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Abstract: Gastric cancer (GC) is a multifactorial malignancy closely linked to environmental risk factors.
Ochratoxin A (OTA), a widely distributed mycotoxin, has been classified as a probable human carcinogen.
This study systematically elucidates the molecular mechanisms underlying OTA-induced gastric
carcinogenesis. For the first time, through an integrated approach combining network toxicology, machine
learning, and Mendelian randomization analysis, four key pathogenic genes (ESR1, GSK3B, MET, and
MMP2) were identified and validated. The research further clarifies how OTA disrupts hormone signaling,
metabolic homeostasis, and the tumor immune microenvironment, thereby driving cancer development
through multi-pathway synergy. Notably, GSK3p was genetically confirmed for the first time to have a
causal relationship with gastric cancer. These gene markers play a central regulatory role in gastric
carcinogenesis and demonstrate significant diagnostic potential, providing novel biomarkers and a
theoretical foundation for risk prediction and targeted intervention in OTA-associated gastric cancer.

Keywords: ochratoxin A; gastric cancer; network toxicology; machine learning; molecular docking; core

genes; tumor microenvironment
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A Ochratoxin A C EPC MCC

Gastric cancer

El 1 HMESER A MEEXBELIRERERFEREE A SYIRERNSPIRIENCER; B: KN PPL M4

K5 C: iR OAE SR D BODIE PPI %% K
Fig. 1 Schematic diagram for screening key targets and differential genes of OTA and GC. A: Venn diagram of the targets of OTA
and gastric cancer; B: The PPI network of the overlapping genes; C: Venn diagram identifying the core genes screened from the

overlap; D: The PPI network of core targets.
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Fig. 2 The “toxicant-component-gene-disease” interaction network. KO LR [R] DL IEAR R EE([E 4D, 4E).
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Fig. 3 Functional enrichment analysis of the overlapping genes. A: GO enrichment analysis of potential targets; B: KEGG
enrichment analysis of potential targets. BP: Biological process; CC: Cellular component; MF: Molecular function.

250351-6



Research paper 22 April 2026, 45(4): 250351

Mycosystema ISSN 1672-6472 CN 11-5180/Q

FEE EER REF FEE FEE KEE K

Gene expression

wEE EEE AEE

Type

E Control

RIGC

Type
6 [l Control

I2

Type
|ESR1#*
ESR2%%%
AKTI*##
KDR***
IGF1**
MMP2##%
| | PPARG***
MET##*
JAK2??
CASPg***
STAT1#**
PTPRC***
GSK3B**
| MAPKS*
PTPN1#**
MMPY**+
[CAMI***
HSPOOAA T #++
PARPI***
CCONA2***
BRCA1***

4 Mac

E e T
E

0
-2

I4

-6

Correlation
1

;‘(-_ 0
2 =
a
w
Ta 0
P
£
-
-0

aws

0‘ -1
&
%
N
38 e
¥ s i
& oCP

MApgg  1AK2

2

D @ g MMP2
= = D = < MAPKS
| @ = & o < CASPS

A A o o - AGSK3B

QB8 = 4 o 4PPARG

o N 4 ﬂ A MET

Ccoov®

marks@ O B B
casps @ P D

CCNA

Spp oS8 — 4= AHSPWAAL

V:V;DIB;AVJQI)ARP]

@ 7w ¢ o < 8 < ACCNA?

- &

> DS = & 5 ABRCAI

VPO u"

< PTPRC

e . B e

veop == =48 < =IAK2

| 4 < — g = PIPNI

=
3

0.6

F0.4

ro2

F0.0

F-0.2

t-04

F—0.6

-0.8

=10

4 BLERRESEEMEST A EWHEASBRAEARORNKEZERMFILE; B: IEW B mEA D
DIENRIBIE; C: BLIENG @R EBIPE; D: ZOIENFRMLS; E: 2 DMELLHEENE AT, * P<0.05;

#* P<0.01; *** P<0.001. T[A]

Fig. 4 Expression and interaction network analysis of core genes. A: Box plot of differential expression analysis of core genes
between normal and gastric cancer (GC) samples. B: Heatmap of core gene expression in normal and gastric cancer samples. C:
Circular layout of chromosomal locations of core genes. D: Co-expression network of core genes. E: Correlation analysis between

core gene pairs. * P<0.05; ** P<0.01; *** P<0.001. The same below.
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Fig. 5 Visualization of key target selection using machine learning. A: Residuals of each machine learning model presented in box
plots; B: Cumulative residual distribution across the machine learning models; C: Feature importance derived from the nine
machine learning algorithms; D: ROC analysis of the nine machine learning models based on 5-fold cross-validation in the test
cohort; E: ROC analysis of the four key genes.
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Fig. 8 Immune infiltration analysis. A: Landscape of immune cell infiltration in gastric cancer; B: Differential immune cell
abundance between normal and gastric cancer samples; C: Correlation analysis between key genes and immune cells.
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Fig. 9 Single-cell RNA sequencing of GSE184198. A: Unsupervised clustering identified 15 distinct cell clusters, visualized using
t-distributed stochastic neighbor embedding (t-SNE); B: Cell type annotation revealed nine major cellular populations; C: Bubble
plot displaying expression patterns of biomarkers across different cell types; D: Violin plot showing expression trends of
biomarkers in the nine cell types; E: t-SNE projection illustrating expression patterns of biomarkers across cellular populations.
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AR KR —FEHAERA: OTA AlEE
A 3 R4 S S B IR g e 2k, B 9 AR B e L
BT, BAnmfE 58 . SR I ] 0 7 1 AR AT
Sk B8 e ) e A R TR A3 T R R A

