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Abstract

Objective: This study aimed to systematically characterize the molecular features of triple-negative
breast cancer (TNBC) and explore the potential role of CHST11 in TNBC development and progres-
sion. Methods: Based on GEO transcriptomic data, TNBC-related candidate genes were screened us-
ing differential expression analysis and weighted gene co-expression network analysis, and core
genes were identified using LASSO regression and random forest algorithms. GO, KEGG, GSEA, and
Metascape functional enrichment analyses were then performed. Protein expression of the core
gene was assessed using the HPA database, and its association with immune infiltration was evalu-
ated using CIBERSORT. Single-cell RNA sequencing was further used to evaluate the expression dis-
tribution of the core gene across different cell subsets in the TNBC tumor microenvironment. scTen-
ifoldKnk was applied for virtual knockout of the core gene and enrichment analysis of perturbed
genes. Finally, molecular docking and molecular dynamics simulation were performed to assess the
binding stability between quercetin and the protein encoded by the core gene. Results: A total of
678 TNBC-related candidate genes were identified, and CHST11 was screened as a core candidate
gene. Functional enrichment analysis showed that the candidate genes were mainly involved in cell
proliferation, migration, epithelial-mesenchymal transition, extracellular matrix remodeling, and
inflammatory responses, and were significantly enriched in the PI3K/AKT, IL-6 /JAK-STAT3, TGF-f,
and NF-kB pathways. HPA validation showed that CHST11 was upregulated in breast cancer tissues,
and immune infiltration analysis indicated that CHST11 was closely associated with multiple im-
mune cell subsets. Single-cell analysis further revealed that CHST11 was mainly expressed in mac-
rophages, monocytes, fibroblasts, B cells, CD8* T cells, dendritic cells, and endothelial cells. After
CHST11 virtual knockout, 27 genes were significantly perturbed, and these perturbed genes were
mainly enriched in inflammatory signaling, immune regulation, cell adhesion and migration, extra-
cellular matrix remodeling, and vascular permeability regulation. Molecular docking and molecular
dynamics simulation suggested that quercetin may stably bind to CHST11. Conclusion: CHST11 may
promote TNBC development and progression by participating in multiple signaling pathways, while
quercetin may serve as a potential therapeutic molecule targeting CHST11.
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1. B

= [ ¥ FL I7 % (Triple-Negative Breast Cancer, TNBC) @& A RIE K E B WA, 2494 453 IR
15%~20%, FAF AU ERZ MEME 2R . 20 2R HER2 RiIA[1]. 5HARSFIAAALL, TNBC K
TN SR, ARSI CAL T80 73 30, B R 52 0 S o e AR 28 1 [ 2]« I PR LR BT,
TNBC WAITECABUR, (B 5 LR IR R R AR b %, U I i # At 64 7% 1) R AR 2 B 25 s T HE
TNBC ##([3] [4]. RAEUENR, GBind7 Fl PARP IR S % PR E R o 3 b SR H— o7, (=
MRS, H 25 S s A (5], Bk, RGHT TNBC )4 FRHEIH FHIB IR A, X
FTHEEZREE TG RAEEIRIKRE L. SAM, TNBC & 5 s s R A ke F E i s — 2L A
B —IEERIRE, AV SR A N AR L SO B R AR A AR AR 2 S L . AR SRR
—YEFE S BT DA A T PR /N IR B T e R N 4%, DRI 0 B G 2 2H R . BLAS 2 ST RN SRR v
AR 2 T 97 388 FE 46T TNBC G EE 1o

BEE Fe sl 2 Rl R T S FEHE PE BRI R R, HE T GEO S8 804 e (1) 2 J= I A s B 54
CECAMENT TNBC Z3 AL BT B, 72 5 AR08 40 A AU ILEE DR 3L 358 Y 28 43 AT (Weighted Gene Co-
expression Network Analysis, WGCNA )R] i 126 15 < & B AH G R i ade B DR . JE PR 4 & 4R 7 1 (Gene Set En-
richment Analysis, GSEA). 3% [K A4£1£(Gene Ontology, GO). H#BHE K 53 K 4 H #1415 (Kyoto Encyclo-
pedia of Genes and Genomes, KEGG) & Metascape 4317 A Ml % 2 I F2 - PR 3G 5E . RZBITFE RO &
IR FE o MlAR 22 31 5 kvt — 20 M a5 S 20 50 AP iR A% O B (R . PR i RN WU 7] B Ak A O
FEDRLEA [RI A PR (05 20 A1, R UL R BR 20 A I mT Tt B b RN 5 1 R il s A8l o J R4
ST A TR IR 2 SRR B A N 45 SR AR e It RIS EIRYT 4 T imik s A S5 i A ) 2
WAz .

