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JE iR b % A 5% (tumor immune microenvi-
ronment, TME)7E GBM # Jié th & EAEH , H 5
Ao P22 40 ML A8 AR ELAE AN AR SR R AR 1 i 25 520
YT ZGPES . e, S AR SCEE DI P RE I GBM
TETERRI T LS . T B Rl 2R AR B
o Tl GBM P OCHE R TS S AH DGR, JF B
SR THIE B R BE £ BE 2 12 7K f# i (fumarylacetoac-
etate hydrolase ) 7E GBM 4 it ¢ 284 (1) D) GEAE F S L
TEf9 53T AL, JEHSGTE AR PIBK/AKT/mTOR {5 %5
i R

1 #MREFZE

1.1 GBM##EEM THME RRIZEE (differ-
entially expressed genes, DEGs) By i i€ M J i
e [H 2 K (the cancer genome atlas, TCGA) T %%
153 {51l GBM FE A1 5 51l X BEAFEA . A GEO B dls 2
(http://www. ncbi. nlm. nih. gov/geo/) ¥ & T 2 4>
GBM #H & E s £€ , 73 1l J& GSE116520 (GBM17 {31l Al
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X} B8 8 9] ) Al GSE4290(GBM77 {3 Ak B 23 451 . JH
RIE S Y “limma” 613051 DEGs , & £8 % 85065 5 A
k. (fold change, FC)>1.30 1 P<0.05 & I DEGs
(97 BE AR TE , FC<0. 77 Fl P<0. 05 24 F ¥ DEGs (1977
PEFRIE . A AE 55 (https : //www. bioinformatics.
com. cn/) 43 HI%F 3 A H Y BRI FE AT
PRIRIB LR AT AT 400, 0 S R BE A
1.2 RKF 5L A GBM 41 g £k U7, T9ISG .
HS683 1 U251 ( #25 : CL-0238 ., CL-0583 . CL-0362
H CL-0237) W [ 370 3 7 38 AE B A RS A .
T4 24> GBM 4 il Bk SHG44 (555 : YS2373C) Fll1E
BRI T NHA (585 : YS2144C) I [ 1 if§
M AW R E A PR Al . DMEM B 2 36 (52 5 .
C2707) i 4 13 (FBS, 585 : C0251) \ TRIzol i 7
7245 : R0016) \RIPA 24 ¥ (155 : PO039) \PVDF
B (585 : FFP22) Matrigel (575 : C0376) (45 i 55 ¢
O (525 . Y268091-100g) . BCA & (A K6 3 7] &
5245 . P0012) .SDS-PAGE Jig (575 . PO057A ) . K #E
i (Polybrene , 5“5 : C0351) | 22 %5 2 (Puromycin,
1745 : ST551-10mg) FEHRIL (5545 : £0228) 4% £ 5
HE (585 : PO099) . CCK-8 i 5l & (175 : C0038) |
ECL Ak 27 & 1t & (175 : POO18AS) . #it p-PI3K
P25 0 AA329, 1: 1 000) FIBAR i AL ¥ B pic 1l
FHR 1gG(H+L) ZHT (1745 : A0208, 1: 1 000) 311y
A g3 < KA AR A ; PrimeScript RT i £
1% 5 : RRO37A) Hl SYBR Green i I ¥ ( 97 5 .
RR820A) I [ H A< Takara Bio 2 7 ; Transwell /N %
155 :3422) 1 H 3£ [H Corning A H] 3 JTL FAH (18 5+
14928-1-AP, 1:2 000) . $T PI3K (7% 5 : 20584-1-AP,
1:1000) . $T p-AKT (585 :80455-1-RR, 1:4 000) .t
AKT (85 :10176-2-AP, 1: 2 000) . i p-4EBP1 (%
7 :81812-4-RR, 1: 1 000) . $T p-S6 (5% 5 : 29223-1-
AP, 1: 4 000) . 4ii 4EBP1 ( % 5 . 13988-1-AP,
1:1000) .37 S6 (%5 : 80208-1-RR, 1: 5 000) Fl#7%
GAPDH (75 : 10494-1-AP, 1:5 000) Ity [ 273 = J&
W RN T #EA FAH shRNA 1918 9% 35 20k
(shFAH) B BA A %) BB (shNC) W B | 1 GenePharma
Nl 5 QuantStudio™ 6 Flex 52 28 6 % 8 PCR R 4t
175 :4485692) 14 F| 26 [5] Applied Biosystems 2\ 7] .
1.3 MIRERELRIEMLE 53T (weighted gene co-
ffi R
W B “WGCNA" 4L, X L TCGA-GBM , GSE4290 F
GSE116520 %% i 4 rh % 7 09 3¢ 48 Kk K i 47