SRR AR 2R Ol 3 R 23k Q] 5 W0 8 3] 11
B PE R IR BT EE AR, FRATI 45 & B4 e )5 5
WA THLRZE RS0 Hr. ATl GSEA &
348 GSK3B. MET i #Rik S “[FEE
4”7 “DNA Ziil” K “HEEABEA" &R a e
B I35 AP S P 308 [R5 A G, TR B2 52 i) 5 s 240
JHL . AR PR A L S5 B g2 20 L ) S S T RER A
Hyk, B4l RNA DT 50 B 22 40 6 0 B E ik
52, GSK3B 5 MET 75 N Bz 41 A Hpi S e s 45k
M MMP2 £ BE AT AN i k. X Fha
TR S 0 SRR, A R ) 25 4k

250351-18



Research paper

22 April 2026, 45(4): 250351

Mycosystema ISSN 1672-6472 CN 11-5180/Q

P TE S AR PE L T 2R R . N A iy
GSK3B/MET {5 35 Al g 1ok fd 7k 5 5 14826 %
TR A 1 A5 38 A, T G A R A TR A3 A
(Huiru et al. 2025); i LT 440+ MMP2 175
15 V) 368 o 5% A 240 B D R T, AN Sy e A A2
ZETFREEAE , A o] geil B AT AR S,
HERAEE VAR T 40IEhRE(Li et al.
2023).
3.5 ceRNA WE 5 FXf#EiEnR LiFAiE B
EHEEER

H T HRIEHEG RN, 1T
ceRNA W%, 8/~ T HRIK o ik (R ARl 7 &
AR, M2 mEA A dE4 S RNA (an
IncRNA F1 miRNA) 4 5% 19 & 4% 9 2% 11 kS 20
5, I ceRNA 2% Ky OTA Uaf 3 32 5% 0 3 G i
RNA [k, T (142 8 4 00 i 2k R 5 s
FER A RIE , 2L T — A B SR - HL
B, R PRAE OTA RILB (LA PESR 0L T a R
2., miRNA Fll IncRNA 7EZFh ALYt fip &
i mE RN, s R B Mok | 3
FEAE TS . A A 625 45 (Grammatikakis & Lal
2022), HHETC B EA E K g ik
YItR S EEAITIE S, BT mRNA, EAI7E
PR R AR, G TR o X X oG
HIHXZLPE IncRNA 5 miRNA #4771, #ig b
A LA ] B 45 3 A B0 (55 45, AT eIk 21 L AT
fia] BN SE DR O SR TR Y7 S T RO o

2 5 R R - B B A A VT RE
b R AR5 A1 ) T ik e B 1 T RE , AT S |
T U P SR G SN o AN S 3 X e 4 L
BT R EERIEYE: OTA 5 4 Mm%
BRI A R A1 (556 REFI< -7 keal/mol).
XFRH OTA H5ELHEAZMAAERERE. g
(25 A o 1 0 AR T F A W5 8 2 T iy v
S, OB ORI TR R T AT AT
WIE, 588 TN “FEHFIFR” 2 “orFAHEAER”
BRI P ER o LA Rt SR 48R T BRI 254
P, T GSK3B H ASP 293 i 5, 3% AR TT
REEXT OTA B ) BELIT 7] sl i e I FR AL TG B
1o

3.6 ZERMENLDHA GSK3p HERIEAE
IR 15 IR

FRAT 38 2 PR RE AR 78 R BE ML AL 20 B B A
WAL AR T GSK3p Mm SN =ik 5 H &
MBI mZ B AAER LR, X—KHN
GSK3B 7& B9 & A P gz o b A 34 175 A
(). TR A FF BB AL b, K L DAFEAI Y
HOE UL CRHOCEE” R T PRI, R
BRI R, EEmERES, GSK3B M)
B S T6 2 IR sh W e U ) S e g 1, (R s
2 b R IR IS LSS e IR
J&, WSEAHAA AL . BEoRbIE o XFP 2 A B IR IE
PO, Mo T RN R G AT SN,
GSK3PB fifi 37 >y 5 9 T 77 R0 T 100 04 A o 2 A3
TR ST H AT AR R

4 &

AT AT A O, RGAE R
T OTA L Z 3L | L3 i Jx 22 4l g 2 R AL ]
5 8 kAT R4 . i ESR1. GSK3p.
MET. MMP2 iX 4 N SCHEEENAE B b RE R
ERE, R BRI S, 15 e ek
TR EE 2 DA O o 707X 2 K o f R B ML AL 20 A
i — 20 NG F BLA 5 a4 DR 2R 2 T 36 E T i 2
FEHTE OTA BB HEALH A% OVER . 15
SR EEAR OTA 1E i IR 5 BUE Y 1 20w bl
HlEE AL TR ELS K s S5 e AR bR S, o
e N RS T e S 1) T 577 56 s B R BEE T
Bl2E

1E# Tk

FI: SCI et Bl iir | 1830k R 4
5y BEA . IRSURS 5B MER. RRRA:
BRI S s PRIGET . SCEREE I, Wi
WM BLE . BRI, SO X
LAE

F| %5 v R = A

I FEAAFAEAT AT T AE ) 25 28 1) R ol 5
W55 KA
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