FEMHT SN, AWFFEEE T GEO #udls 1) TNBC Rk Hudle , B4 2 7 RIE 2T . WGCNA . GO KEGG.
GSEA Fl1 Metascape JIREEE, RGMHNT TNBC CHE> Tk, il /NI SE 5L R T (Least
Absolute Shrinkage and Selection Operator, LASSO) [0l ) 5 AL AR R F LT ik AZ O FE N, FFIHANREA
% (Human Protein Atlas, HPA)EUHE 5 1% 0 J R K 9mh 28 AT 3G UE . IR, 256 RiRIE iRt H S
PR RO MG R o FESLEEA ) GO RN RNA WP EE, 0K PR A% O JE R E TNBC i
JE A LA R 41 B A 3R I8 7045, JFiEId scTenifoldKnk &2 401 5% 70 M P A% O R R 30 5 12 3 A8 1k
R L R R LD Re & SRR . BT, ANBEFUCRA 7005 00 1 3h D355, B b 78 th 25 AR AZ O
FHEREAMSGREEUIRATIEERITIEH . @I IX—HELE, AR BENE A, R, B
YHRFIE AT RN SR P N 2% 12 o TS 2 AN 2 T R SE1TAS CHST11 7E TNBC KA K JE H i EAE
M, RN AT RERE R CHST11 FMBEILIGST 75+, A TNBC 2L SO A7 T TSR i B2 LB i

2. 53
2.1. BUEEFIESIRENLIE

AWFT 2025 4£ 1 ALE GEO R ik E T TNBC WIS A AR 4 . GINERN: © FE
AT AN TNBC 51IEH FAMRAL; @ MAEAEADT 10 6; G FEAREER RIALE AT AT
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@ FPRE TS S BRI K RIEHE KGR B . JRIGRIEFEFE N5, B KA K-nearest neighbor 77
TEAGANER AT, BEJGHEAT log2 H e, H#iH R &S limma 1) normalizeBetweenArrays 2 54T 0 %
FrEAL,  DAZD R Gifin 22 FF 3 mRE AR [a] i ] bb

2.2. ERRIEERIRE

TESERAMEAL G, B Je AT 3 23 43 M ATl TNBC 5 1E 5 4 4U7E B A e et 2 (1) o9 A7 25 S AN 4L
(B 7 Bt Ol Bl S AT 0 445 B @ R 5B, JFRIA limma GALE LB, ZRGka Ragh Il
T ERZIE, DR mAiakae. % 5 R IA % (Differentially Expressed Genes, DEGs) 1 i i A ifE 1 & N
[log2FC| > 1 HAB & B (False Discovery Rate, FDR) < 0.05.

2.3, ARERHRIAR R SERIAF

TEZE ST IR b, BE—20 R WGCNA $RZ JE [H 0] (1) lp [R50 0% R IR GBS B . i S gk Y
A FE R R T 25% B2 A i N 28, I i AR SR bR (B . BB S 1 5 BRI AR IE I 28 755 o R
FEREPE, THEI N S MR AT E R . BRI R S AS B DI 7538, Hoxl s BEAR AL S B AT
G Wa, BIEHURRIE A5 I R BT A DS ST
24, RIEEEMNZE ST STFE