expression network analysis, WGCNA )

WGCNA . R {H 15 & 6, LA - T FE # Fh 46
¥ FETHIFESH (topological overlap matrix,
TOM) , >R F V- B4 2 R SR R R I EAT R 2K
I 0 2 25 00 F SR RO B . SRS L 1]
ESTIMATE 575 (R 41 “estimate” ) T 53 45 HL 5 AiF 3
A (module eigengene, ME) 5 1§ 4li i (tumor pu-
rity) 3 5 PF 43 (stromal score) 9% PF 43 (immune
score) Fll ESTIMATE ¥ 43 (ESTIMATE score) . 5
TME AH 51 f 5 B R B Bl A Ry 2 ik — 2D DI B
URNINPS 282

1.4 IheeE&E 4 [ Enrichr 248 & (https:/
maayanlab. cloud/Enrichr/) X WGCNA {51 () 2R 5 £1
e v (18 B R 147 BRI AS K98 (gene ontology , GO)
& T, 0 HE AR Wi B (biological process, BP) (4
T 3 43 (cellular component, CC) 14y T 1 5E (mo-
lecular function, MF) . [AJi}, I8 JE47 T U E&R L K 5
R4 H B4 45 (Kyoto encyclopedia of genes and ge-
nomes, KEGG )il #%43-#r , LATR I {2 25 & 42 19 38 %
R 5 4 geplot2” A A IR R L [T X 45
AT AT AAL

1.5 TEREMESERFESN X TCCA-GBMEL
PR 61 4> SRR AT PR B Cox [B1 I 43 #T
FIF “forestplot” £ 2 il FR AR A, 1H 5 R A A2 5 1) P
{B XU HE (hazard ratios, HR) F195% & {5 X ] (con-
fidence interval, CI), AVEAL S BAAE ) CHG .
— 2 {fi ] GEPIA 2 %45 /% (http://gepia2. cancer-
pku. en/) Bk 7 OCHE SIS A OCHE R 1 Rk . (]
R H 0 “ glmnet” 41 EAT S5 /)N 246 X5 WAL 4 0 128 456 55
¥ (least absolute shrinkage and selection operato,
LASSO) [0 573 #r , H b 851 2 8 (1) 38 3o 5 T 45 /)
P ALK s 22 19 10 4% 28 SCHUERA 2 o AR FJE A7 XURS:
A < S I = | A W S R
Kaplan-Meier A= 7534 LA PR S RUBS: 2 1Y) B A A7 5
(overall survival, OS), 115 HR & 95%CI, X BBk A
BPEIFMgE R I REF DM
“timeROC” AL 47 1.3 4 1Y 32 i # TAEFRE (re-
ceiver operating characteristic, ROC) [h£&5#T, 311
B AR (under the curve, AUC) .

1.6 LM RNA JUF (scRNA-seq) 347 M
B 5 PR 41 A 0 (tumor immunity single cell center,
TISCH) ZHi % (http://tisch. comp-genomics. org/) 3R
T 34~ scRNA-seq £ 4E (GSE131928 .GSE 139448 Fl1
GSE162631). Z&id i Pl MpnifEfb ) , (i R 15
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5 Y “Seurat” £ AT 40 M R SS R ERE . A
UMAP F#AIE B F “Seurat/ggplot2” A= B 4 /N $i 55 &
AL CTSD .FAH F THBD {E A [5) 20 Jifd 2 180 rp i 55
AR

