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Figure S1. Prognostic risk stratification based on pathological features.

(a) Bar plot of significant prognostic features (univariate cox p-value < 0.05),
color-coded by aggregation method (bars) and feature type (y-axis). (b) Enrichment
analysis of feature risk scores. (c) Enrichment analysis of feature variable coefficients.
(d) Concordance index (C-index) trajectories during five-fold cross-validation. (e)
Kaplan-Meier survival curves demonstrating model performance across three
independent cohorts. (f) Heatmap displaying model-used features with aligned clinical
annotations. (g) Correlation analysis between model risk scores and Hallmark
pathway GSVA values, presented as a ranked bar plot.



655
Enrichment
Cell Cell Adhesion Via Plasma Membrane Adhesion Molecules b S o 2
& g
Homophilic Cell Adhesion Via Plasma Membrane Adhesion Molecules . |
5 Down 0
Collagen Containing Extracellular Matrix | (@) 81
Extracellular Matrix Structural Constituent | @) b TN
Negative Regulation Of Epithelial Cell Proliferation { @) 8
Epidermis Development | @) -log10(p-value) & | PKHD1L1
g
Glycosaminoglycan Binding 1@ O 5 @
&
Negative Regulation Of Locomotion i 87 EHBP1
& Regulation Of Epithelial Cell Proliferation ( ) -
H Epithelial Cell Proliferation Q 15 81 g LRRCS6
§ Immune Response Regulating Cell Surface Receptor Signaling Pathway %o o
25
External Side Of Plasma Membrane m g :z,
Cluster S
Lymphocyte Differentiation o o ZNF429
S © Clustert g
Antigen Receptor Mediated Signaling Pathway
T Cell Differentiation © Cluster2 2]
Leukocyte Proliferation
. - ° = C>Tu T>A
Regulation Of T Cell Activation 31 » C>Gr T>C
Regulation Of Immune Effector Process N = C>A= T>G
Leukocyte Cell Cell Adhesion 27
Leukocyte Mediated Immunity o L Mlssense_Mu!atlgul Spllge__Sne Cluster
s = Nonsense_Mutatiom Multi_Hit = Cluster1
5 10 15 ® Up = Frame_Shift_Del = Cluster2
~log10(p-value)
032 06
| — | 1.00 L
. e .
1.0 B
.
. . *
i X o
075 . ! 3
04 o
.
05 5 Cluster
= Cluster Cluster £
o < g . Bl
H Bt Qoso B 3 o3 . e B2
a .
@ P g g . i A :
02 .
0.0 . . . . "
. . ]
028 o ol 3
. M1 .
. 1]
: -uhi
s s
. 0.00 I > d 2 O % <
1 2 1 2 & \ S S &S o \0 &*
* S Ry e
Cluster Cluster o et o«:“ " Tt
S s
&
Clustert Cluster2 crenp s oGRS sgralig ity PHC o HAPK
[T T T T T N T T NN W ] —— s oty
Fibroblasts RAFIMAP inase cascade
| I I P VEGFA_EGFR Collagen formation-
TNC_EGFR —_— G alpha (2 signaling evenis
[ | | Smooth muscle - Plasma lipoprotein assembly, remodeling, and clearance
| Nac DuSP18 ITGB —_— Vitabalsm of carbarydrales
- aiycosyition
e | 1 | CD4+ Tem _ ADAMOITGAS —_— ‘Sinaling by VE
| Il | 1 CO4+ Tem 3 tesion A — acherens ncton ogancatin |
- 2 teractons
| | Keratinocyles 5 i
| | 3 amcaron —_— g ecogton o dai-medatecndoyoss
|I I | l 1 d | ‘ 1l [ N Sebocytes Clustor 2 Type : olism of nucleotides.
LGALSIBP_VANGLY —_— — oteins
I ] eotesaicens 3 : P, dprisne
11 h 1 Y 1] cosinontis 2 H NTFINTRKZ{ e £ Integrin-mediated signaling pathway