A1 TNBC & FEAH G R BRI DN, 22 7 73 T 43 21¥) DEGs 5 WGCNA 35 AH AL PR B AE
o RHELFIET Venn BIE/R . ZH 0 B E A &2 RFIARE, RIS BRI, Fibge SCh
TNBC MK ZE 7 EE A
2.5. GO 5 KEGG INsEEE 5 H K Metascape ;52

fi i B R — 31T GO 5 KEGG ®&EAHT, VSRR HIBEAEY IR OGRS 5@l . GO 7 #
WA R M A T INRE =ANEEE ;. KEGG 70 Ml TR RS Sl B S4HE. W& LI FDR
< 0.05 fENREMBIE, JEXT5 TNBC %YM KM% H T T AL R . IS sR Iy ReiE R fE, AHt
LRI A 6 L R\ Metascape B4 g, 4 FRIE 51N H.sapiens, 5 H 2 & M s AT 20 2% H
TERNHN RS .
2.6. EEEEEST

FrA B4 1og2FC ME HH i B, 2% Z: %5 MSigDB Hallmark (h.all.v2024.1.Hs.sym-
bols.gmt). %% $ifid Benjamini-Hochberg /772347 FDR & 1E, FLL FDR <0.05 A& EERE . &L
7E TNBC FEAH 35 5 1l A58 B AT T AL R
2.7. RERES

NIRZE TNBC 5 IEH AMRA LR WO 2 57, A5 K CIBERSORT S50 bR Ab 214 5H R 2k
AT R BT DL LM22 SRR RS, BN 1000, AUORER P < 0.05 FIAREA DLAf CRHE
Wrsh RSt . G AR s HE S ST IR, IR Wilcoxon RIS 56 Lo 4 1A] 22 57
3 25 S 1) S 5 A VB g — 2 i A R R AT T A
2.8. ¥l ETFESLEHE

FEMRIEFE R B A b, S5 GPRRLAS ¥ 2] 7k 0fiE TNBC BIA%O B, 58, FIA LASSO [
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BRI, RIS SIS IR E SR ARSI S AL, Gk B R B TR I A . HK, SRR
UM RS N SRR B, IR AT 25 FE SR BB B VA JE R B, e tRAS 0 KT 1 IR A
THER SR, AP ORERE NIFMZ OB EE R A KT 22 RRIE, AT HPA £
W PE, PRI A AR S e AT s X B O R DR 2 A ) 2 L AE P R AL 2 rh (1 s i

29. BLERESRERIE KRR B ARREFHES I

NIRVHZ OB RAE TNBC G B A B P AEAE T, A TE 1 e 7 % o BE R /E TNBC BEA 3R
1K 7K 5 G 5 A R T B AP 2 1) B A SR o DA HE AL 2R RE B o SR BB 0 R D SR TE R, IR S
CIBERSORT 4 iR il 4s RUATREAILAC . FifiJa, {XORE TNBC FEAS, SR Spearman AHIGKLG THEAZ L
HE PRI ZRIE K55 AN [F) G 240 M VA G 81 - ] A 56 SR B P AL, IRl R i 5 1inkET G 9 qeorrplot B
HOEAT AT, DRI A% 0o DR 5 4 P2 A 9 1) 2 ) ) E DR K

Nt — 0 AR KT PG I O R RI/E TNBC R R 5 P fRIE 70 A1, AR RANAN GEO #idfi
AR RNA I Hidii B GSE263995, JFIEHUFEA GSM8391113 #EAT /04T FIAI Seurat B I5HL 10X
Genomics FIAHFFEIHFIHE Seurat XT 5. LAMI)TIE. LogNormalize brifEfl. =787 . PCA FF4E.
HK ) UMAP A AL S , SR SingleR BT 4 A8 [ i RE . 32 52 40405 4 6045 Blueprint/ ENCODE-
Human Primary Cell Atlas. Monaco Immune Data. Novershtern Hematopoietic Data #1 Database Immune Cell
Expression Data. i J5 MFRAEA IR B R 52 HORZ O 22 DR ZEAS [R) 40 M S B H 3k /K, il <0p 1 g
AN A TR A AT

2.10. BLEREEMRBRSTRIIGERES

RV O R RIE TNBC SL40 i sk i 45 M 26 R B AEAE L, A Fi 55 T GSE263995 #i#a 4
H GSM8391113 FEATT e S HE DA REAURMBR 70 M o 15 SE B VR RE Y Seurat XF 5, FF DLZFEA 4 E AL
RNA counts #EFEAE i NG - B a0 R T FEBEATARAEAL AL BE, TR T 5000 AN rmi e s, JRR A% 02k
BRI T BRI AR, KRR TR B M e AR R o RE UM% 70 K scTenifoldKnk 59556 R,
BHHEE N qc_mtThreshold = 0.1, qc_minLSize = 1000~ nc_nNet =10, nc_nCells #R 45 SZFr4l il E s H
ANWGE, BRI 5000 FbREHRAE diffRegulation 45 F ik W Hiah A K, I LURIESE P {E p.adj < 0.05
VBN bR . B 5 XS Z s3I #E4T GO KEGG 1 Reactome & 4E 5347,  DARATAZ 0o 35 R AH < 1 4%
W&V S AR . IR . T DR OS5l K .