1.7 SEEMAH  HH TIMER 505 4 (htip:/
timer. cistrome. org/)#E— 2543 Afr GBM H 13 fi5 AH G 2
PN 3¢ 35 5 4 2 40 VR T 22 1) A A OGPk . Rl
CTSD .FAH F1 THBD 1) 3% 35 /K- 5 988 46 £ (tumor
purity) \B4iJfl .CD8* T4H it (CD8* T cell) .CD4* T 4l
L (CD4" T cell) . W 4l g (macrophage ) . H P44 4]
Jfl (neutrophil) F1 % 2 Ik 4f ifd (dendritic cell) (1) #H
Kb,

1.8 FAH 8 F % 5 # #0142 9% 22 4 (immunohisto-
chemistry, THC) {# F{ &k H TCGA-GBM BA 1 1%
RNA U 75045 , 40 M1 T GBM FIE 5 G 2 2L rh FAH
Wik, XA E T AR (transcripts per million,
TPM) {E £ 1T Log, (TPM+1) 4 4 L 47 Ho A . AR I
FEA I (IEH vs B R MERPIR) HRE A% (21~40,
41~60.61~80 F1>80 % ) £ (55 1V vs 2oV ) 1 TPS3
AR (AR vs JERAR)IAT WA o0 Hr . A T
— B I0F FAH 2 (1) 2638, 3 T AR E A R EE
(HPA, https : //www. proteinatlas. ()rg/) i 32 A 1 P
FAH LA 1EH Ik ZH 2L GBM £l 2847 THC 4347 .
R F 2 €2 5 5 R0 BH A 40 0 L B3] L A E R 2H 4R i
A LT B R K

1.9 EFREEE5HEXMENT  FHAEARRLN
£ & £ 53 B (ssGSEA) P-4l FAH 323K 5 PI3K/AKT/
mTOR {55538 2 0] (1 A DG o 38 B Ak [ 4y
THR A 2 (MSigDB) . M TCGA-GBM % 5 21 %k
P rh$E U FAH F3R0KF, IR KR ALy TPM i
11 B2 SR MR S 20 B ATEAS FAH 263K 5 38 I & 46
WA Z B e . THEA X R 5 - FI PAE L I R
T 5 B9 “GSVA” HIl “ggplot2” A= WL A8 A [8] V3 2k 1) %
M,

1.10 AR ZRKIEFMEZEF A GBM 4tk (U87,
T98G . U251 ,SHG44 , HS683) Hl 1E # A 2 B Jist Jot 4
Jifl (NHA ) il & 7E 78 1 10% FBS . 100 U/mL 75 %5 % il
100 pg/mL 5% X AY DMEM 1, 1£ 37 °C.5% CO, )i
TEABE PR TR

.11 EETEKIE Kt FAH shRNA B985
3 (shFAH) K B XF B8 (shNC) 2 42 UST Al
T98G 4ififl. 7F polybrene (8 pg/mL)fFAE T~ 345 Bk L
R g IS E5 2 (2 pe/mL) e 7 d, @ B 1y

FAH UTERA AL 2R .

1.12 RNA R BU K 7E £ 3% Bt PCR (quantitative
real-time PCR, qPCR) SL4&  fiff H] TRIzol i 7] #2
B RNA, FF-4 JH] PrimeSeript RT i # £ 37 17 3 5%
o i SYBR Green IR 7F QuantStudio™ 6 Flex
SEF PCR &40 kAT qPCR. FEIFS514:95 °C.30 s,
B 5 40 MEFR (95 °C .5 5,60 °C .30 s) , I dEAT 4 firt
e oM AN G | ke % . UL GAPDHAE R INS:
fifi I 2 gy P A Rk . FAH IE M 514
5'-CTCTCCGCACGCCACCTTAG-3" , & [ 3] ¥
5'-GCCAATGGCCACACCTATCC-3' . GAPDH 1E If]
214 5'-CTAGCTGGCCCGATTTCTCC-3" , J2 [i] 51 ¥
5'-ATGGAATTTGCCATGGGTGG-3" .

