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Abstract

Objective: To investigate the expression characteristics of the flavin-containing monooxygenase 1
(FMO1) gene in gastric cancer (GC) tissues, its association with clinicopathological parameters, and
its correlation with tumor-progress-related signaling pathways and tumor microenvironment, so
as to evaluate its value as a potential prognostic biomarker and a therapeutic target to be further
studied for GC. Methods: Bioinformatics methods were employed to analyze FMO1 expression in GC
and its relationship with patient survival. Gene Set Enrichment Analysis (GSEA), Gene Ontology (GO),
and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses were utilized to eluci-
date FMO1-associated functional pathways. Immune cell infiltration was assessed using the ESTI-
MATE algorithm and single-sample GSEA (ssGSEA). Results: In both The Cancer Genome Atlas and
Gene Expression Omnibus databases, FMO1 expression was significantly higher in tumor tissues
compared to adjacent normal tissues. Compared to patients with T1 stage, Stage I, or G1~G2 grade,
FMO1 expression levels were significantly elevated in GC tissues from patients with T2~T4 stages,
Stage II~IV, or G3 grade. Kaplan-Meier survival analysis revealed that patients with high FMO1 ex-
pression had significantly shorter overall survival and disease-specific survival than those with low
expression. Multivariate Cox regression analysis identified high FMO1 expression as an independ-
ent risk factor for poor prognosis in GC patients. The ESTIMATE algorithm showed significantly
higher stromal, immune, and ESTIMATE scores in the high FMO1 expression group. Inmune cell
infiltration analysis indicated a positive correlation between FMO1 expression and the infiltration
abundance of macrophages and regulatory T cells. GO and KEGG enrichment analyses demonstrated
that FMO1-co-expressed genes were enriched in tumor-related pathways such as extracellular ma-
trix organization, PI3K-AKkt signaling, and Wnt signaling. GSEA further confirmed that high FMO1
expression was positively correlated with the activation status of ECM-receptor interaction, PD-1/
CTLA-4 immune checkpoints, as well as PI3K-Akt, JAK-STAT and MAPK signaling pathways. Conclu-
sion: The FMO1 gene is highly expressed in GC and is associated with clinicopathological features
and patient prognosis. FMO1 may participate in the multi-dimensional regulatory network of stro-
mal remodeling and immunosuppression to facilitate malignant progression of gastric cancer, high-
lighting its value as a potential prognostic biomarker and a therapeutic target to be further studied
for gastric cancer.
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N, FEEREREMSAET RN, BEAERT R[], H AT ERIEIT LR IR S By vE, HA
JGEHREIR. FeRe2]. RPEIRIT BTz B SR IGR T, H BT MR RS R, AR
S I RO AR ERAR 3], Rk, TR EET R B A A AR, TR SRR I 5i8)T . SRR
T4 1 (Flavin-containing Monooxygenase 1, FMO1)/& FMO SR KK 2 —, FESH5EHLEWE
ke, WAEfE AR R IE(E I [4]-[6]. ARTIST FMOL 7E B8 o I A 78 SR LA 2 1 o Fib otk 18 1)
PUHBE Rt — P 5T BRI, AT TAME B4, R0 FMOL JEDRIE B 21 23 1 I RAHAE
51 PR3 BRSO 28 J G 8 IR gt Jeg (1 23 L), B FLAE DR 1B e TUS AR bR S A AR T B UK
A .

2. 5 HZE
2.1, BiEKIR

MEEIE 5 [RI 40 1% (The Cancer Genome Atlas, TCGA, https://portal.gdc.cancer.gov/)$ s & T~ %% B iiE
A2 3% 2 270 3 B0 A B R i PR ), BN 375 151 B I A A AN 32 455 B ) Jeg 55 A A RIS g N 3
(R - 41 23Rk (Genotype-Tissue Expression, GTEX)EHE 1) 174 ) 1EH BAEA ., MIERRIELEA (Gene
Expression Omnibus, GEO, https://www.ncbi.nlm.nih.gov/geo/) $#E FE A5 R 1 T 4% B M e i 88, ¥
GSE19826. GSE29272. GSE54129. GSE65801 il GSE118916. i i L4 K IA BG4 b AL AL FE .