2.11. FFIHESH

SR I T BB [ A% O B N S A B I R IE 25, AW STt — BT R A ek AT . 1 S i Sk
FORTHE TNBC B AEBERTMER 25 54K, M PubChem $d & N 4 H AL S50 S0 B A
ChemBio3D X} i 2] FAAR S5 R EAT g B e/ MGAL I, DRI EEARRE I T R o 12O BE DN i 25 1 1) = 4
ZESCHE M AlphaFold 08 723K, FE7E AutoDockTools HBHT 52K SECAR AL EE . o425 F i ik
VB A& TS IS S TEE, &R AutoDockVina 58 01X 12 . 45 & BERRAR A AL A Il
e, @i PyMOL 5 LigPlot #:47 Al #14k .

2.12. SFRVOFEEN

R TR EBEE ARG AR, AFFCRH GROMACS2023.2 BAF#EAT 43130 1545
. R ARIET CHARMMS36 /1355 80tk, KEERI%ES TIP3P. AN Nat5 Cl1 & 7 LA FIAR & BT o
PR RGBT Bk 5L HIRE FEVE DI Be R Bl MEJE K IGEEAT 100 ps [ NVT P47 (V-rescale 4%,
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300 K)5 NPT “Fffij(Parrinello-Rahman [E4%, 1 bar). Ff/S#E1T 125 ns IExUBHLL. BEAR)S, @il &
77 4k 2 (Root Mean Square Deviation, RMSD). )5 #R i 5)(Root Mean Square Fluctuation, RMSF). [5]
#2412 (Radius of Gyration, Rg). & 77 7] & F i #4(Solvent Accessible Surface Area, SASA) X A B X Z5E b,
LAV B &Y S5k tase P

3. &R
3.1. BURERELER

IR TR N NATRTEE, AW I & e 3K 18 GSES3752 Bui4E, A4 25 BlIEw AIRA SRR 51
5] TNBC ZHZRFEA .,
3.2 ERFIAEENEE

F RS TS BB R TNBC 5 IE % AR AR L s i sk B AAAE B 0 B, 3R B LN Rk
ey H A HEZ R 1(A). BRI limma B3 TZ 508, L2 H 1332 /> DEGs, HA 507
ANME TNBC H 235 1, 825 MR TN (A 1(B)).
3.3. HRIEAFMEERS TNBC XM

WGCNA 73#7 A softPower = 7 ANBRME LRIt 5 NEFEEIH . o MEblue 35 TNBC [AH G
HR(r = —0.93, P < 0.05), B7 1376 MER, #ZBEIATREE TNBC B AR ki OER(1#
1(C))o

3.4. ERREERSXRBRREANIE

¥ DEGs 5 MEblue BRI R HEATAZ 4R, JEARAT 678 MikiLHEE (K] 1(D)). IXLEHE A [F]I B4 22 R
IBFFEASERIA M 2 g 1, I E O TNBC i BEAR SR IR R B A I A £

3.5. RIEEENIIGRERGSR

GO & LT i B8 = Ep0 S A e . % AP 1L )5 (Extracellular Matrix, ECM)E 2|
BN B IORE I N SRR, IR BT ECM 53R, 2> FIIREE £ T ECM S5 %
BREE MR G (A 1(E). KEGG 7 Hridt — P IrRiX e B 2% 5 £ T PI3K/AKT. IL-17. ECM-
receptor interaction. focal adhesion & proteoglycans in cancer 25 JCHIE M, [FRF#E & 25904 A g A 15
(& 1(F)). Metascape 45 RAMFRGRIH ECM B SREESOB & ARIEAH RIS FRAE TNBC K AE K FE P A% O
HE 1(G)).

