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Abstract Objective To identify ferroptosis-related genes associated with gastric cancer prognosis and investigate
their potential molecular functions. Methods Gene expression profiles and clinical information of gastric cancer
tissues and adjacent normal tissues were obtained from TCGA database. Differential expression analysis of
ferroptosis-related genes was performed using the "DESeq2" package in R software. Key genes were identified
and a prognostic model for gastric cancer was constructed through Cox regression analysis based on the LASSO
algorithm. Patients were stratified into high-risk and low-risk groups according to the median risk score. The
accuracy of the model was evaluated using Kaplan-Meier survival analysis and ROC curve analysis. Immune cell
infiltration in gastric cancer patients was assessed with the "CIBERSORT" package. The mRNA expression of
differentially expressed genes (DEGs) with prognostic significance was examined in both gastric cancer and
adjacent normal tissue samples. In vitro experiments were conducted to validate the impact of hydroxycarboxylic
acid receptor 1 (HCAR1) on the malignant biological behavior of gastric cancer. Results Based on
ferroptosis-related genes from the TCGA database, a novel prognostic model was constructed. It demonstrated
robust predictive power for survival in both training and validation cohorts. RT-gPCR analysis of 8 pairs of gastric
cancer and normal tissues revealed that the expression patterns of 6 prognostic DEGs in cancer tissues were
consistent with those predicted by the model. In vitro experiments confirmed that downregulation of the key gene
HCARL could inhibit the proliferation, invasion, and metastasis of gastric cancer cells. Conclusion The
ferroptosis-related gene based prognostic model exhibits robust predictive capability, allowing for accurate

determination of prognosis and survival in individuals with gastric cancer.
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1.1.1 FIERIE M TCGA $#z % (https://portal.gdc.cancer.gov/repository ) T #; 407 flFEA (35 32 Il 1E
AR 375 BRI A 1P R R (RNA sequencing, RNA-Seq) Hdf LA K AH R () PRAFAE,
FEFF Ensembl ID HHON B TT AT S, IF0S BdndEAT loge (RIEE+1) AbE. MHE: GEO %
Chttps://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE84433) 13k GSE84437 /A 3tIk (K F A HE &,
"4 358 IR FEACH) RNA-Seq £l DL AR R IR AR, FHEH] GPLB9AT 5 it iy ZE R4 5 e ey

BITREAS .

2 1 TCGA #1 GEO ¥ E T BHIGRE R

Tab.1 Clinical information of patients in TCGA and GEO databases

Clinical Total patients (n=729) TCGA (n=372) GSEB84437 (n=357)

features Number Percentage (%) Number Percentage (%) Number Percentage (%)
Age

<65 292 40.05 164 44.09 128 35.85

>65 434 59.53 205 55.11 229 64.15

Unknown 3 0.41 3 0.81 0 0



Gender

Female

Male

Status

Alive

Dead

Stage

1-2

3-4

Unknow

T1-T2

T3-T4

X

NO-N1

N2-N3

NX

Unknow

248

481

434

295

161

188

380

143

578

431

280

16

34.02

65.98

59.53

40.47

22.09

25.79

52.13

19.62

79.29

1.09

59.12

38.41

2.19

0.27

133

239

251

121

161

188

23

97

267

205

149

16

35.75

64.25

67.47

32.53

43.28

50.54

6.18

26.08

71.77

2.15

55.11

40.05

4.30

0.54

115

242

183

174

357

46

311

226

131

32.21

67.79

51.26

48.74

100.00

12.89

87.11

63.31

36.69

1.1.2 SFBTABRFEEBRIE FRGs #1532 M FerrDb %33 (http://www.zhounan.org/ferrdb/index.html)

hRER, HrPAE 484 NMEEIIE) FRGS.