2.2. BEEEE2Hr(Gene Set Enrichment Analysis, GSEA)

GSEA T~ FIWr Tt 5 s SCIR) 5= DR 4 -5 75 P9 2 1] (J5 [R] v I8 AR 1k 20 ) 1) L R 3 1% v /2 15 S B
A — 250 EIRECI U, TR S R AR O D) REE #E [7]. K TCGA B BiFE 4 4% FMOL Rk &)
N ARRIEFAL, FIH “clusterProfiler” 347 GSEA, LL “c2.cp.all.v2022.1.Hs.symbols.gmt” &%
FEDRER o B ARV PR A SR RTINS o S 3B VAR HE g ARdEAL S SRV a0 > 1, BiR KL <0.25,
%5 P fE <0.05.

2.3. EEAREIL(Gene Ontology, GO)MRE#EE SEHLEFHR £ P (Kyoto Encyclopedia of
Genes and Genomes, KEGG)E & 947

FIFH GO Al KEGG #5#5 247 Th At & #5731 . GO (http://geneontology.org/) fl KEGG (https://www.kega.jp/)
T WA E BR8] [9]. R RIES “clusterProfiler” 275t % 7 RiA LK #HT GO ke
510 e KEGG 8% & BT o 44 22 S ZE I i N SE RBEAT 40 i, DAUREE S P {E <0.05 JL4t i K INLZE
<0.25 W FEEEMZE. HihZERRILFERZERYE FMOL mRNA F£ik & A8 A s KRS A5,
KH] “DESeq2” #EATZERIMHTIFRIMEE . AR HEESS P {H < 0.05 J|log2FC| > 1 Ny R AL A .

2.4, RZFBO

M RIES “ESTIMATE” WIS MIREAEAR RBIFor . ZEFPF0 A1 ESTIMATE Z851F7), %
BRI TR e R R AR (M ZRAK 7K, SR 23 ) HHE W i 4 23 rb S e 4 i 5 6 T i B R ARG L] ol R TG S
“GSVA” T A FE R 45 & 52 0 M7 (Single-Sample Gene Set Enrichment Analysis, sSGSEA), M Ifi %
FEANREAS BEAT G 5 20 M I T AR P 1 &4 [10]

25 GtER*

KH R BAF(RA 4.4.2)3047 B4 70 Hr W 4HL1R] EL K FH Willcoxon FRATES 56, 22 40 18] B3R F Kruskal-
Wallis H #6556, /556 % H Dunn’s test. {8 “pROC” 47 % ¥ it 47 ROC 20 #r i+ St 2 T i

DOI: 10.12677/acm.2026.1693267 2227 I IR 2= =23t e


https://doi.org/10.12677/acm.2026.1693267
https://portal.gdc.cancer.gov/
https://www.ncbi.nlm.nih.gov/geo/
http://geneontology.org/
https://www.kegg.jp/

Mt 25

H(Area Under the Curve, AUC), 1Tili FMOL1 Xf ¥ 2 Wik fig . Kaplan-Meier 44740 4t H T34k FMO1
RIBKF 5 BFH B, PR F AR RN OC R . TR 2 K3 Cox KUK [ 945 44
H R FMOL 2 15 2 B 8 TS A7 fa B R 3R, 1F 5 RS b (Hazard Ratio, HR) £ 95% ' {5 [X (] (Confidence
Interval, Cl). KA Spearman iEHEATHISCHE AT, THEAHCHERE r . Fra A3, LLP < 0.05
WHEB S8
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Figure 1. Expression of FMOL1 in tumor and normal tissues
[ 1. FMO1 7EELA R 5 E BB A MFRIAER