3.6. EEEEE SRR TNBC hEZMFENESIERE

VAL AR K I D Re 22 57, 34T T GSEA 73#T. 45378 TNBC FEA R 23 & 42 2 4k g Al
KB, R LY - 18] # 4k (Epithelial-Mesenchymal Transition, EMT). IL6/JAK-STAT3 {55815 #E
S+ TNFa/NF-xB 15518 #5 UL KRAS FIFME S @H(E 2(A)). X84t JR/R TNBC it R EBE EMT
WO SRR A5 T IR DA K 2 RIS TEAS 5 1L [F DK E) .

3.7.TNBC 5IFF 84N R B HER

CIBERSORT 7 #fr45 & W] TNBC 5 1F # 2H 27T G2 4 I A4 1 7 THI A7 AE 23 22 S (] 2(B)). 2
ek Ie gh Rt — 7R, TNBC FEASH R AR LL B T+ (P = 0.047, [ 2(C)), Mg ER T4k 40 fL(P = 0.00093,
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K 2(D)) HAZYIIP = 0.0024, K 2(E) K EEIC1Z CD4* T 4P = 0.00039, & 2(F))LLiol#h) & 2% K F#.
KR IR TNBC [ WOR B A (e B, FURRAE 22 28 G e S SRR S Ao, T R il da s ik
TR iR 1 2
3.8. Hl@FFEIMFEZRMEEERSE

N B MRS, AW FLEE S LASSO [BlA 5 FEHLARMA B AT RRE I i . LASSO FAL7E |
P22 IR ROk 19 Mg (5 3(A), B 3(B)). BENLARMBERLRGE Y 13 N E BV KT 110
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Figure 1. Identification of candidate genes in TNBC
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Figure 2. Functional enrichment and immune infiltration characteristics of TNBC
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Figure 3. Machine learning-based identification of TNBC core genes
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FH(E 3(C), 1#3(D)). PIFIITIER A 545 R i 40 %€ FIGF. PENK. CHST11. MYOC ! Cl4orf139 Jy
ZOIER, H 5 AMZOEERAE TNBC 5I1EH A4 2 (MR BN 5.3 2 R RIE (& 3(B), E 3(F)).

3.9. CHST11 BFRIEWIE. &M XM R 8 RIEFFE

HPA %4 FE s A 45 R o, CHSTI1 7EFLARE 2 rh 2 rp S50 B X A o S e €, T 7E IE &5
L AR 20 o P A 36 I 9 A KT 55 G €, 327 CHST1 78 FLIR 4L h A2 AE R A KCE I3 (5 4(A)).
GSEA 73 #1# ], CHST11 & iAEA R E 54T EMT. IL6/JAK-STAT3 {5 58 . PI3K/AKT/mTOR 15
5l % TGF-p 15 ‘5 18 #% LL A TNFa/NF-«B {5 5 il B 45 0§t 1812, 275 CHSTI1 Al g5 TNBC 4ifiifz 2.
RREAS T IGO0 G B 0 S 24 V% i 2% AR (] 4(B)) .

G PR AR S A BT iR, CHSTI1 Rk /K5 2 2 G 40 M I RF A7/ 2 E A G, JUH S CD8* T
UM yOT 4 A Mg TR R I (i 7K P58 RE VI (1E 4(0)). H4l BRI P i o0 i 45 R s, CHSTI
FERETEVEAM. A0, 4. B 41M. CDS T 4iA. A4 ZS IR0 AT Py Rz 4 pa 2540 i
H(] 4(D)~(F))o X LG MOFE 73 T3 95 J 98 RE SONE Bt i 52328« 400 B4/ 368 ol o 90 | 32 A1 R I 1N 2 Th e
$27% CHST11 e 25 TNBC M8 (IO SE T e e A0 M . 5 0T 40 S P B 4 e 2 1] FR)AE LA