113 ARBEA 8 X HMALIEAME S HI LR H R ERAKFE—WBERIEXWER, JfHEd %

HBENAKFE—HEERILX EAGHE R SAMEGEHES PI-YX2025-018), 38 B& MM E=.
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A5670801. 2536760) W FRER W IH/RBHL( L) HIRA R HHER-MH R =

(methylthiazolyldiphenyl-tetrazolium bromide, MTT) &7 (1%5: C0222. C0009S) 4 H g3 = KAY
HARARAF: RNAisolater. cDNA Gl & (§25: R401-01. R323-01) W H 7 mi i MERE A= MR
MHEBR 25 SYBR qPCR TUIRK (375 : 22204) I H ¥t Tt A YR IR A 75 RT-gPCR 54H1 siRNA
PIHERAAEM (RN AIRA AR Bire (B85 Multiskan FC) T B F88R ©HU/RBH (i) HIR
AT, BOHL (5. 7216 MK) T ##E HERMLE A, (I8 S8 (5. CKX53) W HAEMK

bk At

12 5%

121 ZRRESHT “DESeqs” ELHH T-9ivk B e A 55 SR AR 2 [A]JE IR (K321 . DEGs [ (R AR E

J|loga(fold change) [>1 #1 P adjust < 0.05.

1.2.2 IEREMBHHE N T I ZE R RIE FRGs Z A RIAH BAER M, 18/ Cytoscape Bt (A5 3.10.2,

http://www.cytoscape.org/) Fz LKA M.

1.2.3 BRIETHRTBIHAERME  H5 DEGs 5 FRGS (M58 G A Tl (6 15 R ] o 150 1o 2 Tl {1 8 66 P 1
il LASSO-Cox [EJF4p#10 o ff, ik 55/ 10 558 RIS B AR BT S5 L, @D R TS
WAL, BEJEHET “GSVA” WRHEEEANRE A th S B 5t (K] 23 B R H S A MR AS (0 R 1P 7o AR XU P 23
(Kb hr B, RN ZRBAS o i) B 20 Do X A g A 4o G A A “survminer” /B8 B IR XIS 4 2 [1]
(A 7E Coverall survival,0S) FF2ERLT Kaplan-Meier BHZE. Jy 7 Sl RN RE Y F) T30 v 1 4 A ) ROC
ek B . Oy IR R R AT, ] GSE84433 1F il {4 k4 iiE N TCGA % e rh 45 2 i) UG L,

X GSE84433 i il TCGA % = h Al 7] 24 st 5 KU pE23 s[RI R AT AH R A RAIE 77 i

1.2.4 THEEEARMT M “clusterProfiler ” X 512t tH FURKFE T2AR DG THU 18 306 J A1 JE AT 5 408 5k PRI 166 PRI 2H
BHE4T (kyoto encyclopedia of genes and genomes, KEGG) @ FIE KAkt (gene ontology, GO) &
oA, R EESHTESE 34 GO RiE, RIA4YidFE (biological process,BP) . 4ifigksr C(cell

component,CC) F14»T-IZhAE (molecular function,MF) . %3 BA Gt 3 LR AE 5B .

1.2.5 4 E4RREE MBI  “ESTIMATE” A Tkl B B3 1 si2i@ g ans . (HiH
“CIBERSORT” L iAfi i 3 e AR = 5% 4. “CIBERSORT” & —Fsrbr L HE, T IEER
IEYE AL S A3 . CIBERSORT () LM22 52 3T M CIBERSORT ‘& J7 [’ iif;
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1.2.6 BIBMBARESE A\ SIS0 % (AGS Fl MKN-28) 7E584 PRMI 1640 ¥:# i #25% . 554 PRMI 1640
FEFREE H PRMI 1640 355535 . 10% JA4-MLIEM 1% K-35 R VATRAL, 7€ 37 T, 5% CO2 MG

HEETR

1.2.7 RT-gPCR #l {4 RNA isolater AR btk 77 28 M ZH 2540 il 2 A S HUE A1 iU FIZH 21 RNA. B3R
) RNA FT{#/ cDNA & BiRk5 &4 B cDNA.{# F§ SYBR qPCR IR & B 3k Kl ik, i 2-24Ct Jy
WA R EOKTE, Hrh 7 ShRuE L N33 % Actin. F T RT-qPCR K0 5T A 51 438 s FHAE Y (22880

W AR AT &R, AHKREEIYFSILER 2.

x2 519F5

Tab.2 Primer sequences

Primer Forward primer (5'-3") Reverse primer (5'-3")