3.2. FMO1 FiX 5K REBEHER X947

250t FMOL 7EA FIG ARREL o b 3Rk, 45 B85 T1. Stage . G1~G2 /2 I B Jd i3
AHEE, T2~T4. Stage II~IV. G3 7% B AL FMOL Fik /K TR ZTHE, NIM &0 AT R2 %7
(LI 2(a)~(e))o LKA b, FMOL 7EF R e A7k 18 AL o 1) 3008 35 TP (LI 2(F))
ROC Hh £k il FMOL X} B J& 12 Wi &k e, 45 3 /R 7E GSE19826. GSE54129. GSE65801 %5 4H, FMO1
2K B AUC 4354 0.822 (95% ClI: 0.655~0.990). 0.993 (95% CI: 0.983~1.000). 0.849 (95% CI:
0.747~0.951) (WL 2(9)~(i))-

¥ FMOL ) mRNA %Kik, ¥ TCGA B4y FMOL SR MR A H . 458 FMO1
FIL 5B T 3. A0 %, AW, HEUFRM B L 1), #BIKE Logistic 194y
Mrift—BI8E 7 LR SRBR(ILE 2).
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Figure 2. Relationship between FMOL1 expression and clinicopathological features and its diagnostic efficacy for gastric cancer
[ 2. FMO1 EEFRIX SHRIBIFER X R R I B RRAISHE R

Table 1. Relationship between FMO1 expression and clinicopathological characteristics of gastric cancer patients [n (%)]

#F* 1. FMOL Rz 5 BB ENIsRRIEFEX R[N (%)]

FE FMO1 f&&iA FMO1 E3Ki& P1E Giit &
1% 187 188

W, (%) 0.099 2.725
<65 73 (19.68%) 91 (24.53%)
>65 110 (29.65%) 97 (26.15%)

TR, 151(%) 0.543 0.370
gl 64 (17.07%) 70 (18.67%)
GELd 123 (32.80%) 118 (31.47%)
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WRELT 2331, (%) 0.001 15.817
T1 17 (4.63%) 2 (0.54%)
T2 44 (11.99%) 36 (9.81%)
T3 84 (22.89%) 84 (22.89%)
T4 41 (11.17%) 59 (16.08%)
N 73, (%) 0.375 3.113
NO 55 (15.41%) 56 (15.69%)
N1 48 (13.45%) 49 (13.73%)
N2 44 (12.32%) 31 (8.68%)
N3 33 (9.24%) 41 (11.48%)
ELM 3, 151(%) 0.847 0.037
MO 165 (46.48%) 165 (46.48%)
M1 12 (3.38%) 13 (3.66%)
P25 %, 11(%) <0.001 23.852
G1& G2 96 (26.23%) 51 (13.93%)
G3 86 (23.50%) 133 (36.34%)
AJCC JiEE =50 1, 11(%) 0.010 11.270
I # 37 (10.51%) 16 (4.55%)
1 # 47 (13.35%) 64 (18.18%)
13 72 (20.45%) 78 (22.16%)
IV 20 (5.68%) 18 (5.11%)
HRFEHA, (%) 0.005 12.990
R 24 (14.81%) 39 (24.07%)
A 8 (4.94%) 11 (6.79%)
ERT 47 (29.01%) 22 (13.58%)
EI1 7844 i 784 5 (3.09%) 6 (3.70%)
AT TUEAT R IR Y, 151 (%) 0.186 1.746
& 88 (53.99%) 57 (34.97%)
& 8 (4.91%) 10 (6.13%)
Table 2. Univariate Logistic regression analysis based on TCGA database
% 2. TCGA BB B FE % Logistic E)ASNH
RHE RE(N) FEAR EL (959 B 17 X []) P {H
ERY(>65 % vs. <65 %) 371 0.707 (0.469~1.068) 0.099
PR vs. Aoit) 375 0.877 (0.575~1.339) 0.543
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JEELT (T3 & T4 vs. TL & T2)
JEEL N 43 HI(N2 & N3 & N1 vs. NO)

FRELZEAY BN A& IV ] vs. | #1& 11 1)
M5 24 (G3 vs. GL & G2)
B | VIR B (2 vs. )

T M 4 (M1 vs. MO)

367
357
355
352
366
163

1.836 (1.147~2.941)
0.951 (0.607~1.488)
1.083 (0.480~2.444)
1.096 (0.721~1.666)
2.911 (1.885~4.496)
1.930 (0.719~5.181)