T v S - Protective & Prtein-proteniriractons o Symapses
CD8+ T-cells Data 2 A ——t iseases of Immune System
H FLT3 Signaiing
| |1 cog+ Tem TCGAS  eovenme et Golgi Associted Vesic Biogenesis
i — Ei ing by TGF-beta family members
CD4+ memory T-cells [ XJ FoFiZFoFRE Signaling by TGF~beta family men Tbers
I Cote Tcells o Signang by ROBD espors
Memory B-clls . e, repuaionof g ireio |
- B-cells NCAM1 (FarR2 —— Signaling by FGFR1 in disease:
Inteeukin-23 signaling
=3 FGF17_FGFR2 ——
& Reguiation of FZD by ubquilhation |
CD4+ naive T-cells - phosphatidylinositol 3-kinase signaling
oMP FaR2IFeFRZ PPOUSF1 (OCT4), SOX2, NANOG activate genes related to proliferation |
L — smoaberes snaig panay
Preadipocyte protein autophosphorylatin |
I ! : FGF13_FGFR2+ b—#—di Metabolism of water-soluble vitamins and cofactors.
TME score ‘Activated NTRKZ signals trough FRS2 and FRS3
- — 3 Signaling by FGFR in disease
2 -1 0 1 2 Hazard ratio (HR)
Gastrin-CREB signalling pathway via PKC and MAPK — e
. i Associated Vesicle Biogenesis —t .
Regulation of IGF transport and uptake by IGFBPS - e Tcell 4 . . .. . .. .
Ciainrn-mediated encocyosis [t
angiogenesis —
Collagen formation v ]
Wnt signaling pathway, planar cell polarity pathway [a— : J @B 2 & 5 R
Activated NTRK2 signals through FRS2 and FRS3 — Pericytes ® 000000 Average Expression
Sema3A PAK dependent Axon repulsion —
POUSF1 (OCT4), SOX2, NANOG activate genes related to proliferation | —
Metabolism of fat-soluble vitamins L -0 . 2
Interleukin-20 family signaling — Myeloid . .. L ) R . e . “
Intra-Golgi and retrograde Golgi~to~ER traffic: — 1
Transcriptional regulation of granulopoiesis —
CAM interactions J‘ 0
positive regulation of NF-kappaB transcription factor activity = logFC J % e B 3 .
2t o e = o FRC Y XX @ . .
Iron uptake and transport — . 4
z bicarbonate transport :* 03
H Signaiing by NTRKs [ )
£ cytokine-mediated signaling pathway ~— - 00 Fibroblast - H - @ ¥ = - @ ° . ¢ = Percent Expressed
& potassium ion transmembrane transport —i
Interleukin-6 family signaling —! —03
Interleukin-4 and Interleukin-13 signaling - | 0
nervous system development ] b tia : W @ T 5 % b - N .
erieuidn-12 famiy signaiing - Epithelia L R 25
Nitric oxide stimulates guanylate cyclase o-o—! ® 50
Interleukin=10 signaling { ~ @-@NE-0- |
Costimulation by the CD28 family- om— 1 . 75
T cell costimulation | -~ Endothelial 3 i s @ w w o os @ - @ =
integrin-mediated signaling pathway —
Interleukin-23 signaling
Interleukin-2 family signaling
adaptive immune response
Signaling by the B Cell Receptor (BCR) Bcell 4 . .
Interleukin-35 Signalling
Antigen activates B Cell Receptor (BCR) leading to generation of second messengers — . — ‘
PD-1 signaling &
Phosphorylation of CD3 and TCR zeta chains {@—————! ISFAGOORN ©§$ 0 \A &"’ % ) é(\/
Tespal *—] K %‘,.Y‘ ¥ ?S“ Q/e ‘< \‘00 \?O‘¢Vg¢5YO‘&V &) 5 K DS
00 BN S
I Endothelial Cell Receptor_count Ligand_count
I I I Mes 15 16
Fibroblast Pericytes 13

e .... .