AKR1C2 AAGTAAAGCTCTAGAGGCCGT CTCTGGTCGATGGGAATTGCT
HCAR1 CACCAGGAGGGAGGACAAAC CGTAGAGGAGCGATTGGGTC
ALOX12 GAGGAATTTTTGATAAGGCAGTG CCCGACGGAGCAACTGTA
CPEB1 TGTCCTCCCAAAGGGTATGTG TGGGCTCCGGACAAAGTTAC
DUOX1 CGACATTGAGACTGAGTTGA CTGGAATGACGTTACCTTCT
MYB GGCGAGCCCCTTGCA CTCCTCCATCTTTCCACAGGAT
B-actin TCTCCCAAGTCCACACAGG GGCACGAAGGCTCATCA

1.2.8 SIRNA B  JAb T 5 B4 K B AN B e R TE 6 FLAR R . A fhds B2 SIiE 7000,
Lipofectamine®2000 %%t siRNAS!, NC 41#£7%: siRNA (IFAMEXT IR, siRNA 41553 N siRNA. 455

24 h Ja T B:4nfa DhRe s . i siRNA F 51 L% 3.

& 3siRNA B3

Tab.3 siRNA sequences

SiRNAs Sense Antisense




SiHCAR1 #1 AGACGUAGACACUGGGCUUTT AAGCCCAGUGUCUACGUCUTT

SIHCAR1 #2 UCAUCAUGGUGGUGGCAAUTT AUUGCCACCACCAUGAUGATT

1.2.9 MG SRR E A MTT 0 kA I 20 H 3 15 0 18] o 4 AR 4 i 5 1 000 FrI4H 27k 21 96
FUBRH, 7E58 1. 3. 5 R BRI RIS /. R, TN W, 47 TaREE. &
ZMNRNIRETS . AT SER: KL 12 h A0S B4y 2104 AL, BN ESINA 200 Wl 410
Bl NEFHERINGE SR IR 500 Wb, HEFRMEETR 24 he BUH/NE PBS ¥ 2 I, 500 L 4% % 5 FH i [
SE 30 min. JEVETE A M 1%45 SR G 15 min J5 % 2 k. AR /DN E N RITBAME %, e R
g MR, Image J BAFEATARITE S AHMR AR IRER . FE/NVE AR | 100 oL ARSI EL TR, IR R4
BB BER S, AR SR P BRI AT B . AT MM RR SRR AT 6 SLAR I AU I & B
% 80%I, 200 pL MESKEFLARI— K E KR, HFRMEEFR 0h 48 h 5 BB T, IT#2= (0h K
IR — 55772 )5 RIIRTHARD /0 h RIJRTHFA%100%.

1.3 GEvhaEabE Wilcoxon 4556 I HLB iR 5 i o e 4 0 ) LE A5 DA K P s 2 2R 55 2L SR R R 3Rk . SR

F Spearman #H G5 #7 43 Bt DGR DRUR G 2 40 0 2 T (R AH S 1 o i2EAT BRI 3R Cox [BIE 43 T AT Rl 3 Cox ]
A28 AR E OS FASZ T PR 3R o 3l 1 A7 I [ 4K itk ROC 2R 73 B>k 1Al OS F91/ 15 244 i Tt vt 4
T M RT MTT S2486 . RT-gPCR. 4IRS . AR (R ARSI A R LA R Bt (4.10 O R
TR ST,  “ggplot2” AT B k. Fitt2# R w SOl P<0.05, FTH P EHBINBUE.

2 R

21 HEBETPRTARERRERFINEE

AHF TN TCGA Bl i 48, 407 HIFE S 4L 47 19 604 4~ mRNA, FerrDb %4 /4~ #k 484 4~ FRGs. 1£
HFIPIR AL 2H 2 (A TCGA-STAD FEAH %8 T 2 637 72 57K 1A 11 DEGs (log2|FC| > 1.5, P adjust<
0.05) , Jrh @l 1230 > LR AIFERIAN 1 407 AN N IEAGIER . B 1A KL EROR T R R, &
J&, B H R DEGs 5 FerrDb $dE PEIXAC SR, i€ 41 NS ERIET ARG DEGs (K 1B) o #S7#E
LA ZRIX 41 /> FRGs £ B a2 23 55 HA 2 [ 3R15 (B 1C) « O T3t — DI IX L8 FRGs Z K &,