0.011
0.825
0.847
0.669
<0.001
0.192

3.3. FMOl ‘x5 BEEEMERXESHT

Kaplan-Meier AE77orHr4t R EIR, FMOL miaRiAA B e A, Bk A B 2w T

IR, TR IRIRE A it B % 2 5 (WL 3()~(c)). ROC BHZE 40 HriFAlti FMOL i i3 T J (1 731
TRRE, SR ER: H 1. 3K 5 FHJE WM A AUC {H %514 0.545. 0.648. 0.741 (I.1K 3(d)). Cox
EL A R [T 20 A s ML 3 SRS > 65 % % FMOL ik /e o (R BT XU IR R (L2 3).

(a) FMO1 — Low  High (b) FMO1 — Low  High (c) FMO1 — Low  High (d)ro
1.00 4 Overall Survival 1.00 4~ Disease Specific Survival 1.00 Progress Free Interval [¢
HR =1.52(1.09 - 2.12) HR = 1.63 (1.06 - 2.49) HR = 1.35 (0.95 - 1.93) 0.8 pA
P=0.014 P=0.025 P=0.095 — ,‘Al
£ 0751 Zors e £ T -
8 ] 2 = 06
8 8 8 z
Sos01 < 050 = 050 'ﬁ 0.4
@ 021 ? oz ? 02 02 iMf;ear (AUC = 0.545)
£ 3-year (AUC = 0.648)
. . . i . ! i i i i 00 . : 5-yearl(AUC =‘ 0.741)
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(2) B (b) BRI (o) Tt RARY: (d) NI ROC Hh4k.
Figure 3. Association between FMO1 expression and patient prognosis
3.FMOl EERIZEBETMEN XA
Table 3. Univariate and multivariate Cox regression analysis based on TCGA database
= 3. TCGA ¥R B L F = Cox EIJFSH
) - EAE T L E T
KL SH(N) o -
JAUBE; EE (95% B.15 [X 7)) P1{E KUK LE (95% 17 [X [A]) P1E
R 367
<65 163 5% %
>65 204 1.620 (1.154~2.276) 0.005 1.856 (1.278~2.695) 0.001
P 370
Lotk 133 Sk
St 237 1.267 (0.891~1.804) 0.188
JREE T 433 362
TLI& T2 96 2% 2%
T3& T4 266 1.719 (1.131~2.612) 0.011 1.178 (0.707~1.962) 0.529
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FREL N 43 1A 352
NO 107 2% %
N1 & N2 & N3 245 1.925 (1.264~2.931) 0.002 1.504 (0.842~2.689) 0.168
FRE M 433 352
MO 327 Sk 2%
M1 25 2.254 (1.295~3.924) 0.004 2.189 (1.183~4.051) 0.013
RG] 361
G1& G2 144 Z%
G3 217 1.353 (0.957~1.914) 0.087
94 B 2 53 347
I 31& 113 160 5% 5%
& 1V 1 187 1.947 (1.358~2.793) <0.001 1.305 (0.755~2.254) 0.341
AT A SR 162
& 144 Z%
= 18 0.650 (0.279~1.513) 0.317
FMO1 ik /K 370
fKFik 184 5% %
Ik 186 1.520 (1.089~2.120) 0.014 1.617 (1.133~2.308) 0.008

3.4. FMOL BE My RS FiBEE 534

HBE—2B5%F FMOL L3k L RIFEAT i 8 , 10 JLHEAT ThRE A REFI @ B & S /00T - GO B 4R /0T ior,
FMO1 3Lk BE K, 78 BP 21 2S5 MAME AR 5 ER, E4 Wnt 55182 . MAPK 2%
PR MNEE; CC EMEE TR, RE = RA& . RS 15 MF 2, MG E 22 594 LR
GERA A AT AN B TN S S (WL 4(a)). KEGG B HTik— 0 IR, X Ue L RIAIE R TEA5 (5 5 @ 1
PI3K-Akt {5 ‘5 il . ECM-SZ /440 BLAEF K 40 M 6 bt 2 S il i FAPAE B B 5, Joh 855 Sl i 2k [
BRI E (LA 4(b)). GSEA /3BT B, TEHETAHCIE R, ECM-SZ 14 hH TLAE T d i 2 0 025 = 46 s
GG B, PD-1 {55 . CTLA4 BRI E F4; LM E SIEE T, PISK-Akt. JAK-
STAT. MAPK il BA guit % & S8 L (WK 5(a)~())-