1.13 Western blot 23§ i FH S i 1 25 (1 il A
TR BT 10 390 1) RIPA 244 22 mh i SR B B 1. ()
BCA & 10 5 2 70) 6 0 2 ik B . US4
F, 48 10% SDS-PAGE HL Uk 73 5 , I 4% % 2 PVDF fii
o 5% BiRg 4R W5 S 8RS LR —$t (BT
FAH ., 3T p-PI3K ., T PI3K 47 p-AKT. T AKT . $ p-
4EBP1 9T 4EBP1 . $T p-S6 . 9L S6 . L GAPDH) 7£ 4 °C
W E . & M Pt (HRP BT S b i) 78
FIR TS 1 he {1 ECLAL: & OGIRF & X 5
o HE AT AT AR, I 48 ] Tmage] Bk 1 347 2 =
G307 .

1.14 ZHAEIEFEMM  fi /] CCK-8 5| & I & 40
Mad 58 o B UST FTTISG M (2 x 1034 fg/AL ) 2/
T o6 fLtk . FEFE a2 (5 1~5K) , 1n &AL
FUIIA 10 pL CCK-8 ¥, JF7E 37 CRIEE 2 h fii
FHESHR SN £ 450 nm AL BT BE (absorbance ,A) o
1.15 HpEBMEZRN  fH Transwell /NE
(L4288 pum) VAR AR 22 AT RS . (RZBLKH, I
% T B Matrigel , 1 % 5256 o W) o 77 Matrigel .
5 x 10" i Jf B2 Fp F I il 3 55 57 5L, IR 10%
FBS BRI T 2=A4E Mtk 24 b5, i
iR 28 N = R AN 4% 22 5 B A,
0. 1% 25 i 22 e o, IR AE WU S8

1.16 MERMHBERE Mt BALB/c #EL (4~6
JE , 18~20 o) W [ VL0 HE A< 25 R AE W RHE IRy A
FRONT] . B Fa e i e shNC B shFAH 1 UST 41 i (5%
10°) 2 TG 2/ E (BEdH 6 K)o B3 dHR
JU £ — U g R0 b g A B B  XOh (x
F82)/2. 28 dJF , R AR AR AR FE/NER 2R
Joa BEAT SOAE AL, VDB IR FRE T IR T A B
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Wy 5256 1 0 AR AS B S B A Sl g B R 2
o AL (LS . LLSC20230730) .

1.17 S48 i gt Graph-
Pad Prism 8. 0 1 R A (huA 4. 0. 3) 47, Kdis LA
F /0 3YMSL LB V- E AR 2 (Res) Ron . W
211 [8] 22 5 K FH Student’ s ¢ K556, Z2 41 [R] Fe 48R H 5
N2 J5 2553 B (ANOVA) Fll Tukey F 5 R 55 . A7
ith 28>k FH Kaplan-Meier J5 3221, 3>k FH X Bopk K
B PEAT LB . HR F195%CT R JH B K 2 f £ [ 2%
Cox [MIH43 #1175, P<0.05 N2ZERA LT #E XL,

2 #R

2.1 GBMHAREHRXERNEEMIEEES
M X34 GBM AHCEHE % (TCGA-GBM . GSE4290
FIGSE116520) #1717 2 %Rk 0. KILE BN,
BB S T A R B 3 R R Y SR

A Down regulated (3 824)

(K 1A-1C) . H , TCGA-GBM Bl 4E A 5 43441
S A, 3 824 A FE R I (] 1A)  GSE4290 %d
LR 2241 A FIE, 1200 42 R R (K
1B) ; GSE116520 Z i b A 1 633 2 A i,
1189 FEH R (& 1C) . 4ERIE S s, 75 34
B P % 146 N EH S T IR AT 66 N H S
FER(E 1D IE) . i — 5T WGCNA B 58
GBM A5Gy M e ik it . e RN 6,
PIRUE R 2875 & TCRE R MR (K1 2A) o 2R
BRI 2 A SR AR B, K AR B Ry R 43 T
PR, AN £ G 38 I 53 BT 2% B 3 S8 I R R 7 #a 1k
DR 1552 e 3 4 33 5 3 o J 3
£ (E3D).