B FERFERIEME (K 1D) .
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Fig.1 Screening and functional enrichment analysis of differentially expressed ferroptosis-related genes



A: Volcano diagram of differentially expressed genes in gastric cancer; B: Venn diagram of differentially
expressed genes and ferroptosis genes; C: Expression heat map of ferroptosis-related differentially expressed genes
in tumors and normal tissues; D: Co-expression network of ferroptosis-related differentially expressed genes; E:
BP terminology for ferroptosis-related differentially expressed gene enrichment; F: CC terminology for
ferroptosis-related differentially expressed gene enrichment; G: MF term for ferroptosis-related differentially

expressed gene enrichment; H: KEGG pathway for ferroptosis-related differentially expressed gene enrichment.
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N T REAX LS FRGs TS B, #% TCGA-STAD 4l FEAE il 24, GSE84433 1 illik4H . xillZk
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2A. 2B. #E4T Cox HERRMEZATREET0T, PUTAZAFEM MO TG 77, H5, B3R Cox BIHG
W8, T. M. N 7% Stage 5 &35 AEEE T LIE A TR TCGA %4 2 v B Jirs 8 TS 1 J L TS BRI 3R

(& 4) . WA, LR Cox MIHSHTER, BiEEHFMFERSHEML (R 5) o BHIZE@EL 2
ANFHICEE Z I3 B ISR T RIX L BB AR AF T Re e . SERARZIZL RN 1. 3 F0 5 AFAEAF R AHTL, BIZYRENY
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Fig.2 Construction of a ferroptosis-related prognostic model and analysis of its prognostic potential



A: Minimum absolute shrinkage cross-validation fit curve; B: Minimum absolute shrinkage lambda curve; C:
Nomogram predicting 1-, 3-, and 5-year overall survival of gastric cancer patients; D: Calibration curve for
assessing the accuracy of the nomogram model, with the grey diagonal dashed line representing the ideal
nomogram; E: Distribution of risk scores and the overall survival status along with risk scores in the TCGA
database; F: Kaplan-Meier curve of survival status and survival time in the TCGA database; G: ROC curve of the
ferroptosis gene model for 1-, 3-, and 5-year OS in TCGA database patients; H: Distribution of risk scores and the
overall survival status along with risk scores in the GSE84433 database; I: Kaplan-Meier curve of survival status
and survival time in the GSE84433 database; J: ROC curve of the ferroptosis gene model for 1-, 3-, and 5-year OS

in GSE84433 database patients.

R4 BREBEEFNREE Cox HIEMHT

Tab.4 Univariate Cox regression analysis of the survival of gastric cancer patients

Characteristics HR (95% CI) P value

Pathologic T stage

T1-T2 Reference
T3 1.713 (1.103 - 2.660) 0.016
T4 1.729 (1.061 - 2.819) 0.028
Pathologic N stage
NO Reference
N1 1.629 (1.001 - 2.649) 0.049
N2 1.655 (0.979 - 2.797) 0.060
N3 2.709 (1.669 - 4.396) <0.001
Pathologic M stage
MO Reference
M1 2.254 (1.295-3.924) 0.004
Gender
Female Reference



Male

Age(years)

<65

> 65

Pathologic stage

Stage |

Stage Il

Stage 111

Stage

1.267 (0.891 - 1.804)

Reference

1.620 (1.154 - 2.276)

Reference

1.551 (0.782 - 3.078)

2.381 (1.256 - 4.515)

3.991 (1.944 - 8.192)

0.188

0.005

0.209

0.008

<0.001

x5 BEBELFHZZE Cox BIHMHT

Tab.5 Multivariate Cox regression analysis of the survival of gastric cancer patients

Characteristics HR (95% ClI) P value
Pathologic T stage
T1-T2 Reference
T3 1.257 (0.652-2.425) 0.495
T4 1.090 (0.520 - 2.286) 0.820
Pathologic N stage
NO Reference
N1 1.225 (0.618 - 2.427) 0.561
N2 1.335 (0.575- 3.098) 0.501
N3 1.976 (0.849 - 4.597) 0.114
Pathologic M stage
MO Reference
M1 1.196 (0.499 -2.866) 0.688

