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Abstract

Branched-chain amino acid transaminase 1 (BCAT1), a key rate-limiting enzyme in branched-chain
amino acid (BCAA) metabolism, has recently been recognized as a critical player in metabolic re-
programming across various malignancies. This review systematically summarizes the aberrantly
elevated expression of BCAT1 in breast cancer, particularly in triple-negative breast cancer (TNBC)
and HER2-positive subtypes, along with its clinical relevance. We focus on the core molecular mech-
anisms by which BCAT1 regulates metabolic reprogramming in breast cancer, including activation
of the mTOR signaling pathway, bidirectional regulation of glycolysis and mitochondrial oxidative
phosphorylation, and epigenetic modification-mediated modulation of energy metabolism. Fur-
thermore, we propose a multidimensional “metabolism-epigenetics-signaling” regulatory network
mediated by BCAT1, highlighting its crosstalk with key signaling axes and transcription factors such
as Twist/Foxc1, SOX2, Wnt/Myc, and c-Myc. In particular, this review establishes a dedicated sec-
tion to deeply discuss the potential dual or contradictory functions of BCAT1 across different cancer
types and breast cancer subtypes, offering possible explanations from perspectives including en-
zyme activity localization, redox status, a-ketoglutarate (a-KG) bridging, and cellular context de-
pendency. Meanwhile, it integrates the non-metabolic function of BCAT1 in maintaining mitotic fi-
delity through its CXXC motif with its metabolic reprogramming role, proposing a “metabolism-ge-
nome stability” functional switch hypothesis. From a translational perspective, BCAT1 shows po-
tential as a prognostic biomarker and therapeutic target. Combination strategies targeting the
BCAT1-mTOR axis (e.g., combined with mTOR inhibitors, ferroptosis inducers, or immune check-
point blockers) offer new avenues to overcome therapeutic resistance in breast cancer. Finally, we
discuss current challenges, including subtype-specific functional heterogeneity, unclear interplay
between metabolism and the immune microenvironment, and gaps in clinical translation. Future
directions should focus on single-cell metabolic heterogeneity, systematic dissection of the epige-
netic regulatory network, and development of dual-target combination therapies. This review pro-
vides a theoretical foundation for understanding the multifaceted roles of BCAT1 in breast cancer
and for developing precision diagnostic and therapeutic strategies.
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A BT o= i it FRE R AL FEBEN 3, ORI AORT A2 Wibs S5 RG T SRS S (1t B IR Al o

1.2. BCAT1 FEZ #REBRNR S PO AL

SCEE R B (BCAAY R 8 CHIESE 2 2 5 Z MU MR 1 R R R R, 1 S0 BE 20 R R e A I
(BCATDE Jfift. BCAA 1] 38 % 50 S B 1) O BE IR T, 7R b B2 b G 4R A% O s s s o ANOGE IS {2 i
BCAA 7 E A ML a-BRIR (AN o-BR 5 CRR), BRI MHAHAR P o-B % —F2(a-KG)/KF,  HEI R
LS 5K FIE[3]. £, BCATI MUE BCAA B OHATE, HRE—MESE . F0
5 5 40 i S AR 45 1 2 ThRE T s e T o

1.3. BEMESIFNSA

B AV ER T BCATI (e « B R L 1 I o e e 4 (4], 72 SLARIE I 251 A v,
B B ek AR I 8 5 ) S R AARA U O S5 AR e, 78 BCAT1 mIRES 5 R #54 Ql Rk AR
HITHITS o ARSOK MR B ARG T F% . JEGRAS RNA 22 B, 15 518 H6 58 XOB0E M G5t 58 AR S5 A
FE, 4R R - B - MBS SRR EES RS, I 5 [ R A AR TS A B O 1)
—J& BCATI1 FEA [ A 2L ffes S22 rh vl BEAFAE RO D RE SR PR S 0 T - R GEIR I L T (R e BT £
TGS S L] 2 BCATI YARRSZhEE, NARKIT AT BCATI MIAFHES ST SIS IR AL HE AL 14
HUER S S A L

2. BCAT1 ZEALIRE P RIAFIE S IR < BX
2.1. ERa BAt4/HER2 FAM & TNBC ¥ & s RM4EFRIE

IEFERZ ISR T BCAT1 EANEARFE T WA A 2 R IR, THEEMEERZE o
(ERo)FATE . HER2 BHE DL K =[P FLIRE (TNBC)H R HLE & Rk . BT it —D &Y, ] BCATI
" H 3> BCAA &%, FEIK SHOC2 Rix, 35S TNBC 40012, $2/8EH7E TNBC 1 BA A E
JEIhEE, IS5 RIGREHE S VIAHR[6].
2.2. ARSI BCAA K FRIIGAFKHE XM

BCATI @it BCAA M7 fRACH, REMANMA BCAA SILAU A= M) HE o-HR) K
FaAS[7) BCATI S v] FEANMLEFE 58 /1 %, T AMJE D 78 S8 a- R AT 358 0 R %R 8, 368 BCAA
AR = AE b8 AR 22 AT R R SRR .
2.3. BIIFRBEASFTRILBITIE