2.2 GBMHHEXEERANEE RARKHE
Cox [ 7 X G A A AL e i i) 61 S SE PR EA T B[R]
K Cox M1, 85 - B8, 54 % B (HK3, THBD ,

Not sig (10 082) « Up regulated (5 434) B Down regulated (1 200) ~ Not sig (18 299) © Up regulated (2 241)
541 32r
48 28F
_A2r _ 24}
B B
-7; 36 'T‘; 20}
< 30( S
= zloF
on 24 on
S 312t
18}
12+ 8r
6L L
0 1 1 1 1 1 1 1 O 1 1 1 1 1 1
-6 -4 -2 0 2 4 6 -4 -2 0 2 4 6
Log, (Fold change) Log, (Fold change)
TCGA-GBM GSE4290
C Down regulated (1 189) Not sig (17 940) Up regulated (1 633) D E
18
. - — 3011 350 725
;g 15F
g
& 12F e 66
S 397 59
o0 935 82
S 9r
3
6 -
470 £e%
3 -
-4 -2 0 2 4
Log, (Fold change)
GSE116520

1 34 GBM ##EEH I DEGs
Fig.1 Differentially expressed genes in three GBM datasets

A: Volcano plot of the TCGA-GBM dataset; Red dots indicate upregulated genes, blue dots indicate downregulated genes, and gray dots indicate

non-significant genes; B: Volcano plot of the GSE4290 dataset; C: Volcano plot of the GSE116520 dataset; D: Venn diagram showing overlapping up-

regulated genes in three datasets; E: Venn diagram showing overlapping downregulated genes in three datasets.
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Fig.2 Weighted gene co-expression network analysis of the
intersection genes in three GBM datasets
A: Scale-free topological fit index at different soft-threshold powers; B: Q&{d \%00@ QJc,o@ %00@
&
Mean connectivity at different soft-threshold powers; The threshold power was se- (‘0&0‘ “06\’0 « 6\\%\
lected as 6; C: Gene dendrogram and module assignment determined by dy- S Q)%&
namic tree cutting; D: Heatmap of module-trait relationships.
A Biological process D KEGG
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INeutrophi chemotaxs (60:003053)
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Fig. 3 Functional enrichment analysis of

the 61 genes in the turquoise module
A-C: GO enrichment of the 61 genes in the three cat-
egories of biological process, cellular component, and mo-
lecular function; D: KEGG pathway enrichment analysis;
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CTSD .FAH Fl FCN3) (%) Bl Ji5 45 S48k . 3 (HR > 1)
(K14A) . GEPIA #4550 M {7 , CTSD (FAH (HK3
I THBD ¥£ GBMy FEAH |1 (P<0. 05) , 1fif FCN3 ()
TR R IGIFE L (E 4B-4F) . dE— X)X 4
AP S5 H A HE AT LASSO Cox 18115 4341, B4 4 F6 /)
{8 (lambda. min=0. 051 7) , & 37 3 T Riskscore =
(0. 004 6) XTHBD+ (0.416 9) xCTSD+ (0. 082 2) x
FAH WY TS AR AT (18] 5A 5B) o MR rh 37 KUK 1T

a3, BB R v UG ARG RS 4 o DRV T 43 A
RSB A o, AL 2 A A7 1 22 5% (P=
0.001 62) , H 1= KU 4 ik 3 4~ 5L IR 1 e ik KB
(1 5C) o FEAEAFEA BT, e AU 2 A 3 1 A A7
A% TR XS 4 5% (HR = 1.79,P = 0. 001 62; &
5D). ROC HIZ BTk S 1 2B A Y S50 A 7%
1 AEAEAE 309 AUCTE 0. 725, 3 4ELE 1781 AUCAE K
0. 698(& 5E).