]
s
o
°
c
w

Cell
Epithelia
Pericytes

Endothelial

FRC

Fibroblast
Myeloid
Tcell

34
14
12
12

5

Receptor_count

Epithelia

Count
15

I 10
5

o,

Myeloid

Pericytes

Fibroblast

FRC
QP
AP

TEC4
TEC5
CAF4
TEC2

NMF

Mono01
Mono03
TN
CAF1
NK/NKT
TEC3
CAF2

TMEM-CD4

Mucosal
Mast
NEC1
TEX
Pericyte
TAM02
TAMO1
TAMO3

11
10

~

A A A A A aNwWw s O

= 4l = P4 = =4 = e = P =
> > > > > > r x> r >

2
1
1
1
2

8
6
3
2
1
1
1
1
1
1
1



Figure S2. Molecular dynamics of prognostic risk stratification in esophageal
squamous cell carcinoma (ESCC).

(a) ORA using GOBP terms, showing the top 10 up- and down-regulated terms. (b)
CACNAIC enriched profile. (c¢) Significantly mutated genes between pathological
subtypes. (d) Tumor mutational burden and fraction of genome altered values across
pathological subtypes. (e-f) Cell abundance of pathological subtypes predicated by
Cibersort and xCell. (g) Forest plot of significant prognostic receptor-ligand pairs,
showing the top 10 protective and hazardous pairs. (h-i) Hazard ratio (HR) and
LogFC distribution of receptor-ligand pairs in pathway contexts. (j) Canonical
markers for major cell types. (k) Heatmap mapping receptor-ligand pairs to their
predominant cellular sources. (I-m) Cellular localization frequency counts for
receptor-ligand pairs at major cell type and subtypes resolution.
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Figure S3. Validation of epithelial-to-mesenchymal transition (EMT) trajectories.
(a) Pseudo-time score distribution across MESs. (b-c) PCA of integrated cell line and
single-cell data before and after batch effect correction. (d) Pseudo-time score
distribution under varying KNN parameters. (e-g) Correlation analyses between: EMT
score and pseudo-time, EMT score and metastatic potential, and pseudo-time and
metastatic potential. (h) State-specific expression patterns of MES-specific receptors.
(1)) Knockdown signature correlation between: /7GA3 and ITGB4, IGFIR and
PLXNAI.
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Figure S4.Quality control and co-localization in Visium HD data.

(a) Quality-control metrics for the Visium HD data. Spots with low library size and
low number of detected unique features were discarded. (b) Spatial mapping of
EMT-early across the tissue section. (c) UMAP visualization and box plot of
EMT-early. (d) ITGB4* EMT-early with their neighbors in all spots and in EMT-early
spots. (¢) ITGA3* EMT-early with their neighbors in all spots and in EMT-early spots.
(f) Co-localization of ITGB4" EMT-early with their autocrine ligand. (g)
Co-localization of ITGA3* EMT-early with their autocrine ligand. (h) Co-localization
of ITGA3" EMT-early with CAF4-specific ligands.
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Figure S5. Quality control and co-localization in Stereo-seq data.

(a, e) Quality-control metrics for the Stereo-seq data in E1 and E2 samples. (b, f)
CNA inference results. (c, g) Spatial mapping of EMT states. (d, h) Spatial
visualization of [ITGA3 and ITGB4. (i, j) Spatial correlation between
ITGA3/ITGB4-specific EMT-early spots and regional EMT activity
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Figure S6. Co-localization in Xenium data.

(a) Major cell annotations of Xenium data. (b-d) Cell subtype annotations of
Epithelial cells, Mes cells, and Fibroblasts. (¢) /7GA3 and ITGB4 expression
distribution in Mes cells. (f-g) Mes and Fibroblast subtype in situ distribution. (h) Left
and Middle, Kernel density plots displaying the Fibroblast distribution along X and Y
axis. Right, Stacked bar plots showing the proportion of Fibroblasts. P values by
Mann-Kendall trend test. (i) EMT-early and corresponding ligands in situ distribution.
(j) Co-localization of ITGB4*/ITGA3*EMT-early with their autocrine ligands.
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Figure S7. AMIL model performance evaluation.
(a-c) Five-fold cross-validation performance of the AMIL models. (d) In situ
expression patterns of CACNAI1C in Visium data.