3.5. FMO1 B9 FRE D Hh

#H— PR FMOL 5% s . B FREAE F 2R B, 458 2 PDCD1. CD274.
CTLA4. LAG3. TIGIT &% WA A 554> T4 FMOL = ia 4l (K] Z-score Y5 =, 1EARRIAH P EE
R(ILIE 6(a)); FMO1 5 K2 Hittath X1 Fiath R 1 52 AR i 2 15 2 1E A S (LI 6(0) A4 6(c))-

3.6. FMO1 Fix 5B a0 X Bx

ESTIMATE 5240145 BB x, FMOL & Rk 4 i R 5 140« %)% iF4 2 ESTIMATE %4 #4 8
FZETRFREAE 7(@)~(c). FiZ g UIRIEAIHE MR, FMO1 5 k4N i 2 A Z558 F IEAH < (L
K 7(d)), 5 Treg 408 255 2 &R0 B2 IEAH S (L IE 7(F)), 5k 4 i 2 55 B IEAH S (LK 7(e))-
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Figure 4. Gene enrichment analysis of FMO1
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Figure 5. Results of gene set enrichment analysis
[ 5. GSEA 45R
5 (a) FMO1 (b) *p<005 FMO1 (c) *p<005
of ‘ W Low CCR1|** *p<001 coLz|** “p<001
g 2 High CoRa [ ** [#+ Cor, & cows| | Cor, i
2 — m i, —4 w1 E
S oo .-‘ CCR4 [ **/ =S 05 CcCL4 [** == 05
PDCD1 o, CCRS | ** | 31 o 0.0 coLs | [+ [+ [** 0.0
CD274 et CCR6| ** | ** ] :‘:: covg | =[x [ax ]| = :?z
CTLA4 s Cor? [ [+ CCL11 [N o |k ok e
LAG3 - CCR8 R *x COLAT| ** | # | #n | aw | o] o | 4e
TiGIT i CCR9 R RS R R :n‘ EA R CcCL18 R e T R TS
HAVCR2 M cors
—score || ccRio[# | * |+ |+ |+ [+ [+ | = |+ CoLt |5 [0 | e [ 2w [n [ oo [2n] o | o
TGFB1
Lo S 25 CXCRY | ** | #n|ax|#x| » x| COL22| ** | * | #n | wn | o | w [on |k | ww |
0.0
i oxcra| * [# = * [ CXACLY |70 |+ [ #5 [ w9 [ 2 | o | o [ | x| e [ 42
VEGFA v 25 | oyopa [ [ R R [ e oxcrg |+ | wx [wn [ [ fan [oon [ fan [ T | o
VTCNA CXCRa | 7 7% [ % [0 2 [ 22 [ | % [ # [ 22 [0 | o2 | 2 CXCLAO |+ [+ [+ [ # | w8 [ | o [ on [n | on [0 [+
ARG1 . XCRY | # [ # [ 2 [ 2 [ o = [ o | o | = | = e oxcunt [= [ [ [ B[ T [= [~ [+ [= =
BTLA e CX3CR1 | #* |+ | o [ [ wx [on [ [ [oe [ [+ ﬁlnﬁ xorz| #* [ #x [ [on [ow ] s [an [an [ Ton T [ Fan [ [ 4
NOS2 - Y b oo A R Q o D o N N
SELLLLL PR D DL P TR IR T K I 2
FOXP3 P SECEEECEEFFLFL K +°d"§? & o&oc’oo'00'00’00'00'00'007(5)%:576\9&,0&6V ©

(2) TCGA 5% a MM o3, (b) TCGA S5i#atbX 134k, (c) TCGA S5#fbX ¥,

Figure 6. Heat-map of correlation between FMO1 and immune-related genes, chemokines and chemokine receptors
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Figure 7. Correlation between FMO1 and tumor immune microenvironment
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