Age (years)




<65 Reference

> 65 1.811 (1.247 - 2.630) 0.002

Pathologic stage

Stage | Reference

Stage Il 1.443 (0.535-3.896) 0.469
Stage 111 1.474 (0.394 -5.510) 0.565
Stage IV 2.973 (0.775-11.408) 0.112

24 BEEEBERAE RRREMEARARRKR

BRI ) 5 MNEEEBA R AR EERE, e TCGA-STAD #iEEm S fadd L. R MYB &
— A RIS, EREAT N (B 3A) o AT USRI Z IR R B2 7 (B 3AD o |
RIGARFFAER 2 507 & 3B-3D HEAT T AL, A RO, KR . Stage IV IIEFEHIERE)
BT Stage | Wi . SIRXERAAMEL, mREHEHE TMN 2R N EER . 4590580, X

ol YO0 i A PR30 o A S 3 DR A KT DA 15 8 R ) UL D 23, 8 TOT 5 e A8 0 00 77 o R A 5 L 0
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Fig. 3 Correlation analysis between prognostic features and clinicopathologic features in the TCGA

database

A: Heatmap of patient risk scores, 12 distinct clinicopathological features, and 6 key genes; B: Risk scores among

gastric cancer patients in different stages; C: Risk scores among gastric cancer patients of different ages; D: Risk



scores among gastric cancer patients in different N stages; “P < 0.05 vs Stagel; *P< 0.05 vs Age<65; &P < 0.05, &&

P < 0.01 vs NO; #P< 0.05, 24P < 0.01 vs NX.
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M ZES, WERWHZ M PEETITESY . RS ESTIMATE 1W4r. SR ER, mfaH R
ESTIMATE P43 &% & TG4 (P<0.05) , HPFAR Gt EW B2 R (& 4C-4E) o X—RILAHE
R, FEMR LR AL, FERANML ] RE AR T RGLREAE T, (B HE— 2D IR LA 5T A0 S bR
BEFE RIS . BORBEAR I S VR AE W A I 2 5, HEhHE B 41, BFE CD4* T iz,
MO F1 M1 EWRZAAE. ISR T 40, A9 T 400, 5 NK 200, SPAZdi. & S ABeE ALK
MPEP A PR E 2R (K 4B) , IXARES BTG ZA K. o, B0 T HUEHRALN 6 4Jk

5 G AR R LR A OGTE (B 4F) o 2R BRI, BRI XS KT 5 G iR A % . WK 4.
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Fig.4 Analysis of immune invasion in gastric cancer patients

A: Distribution of immune cells associated with the ferroptosis-related gene prognostic model in tumor cells; B:



Differences in 22 immune cells between high-risk and low-risk groups of gastric cancer patients; C: Comparison of
ESTIMATE scores between high-risk and low-risk groups of gastric cancer patients ; D: Comparison of immune
scores between high-risk and low-risk groups of gastric cancer patients ; E: Comparison of stromal scores between
high-risk and low-risk groups of gastric cancer patients ; F: Correlation analysis between key ferroptosis-related

genes and immune cells, as well as among immune cells; *P < 0.05, ** P < 0.01, *** P < 0.001 vs Low-risk

group.
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Fig.5 The expression level of six key genes in clinical tissue samples and the /n vitro validation of

function of HCAR1

A: Expression differences of 6 key genes in 8 pairs of gastric cancer tissue samples; B: HCAR1 expression levels



in AGS cell; C: MTT levels in AGS cell; D: HCAR1 expression levels in MKN-28 cell; E: MTT levels in MKN-28
cell; F: Migration levels in AGS cell; G: Migration levels in MKN-28 cell; H: Invasion levels in AGS cell; I:
Invasion levels in MKN-28 cell; J: Wound healing levels in AGS cell; K: Wound healing levels in MKN-28 cell; a:
si-NC group; b: si-HCAR1#1 group; c: si-HCAR1#2 group; *P< 0.05 vs Normal; "P < 0.05, P < 0.01, ™P <

0.001 vs si-NC.
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