A B CTSD C
Gene Pvalue  HR (95%CI) 12F A
F13A1 0.151 1.301(0.908-1.863) —— %, 6 .
S100A9 0.212 1.258(0.878-1.803) - o 3,
S100A8 0.256 1.232(0.860-1.766) ——— 10 - -
PLA2G5 0.156 1.296(0.906-1.854) —— = = r i
FPR1 0.879 0.972(0.678-1.395) —— 2 . 2 E
COLBA1 0.313 1.203(0.840-1.722) —_— 2 8r e 2 4l &
HLA-DQB1  0.584 0.905(0.632-1.295) — g, 5 = s &
G0S2 0.073 1.392(0.969-2.000) e — 5 ol e 5 o
FBLN5 0.272 1.226(0.852-1.765) —_—— o : B o 3F o
SRGN 0.477 1.139(0.796-1.630) —_— B = 2
MYBPH 0.177 1.282(0.894-1.837) I = 4t = =i
FOLR1 0.235 1.243(0.868-1.781) —_—— & 2 2r
CFD 0.125 1.325(0.924-1.899) e
FBX032 0.232 1.244(0.870-1.780) —— 2} 1k
HP 0.255 1.231(0.861-1.760) —_—
CLEC2B 0.146 1.308(0.911-1.879) —
HK3 0.016 1.556(1.084-2.234) — 0k — e ok — —
ccLs 0.109 1.351(0.935-1.953) —— 2 b 2 b
cTSZz 0.058 1.416(0.989-2.028) —e——
HRH1 0.378 1.174(0.821-1.679) ——
THBD 0.039 1.477(1.019-2.140) ——
LRRC25 0.076 1.386(0.967-1.987) —— FCN3 E HK3
GNG11 0.330 1.200(0.831-1.732) —— D
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Fig. 4 Prognostic analysis and expression validation of candidate genes in GBM

A': Forest plot of univariate Cox regression analysis showing the P values, HRs, and 95% ClIs for candidate genes; B-F: Expression levels of CTSD,
FAH, FCN3, HK3, and THBD in GBM samples (n=163) and normal samples (n=207) using the GEPIA database; a: GBM; b: normal samples; ‘P<

0. 05 vs normal samples.
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Fig. 5 Construction of a prognostic risk model for GBM

A: LASSO regression coefficient curves for candidate prognostic genes; B: Ten-fold cross-validation was used to select the optimal penalty param-

eter (1) in the LASSO Cox regression mode; C: Risk score distribution, survival status, and expression heatmap for the three genes (FAH, HK3, and

THBD) ; D: Kaplan-Meier survival analysis of overall survival in high-risk and low-risk groups; E: Time-dependent receiver operating characteristic

(ROC) curves assessing the predictive performance of the risk model for 1- and 3- year overall survival.
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Fig. 6 Expression patterns of prognostic genes in the GBM microenvironment
A: UMAP plots showing the expression distribution of CTSD, FAH, and THBD across eight major cell types from the GSE131928 dataset; B:
UMAP plots of four major cell types in the GSE139448 dataset and the expression patterns of CTSD, FAH, and THBD across different cell types; C:
UMAP plots of five major cell types in the GSE162631 dataset and the expression of CTSD, FAH, and THBD across different cell clusters; a: CTSD; b:

FAH; c¢: THBD.
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Fig. 8 Correlation between prognostic gene expression and immune infiltration in GBM
A-C: Correlations between CTSD, FAH, and THBD expression and tumor purity, B cells, CD8" T cells, CD4" T cells, macrophages, neutrophils,

and dendritic cells, respectively, examined using the TIMER database. Scatter plots show correlation coefficients and P values.
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Fig. 11 FAH knockdown inhibited the invasion and migration of GBM cell

A: Representative images of transwell invasion assays of U87 and T98G cells transfected with shNC or shFAH; Scale bar = 50 um; B: Quantitative

analysis of the number of invasive cells showed a significant decrease in invasive cell numbers after FAH knockdown; C: Representative images of migra-

tion assays of U87 and T98G cells; Scale bar = 50 um; D: Quantitative analysis of migrating cells showed that FAH knockdown significantly inhibited

GBM cell migration; “P<0. 05 vs shNC group.