3.10. CHST11 [EH bR R E B BT ML B IhRE4F1E

k51T CHST11 78 TNBC Bt S e b /e, A#F7E3ET GSE263995 ¥iifE sk
GSM8391113 FEAHEIT CHST11 EHLFER 9 #T. scTenifoldKnk 455 7%, CHST11 FERLRS G 364 27 4
R KA RENS, HA K TYROBP. AIFI. LAPTMS 1 CD74 % 586 R0 AL . RAESR N . V5
EThRE R U EIN T 23 B PIAH K L R (8] 5(A)-(C))o HE—2%F 27 AN EE B FEF LT GO KEGG M
Reactome &7 1. Z5RE/R, XECEED T2 g4 TR 7 A& K777 4. TNF/NF-«B. MAPK.
TGF-p. STAT MI<(5 5 MAAMEFR LSS 5 EBE., MBS THIER. AgRENETE. Tk
FVEREARINGE . PD-1 JEH0H] . TLR 28k v PL & VEGFR2 A5 I 1835 1 25 i F2 (] 5(D)-(F)).

3.11. #EES CHST11 S FIHEER

SCHRES R AL R R AE TNBC W B — 5@ TR va 4, I nl i@ id #ii] PI3K/AKT/mTOR i % K #
VERT . NV EVEFIHE S, A FOM I 25 CHST11 &AM T FAl%E. SRER HESGRN
—8.5keal/mol, $&/R BAABGRIFEA Jo G AR KB 27T 5 Pro302. Tyr304 A Thr308 J¥ ik &
S, JEEBEEUKME LR S E A 6(A)). XEEVERALAAT B A IS BEARE X I, Tl RERsmH A5
W B A5 55 T0E T, M E AN S 10HT TNBC fE R AL T 4544 24K 48
3.12. FFRINFENMRREEYNRESSE

ST ISR — DSR2 5 CHST1 A E AR E . RMSD i R EA1EL 50
ns JEla TR, FEES ARSI 4ERE G EEE (14 6(B)). RMSF 45 53R B K 2 Bk 5 308
M5 6(C)). ZUBE A BT ARSI 72 b — 3 A AE AR TR A I ZU A ELAE A (1] 6(D)). Rg TEREIULH A O]
Frfase, PoREABIRGEHAR LA BEBE 6(E)). SASA MHBEN EIISA TR, RE ST 5%
MR (E 6(F)). B HBEHTE B R R A RIEMRAES XIREE, H— PR E EMTERRE S Ll Reib T A
BREREE 6(G)).

4. g
AW IE IS B G ARG B MRS ST AR LR 5 sl 1 E RIS R TNBC £1E
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Figure 4. Expression validation, functional enrichment, immune correlation, and single-cell expression characteristics of
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TEAG SRR TH, AHFFL4ERAE R TNBC HAE s —HLHIIKS], 125 2 26 MR A I B 14 B [F] 5
WA K MHLEI EHEN, CHSTI1 VE M i SRNE /R IR 3 ZAS A DGR DN, AT At i 2o 240 B 3% T Fn g
J A0 5L 5 B R R R A, R AR TR . SRR T S R PRS2 AR IR T R MR B2 A - AR AR BLAE
Fl o PI3K/AKT/mTOR 3 B4 7F FL ARy oh 0 = B G Ak, 4B ram i 2E K. AQUTRITR 25 1 (S e 2Ry, ok
W TG A REVIAK[6] [7]. IL-6/JAK-STAT3 I #% M 5 58 RE IR B A G s IR ARG,  HRRERE0E AU
BEMR ARG T, 384 99 HTIHOR S R [8]. TGF-A 155 FI BA MR AF FH, (EAEREINE % S EMT
W ORAN AT A AN EEFL BE /1[9][10]. [FIIT, TNFo/NF-«B BB 4ERE TR R M A HIR TRAS, v TNBC 41
HPE L RF AR A 1], IXEeEE S FF TNBC R 2B MM 251 5 2l R W a5, HNESRER
MG TR 2%

TER IR ZTH, CHSTI1 MERIERAHIRE . CHSTI S 5MRYCE RN & A&, Mifis
WD 240 i 47135 i ) A S A1 DA K% 4 i T W v SROME B RE B [12]-[14] 0 H E SRBE AT AR D i e 240 P S i S 4 P ol
W E S WY T, HEEA. 20 %5 A WA FAE R mTsom i A IV AR R i 15
W, AR, CHSTI 7L A E R 28 MM b 2 _Eifass, HERIATHE SR RT s ML E e
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