INHBA+SULF1+ CAF

INHBA+BNIP3+ CAF

INHBA+BNIP3+ CAF

d

e

INHBA+SULF1+ CAF

INHBA+BNIP3+CAF
INHBA+SULF1+CAF

Pericyte
SPON1+myCAF

SMCs
S100A4+CAF

DPT+CAF
PDGFD+CAF
CCL13+iCAF

An
dr

og
en

EG
FR

Es
tro

ge
n

H
yp

ox
ia

JA
K-

ST
AT

M
AP

K
N

Fk
B

PI
3K

TG
Fb

TG
Fa

Tr
ai

l
VE

G
F

W
N

T
p5

3

Supplementary Figure 2. Functional heterogeneity and lineage dynam-
ics of CAF subtypes.
a. Radar plots illustrating distinct KEGG pathway enrichment patterns 
derived from subtype-specific differential gene expression.
b. Heatmap showing the mean expression of lipoxygenase (LOX)- and 
matrix metalloproteinase (MMP) associated genes and collagen 
(COL)-associated genes
c. Proportion of CAF subtypes in tumors stratified by microsatellite insta-
bility (MSI) status (MSI-H, microsatellite instability-high; MSS, microsat-
ellite stable).
d. PROGENy pathway activity scores across CAF subtypes
e. Developmental trajectories of fibroblast subsets inferred by Cell2fate, 
visualized on UMAP.
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Supplementary Figure 3. Single-Cell Transcriptomic Atlas of Non-Malig-
nant and Malignant Epithelial Cells in CRC.
a. UMAP visualization of five non-malignant epithelial cell subtypes, with 
different colors representing different subtypes. 
b. Dot plot of highly variable genes across non-malignant epithelial sub-
types.
c. CNV scores in epithelial cells, comparing malignant versus non-ma-
lignant populations (left) and distribution across malignant subtypes 
(right).
d. Heatmap of Hallmark pathway enrichment scores in malignant epithe-
lial cells.



nCells = 884,434

P1
P2
P5

UMAP1

U
M

A
P2

nCells = 884,434

Tumor
CAF
Endothelial
Macro&Mono
T_cell
B_cell
Plasma
Vascular Smooth Muscle
Mast Cell

UMAP1

U
M

A
P2

0
1

2

3

4

5

6

7
8

9

10

11

Tumor cells

UMAP1

U
M

A
P2

0
1

Z-scaled AU
C

ell

CSC_like

EMT_Stress_Invasive

Inflammatory_Epi

Proliferative

Secretory_Goblet_like

32141065811079

Xe
ni

um
 C

lu
st

er
s

Fibro Clusters

0
1 (iCAF_INHBA_CTHRC1)
2
3
4
5 (iCAF_INHBA_CXCL3)
6
8
9

UMAP1

U
M

A
P2

sample

P1
P2
P5

UMAP1

UM
AP

2

0 1

Z-scaled AUCell

CC
L1

3_
iC

AF

IN
HB

A_
BN

IP
3_

CA
F

DP
T_

CA
F

PD
GF

D_
CA

F

Pe
ric

yte

S1
00

A4
_F

ibr
o

SM
Cs

SP
ON

1_
m

yC
AF

IN
HB

A_
SU

LF
1_

CA
F

5
9
1
3
0
2
6
4
8

Xe
ni

um
 C

lu
st

er
s

a b

c

d e

f

h i

j

UMAP1

U
M

A
P2

P1

UMAP1

U
M

A
P2

P2

UMAP1

U
M

A
P2

P5

UMAP1

U
M

A
P2

P1

UMAP1

U
M

A
P2

P2

UMAP1

U
M

A
P2

P5

0
1
2
3
4
5
6
8
9

Tumor
CAF
Endothelial
Macro&Mono
T_cell
B_cell
Plasma
Vascular Smooth Muscle
Mast Cell

sc
R

N
As

eq
 S

ub
ty

pe
s

g

Supplementary Figure 4. Dissecting the TME with Xenium: cellular het-
erogeneity and subcluster-specific programs
a. UMAP projection illustrating the distribution of all cellular subtypes 
within the Xenium cohort.
b. UMAP visualization of total cells from three patients, colored by pa-
tient origin and major cell types. 
c. Dot plot showing the expression of marker isoforms across all identi-
fied cell types, based on Xenium data.
d. UMAP visualization of malignant cell subclusters from the Xenium 
cohort. Cells are colored by their cluster assignment, revealing distinct 
populations defined through unsupervised clustering.
e. Z-scored AUCell values were calculated across malignant cell sub-
clusters within the Xenium cohort.
f. Comparison of key epithelial marker expression between single-cell 
and Xenium spatial data across subclusters.
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Supplementary Figure 5. Spatial niche composition in CRC samples
a. Cellular neighborhood mapping within the CRC TME.
b. Median cell-type composition across spatial niches in CRC.
c. Spatial co-localization of Malignant C2 cells and INHBA+SULF1+ 
CAFs in CRC.
d. Spatial co-localization of CD4+ Treg cells and INHBA+BNIP3+CAFs in 
CRC.
e. Spatial co-localization of Malignant C2 cells and INHBA+BNIP3+CAFs 
in CRC.
f. Venn diagram showing overlap of top five CAF and malignant cell sub-
types in niche 4.
g. Circos plot summarizing the number and strength of interactions 
across all cell types.
h. Bubble chart displaying specific receptor-ligand interactions between 
CAF subtypes and malignant epithelial subtypes.
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Supplementary Figure 6. INHBA contributes to the progression of CRC.
a. Kaplan–Meier analysis of overall survival (OS) stratified by INHBA expression in TC-
GA-COAD&READ (Log-rank test).
b. Correlation of INHBA expression with tumor stage in TCGA-COAD&READ 
(Mann-Whitney U test, *p < 0.05, **p < 0.01).
c-d. Association between INHBA expression and c, perineural invasion; d, lymphatic inva-
sion in TCGA-COAD&READ (Mann-Whitney U test).
e. Protein levels of α-SMA and inhibin βA (INHBA) in CAFs and CRC cells, assessed by 
Western blot.
f. Representative images of CAF after initiation of culture.
g-h. Validation of INHBA knockdown efficiency by shRNA in primary CAFs, as assessed 
by qRT-PCR (g) and Western blot analysis (h).
i. Efficiency of INHBA overexpression in HEK293T cells, assessed by Western blot analy-
sis.
j. Representative flow cytometry plots showing the gating strategy for CAF and PBMC 
co-culture. One representative sample is shown.
k-l. Mice co-implanted with CAFs and tumor cells were monitored for tumor volume (k) 
and body weight (l) over time. Data are mean ± SD (n=5). *p < 0.05, **p < 0.01, ***p < 
0.001 vs. control.
l-m. Mice implanted with CT26.WT tumor cells were monitored for tumor volume (l) and 
body weight (m) over time. Data are mean ± SD (n=5). *p < 0.05, **p < 0.01, ***p < 
0.001 vs. control.
n-o. Tumor tissues from the CT26.WT model mice were collected at the endpoint, and 
expression levels of Foxp (n) and Pdcd1(o) were analyzed by qPCR. Data are mean ± SD 
(n=5). *p < 0.05, **p < 0.01 vs. control.