S S AR S TR S
T I A G B DR LE AN T3] 48 IR AR v 0 A R AR, AR IR
WHFERE CTSD . FAH F THBD 47 1 B4 it /K - 1) 2%
KAy M. 45 W R CTSD. FAH F THBD 7r GBM
TME (14 A [7) 248 A (I 2 0 4 R 4 2 200 i)
th 25 S Rik . Hitr, CTSD 753 43 3% P 20 it A g
A R e ak , FAH 2= B4 B 15 W 40 it A A
KA L9, i THBD W4 b 23 46 T P 52 20
HAZ/EWEANIE . SR ATt — e R, 3 A
DAL f 22 38 K - 34 5 e i 3 St G A oG, O 5 B 4
JEL v e 240 R AR 2R AN A S I A S 5 TR B
CTSD F FAH (/) 33k 5 CD8* T 40 il f AH & , 1fif THBD
5 B UM AT CD4 T 40 2 A A OC . XS5 R 4R
7N, CTSD , FAH F1 THBD W] REXE GBM 1Y 5 32 Sl A 1%
P R EEAER

EA BT E I, GBM 1Y & J4 4> THIE £ E 52
PI3K/AKT/mTOR . Wnt & NF-kB % 3¢5 {5510 % 11
JEFE . Hrf, PI3BK/AKT/mTOR 3 5% 76 GBM H1 i Ky
G SR SO AN UHE Sl T 20 R A e (an i
# Cyclin D1 5 CDK Z54 , ik G,-SIHEE 72 ) , AT 4

5 I 96 200 Jf () R 2 38 B, 38 38 2 T i mTOR A9 34T
P& SE 200 i A R 4 2 123 A R o R 4 R
JoT A% R RRR BT 00 B R, A R i R A A ) o T
PES 5 [R, PI3K/AKT/mTOR 38 B% [ 4 55 A %
i 0 2 34 0 GBM MR () ARG RRAE | 330 2 2l AR 7 9K
S iR DR A K B RIS, A 55 060 5 KT 1 i 24 1
FUIAEOCS . RKER = Wy nT BE AN A T 1% 08 B Y
TETET-Be, 0040, % 48 v 2438 OC ik b 43 25 1R 1 7
P 030 DG JE T H A 3 S PI3K/Akt/mTOR {5538
%, A GBM 41 B A0 76 P |, 175 5 200 ] 40 4= i A o
T, [Rl B PP i 40 i A

FAH J2 1% 202 o3 A I ) DG Bty , FLoe A AT
B 1 1 R A T A0 5398 Jn JHF B 46340 XU 0
SR FAH AR B vh © A il (B ILAE GBM
() VE SRR AE DL T 1 R A5 B R Mo . A
WS S5 3 W7N |, FAH 7€ GBM B ke AR h i 3% I
P, TR FAH A RN GBM 40 1 M g6 70 . i —
AR IR FAH 5 PI3BK/AKT/mTOR {5 53 I F 305 5
EAHZE . Western blot 5 22 B |, FAH @i i 2 FRAK
T PI3K . AKT . 4EBP1 Fi1 S6 B2 AL K-, 1M B 28



+ 674 -

M ERMKFF®  Acta Universitatis Medicinalis Anhui

2026 Apr;61(4)

A
0.58 F R
)
g
Z
b
=4
O
~
EI
~
M
<CI
v
@
=9
054k s S s .
2 3 4 5
Log, (FAH TPM+1)
¢ D
< 1.5 mmshNC % L5S[ mmshNC
g c mm shFAH § = mm shFAH
28 zg |
ggl.o - g g 10
& 55 *
o o = *
Z2a205F & 2 <05
g a i * = &
o Q
~ [
0 0

us7 T98G ug7 T98G

B US87 group  T98G group

shNC shFAH shNC shFAH ku

p-PI3K

PI3K

-AKT‘ — - G — |6O

AKT| —-—” |60

GAPDH lm |36

E F
« L5T mmshNC 5 15[ mmshNC
c = mm shFAH g mm shFAH
S5 3.8
Z2351.0F £210t
S~ 2 *
R US) S 2905t *
21 l l =
—_— Q
] =4
S 0

ug7 T98G ug7 T98G

12 FAH 3= PI3K/AKT/mTOR {5518 %

Fig. 12

FAH regulateed the PI3K/AKT/mTOR signaling pathway

A: Spearman correlation analysis between FAH gene expression and the PI3K/AKT/mTOR signaling pathway; B: Western blot analysis of phos-
phorylated and total PI3K, AKT, 4EBP1, and S6 proteins in U87 and T98G cells after FAH knockdown; C-F: Quantitative analysis of phosphorylated

PI3K, AKT, 4EBP1, and S6 protein expression; "P<0. 05 vs shNC group.
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A': Representative images of xenograft tumors derived from U87 cells transfected with shNC or shFAH; B: Tumor weight analysis showing signifi-

cantly lower tumor burden in the shFAH group compared with shNC; C: Tumor volume measurements confirming that FAH knockdown markedly inhib-
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FAH promotes glioblastoma progression by activating the
PI3K/AKT/mTOR signaling pathway

Li Shihao', Zhao Bing’, Yang Tieniu', Yang Jinliang', Zhang Yongliang', Li Zhongsen',
Li Shunli', Chen Ning', Wang Jianbiao', Li Jia', Ma Qingfang'
(" Dept of Neurosurgery , Affiliated Fuyang Hospital of Anhui Medical University , Fuyang 2360003
* Dept of Neurosurgery, The Second Affiliated Hospital of Anhui Medical University , Hefei  230601)

Abstract Objective To investigate the functional role and underlying molecular mechanisms of fumarylacetoac-
etate hydrolase (FAH) in the progression of glioblastoma (GBM). Methods Differential expression analysis was
performed on the TCGA-GBM, GSE4290, and GSE116520 datasets. Weighted gene co-expression network analy-
sis (WGCNA) was used to identify key modules, and Cox regression and risk modeling were used to screen prog-
nostic genes. Immune infiltration analysis of prognostic genes was carried out by using single-cell RNA sequencing
panels. The clinical expression signature of FAH in GBM was analyzed in the TCGA and HPA databases. The func-
tional role of FAH was validated by in vitro and in vivo experiments, and pathway analysis was performed to explore
the underlying mechanisms. Results A total of 152 overlapping genes were identified across the three GBM datas-
ets (P<0.05). WGCNA revealed that the turquoise module was most strongly associated with tumor purity, stro-
mal score, immune score, and ESTIMATE score (P<0.001). Compared with normal tissues, three prognostic
genes (CTSD, FAH, and THBD) were upregulated in GBM and correlated with immune infiltration (P<0. 05).
FAH mRNA and protein levels were elevated in GBM tissues relative to normal tissues, and its expression was sig-
nificantly associated with age stratification and TP53 mutation (P<0.05). CCK-8 assay results showed that, com-
pared with the shNC group, the proliferative activity of GBM cells in the shFAH group was reduced (P<0.001).
Transwell migration and invasion assays demonstrated that, relative to the shNC group, the numbers of migrated
and invaded cells in the shFAH group decreased (P<0.05). Western blot analysis revealed that the protein expres-
sion levels of PI3K, p-AKT, and p-mTOR in the shFAH group decreased compared with those in the shNC group
(P<0.05). In vivo subcutaneous xenograft experiments further confirmed that tumor volume and weight signifi-
cantly decreased in the shFAH group compared with the shNC group (P<0.001). Conclusion ~FAH promotes
GBM progression by activating the PI3K/AKT/mTOR signaling pathway and may serve as a potential therapeutic tar-
get for GBM.

Key words glioblastoma; PI3K/AKT/mTOR signaling pathway; FAH; tumor microenvironment; prognosis; tu-
mor progression

Fund program Natural Science Foundation of Anhui Province (No. 1908085MH284 )

Corresponding authors Ma Qingfang, E-mail: mqfdoctor@163. com; Li Jia, E-mail: 94138282@qq. com