BCAT1 152 FuBtE s o i 7 s Rk 5 58 3 7 X R W AL R 3 R 0. RS e
AL R IE R R B IA IS T BCAT1 JH ah T W RS 0 Eds B A Bl i 7 s 4t 7 E 22
2R R[8]. IX—HLHI LR BCAT1 A B v/ Ry 32 Wit 4% 8 45 RN 2%, TR I 0] 68 52 31 B I R WUAS 1 )
W,
3. BCAT1 BER B ERENZ LD FHLE]
3.1. mTOR {5 SBEAFFHRENH

TR FERR (BCAA)C U B 4 A AE 7L A b Al 3@ i % mTORC {5 5 38 18 UK 5 i g i3k g A VAT T 3R 9L,
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1M BCAT!1 {E4 BCAA AU ) SCHERE, 7Rt B R IERZ ORI [9]. R 3 I b, BCATI @il fi
WA RE R o~ 7 CBR, 31T 0E mTOR 55 EE, $Emix bl vl R B A B AR s [10]. 1
4b, mTOR {5 5B AF v PI3K/AKt % (1) NN A8, (EHAE TR e ES A KEFE 5 ERAEH,
HrEmh) 225 R MR ERE. TR4ER BT 211]. £ =AM (TNBCO)H,
BCATI @it ifi4% BCAA 2k SHOC2-RAS-ERK 15 Sl #& %[ 12], 1] RAS/ERK 5 PI3K/Akt/mTOR
TPRAFAE] 1228 SO, FTRE P A BCOR mTOR 15 S 4t
3.2. BEERHEREZENNEEZ

BCAT1 AVl mTOR Bk FZMT & AR, 0 7E g i A2 T SL i R g5 2o b R S AL R 1L
PR . FEAE/NgR it o, BCATL ik R n B 4mfE BCAA M, (23 - % 18 (a-KG) MK
PEZH IR 1 H3K27 2 FIEAK, g I 0 A B A A DG B DR e o, S 35 B s W I 2 13]. 59— J5' 1T, BCATI
X LR TH RE TR HR AR B o 7E IS TURE o, BCAT 1 ARRIE T 5 5 )2 (AR 25 4 2 0 ) ey 2B K [ 147,
PR LR RIBIRE AT REGEFF R A a5 . BCAT1 AT AEIE L 15 BCAA T4 BB 283k N =FRIR(TCA)
TEIR, NERRARSEHEAN TR, AITIERE B 2 IR e R BN . 28 1, BCAT1 BB~ T
oS HRMIBAEAE, FEFLME T SE 00 Ae B AU BRI P — 07 T3 SR T A LA 2 D
oK, I3 7 I ORBE 2R A A R DURLGS T TR AN, AN T 22 1 S5 e 4 ) A R 2 4 5 AR A7
#I15].

4. SHEF THEEBIZMLE
4.1. IIFEEIE: Twist/Foxcl {55H

RAECHWITIRH BCATL 7E L FhIg P R #ET B 72, 5] infE it h BCAT1 il 5 s i
AAF TG, JERIE T ShRNA mifi% 52 Jd /D e AT RS AR NGRS [16]. (E A3 PRI IR 4l o 2 A it o 1)
7 a-KGo BCATI 3Rk iH#E a-KG, TIHES I H3K27me3 25 24k, WS G4 Twist 7E 4 1 EMT %%
SERT . BAh, BCATI (AR B it ——i@ it CXXC 35 4R AT 42 70 SRR S —— 457 %240, A AR Fa
SEVER) BB AT E R BEOE EMT F2F, ¥ “RNARE” 5 “REBHEE” ALK, Hik, BCATI 5
Twist/Foxc1 {55 5l [8] (78 75 AT 75 3 — 20 S B0 50 IE

4.2, HFEIEE: SOX2 EIEFEF

WL HY, BCATI R i A 5 2 A (] 4R M T PR AH G e S R 1 IO RIE - AR B, BCATI
RIEFE o- BT PR (a-KG)FEE, BETI(LHE SOX2 fFIL, 1 i P JRs 40 ML ) TR M EE R ¥ BE[ 17]. BCATI
A REIEIE SRR SOX2 ik, AT IR fi e 5

4.3. Wnt/Myc {5 SiBER93Z BE

E = FATE LR (TNBC)F1, EF W 5467~ Wnt/B-catenin 15 538 4 0] 383 c-MY C 305 WE I fifd S B i
il C Bk, 5 AU B nfE HF IRk R A= K 5 f %k i% [ 18], BCAT1 £ TNBC H L uF sk nl il i
W BCAA R 2 SHOC2-RAS-ERK {5 5 1%, 4k 11 g ki gg 2k, 117 RAS-ERK i #% 75 7] 5 Wnt/Myc
TERE IR R 2% . Rk, BCATI1 Al fg@E A = S 1015 5 16 S I 8805 Wnt/Myc 388 .

4.4. c-Myc BYIE R IR BIZIF B

c-Myc AEREAEACM EAGFE AL O FE R T, AT AR AR . 23 G B O S Rk A & BAE
PR 22 MARHE K o ZE IS DEJE 7, TACC3 SIdARE c-Myc Jf 14 i H o Bl I g 58 [R] 1) i & 1 T E2F 3-
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TACC3-c-Myc 1EIRIREE[19]. K& LTiERRHHHIRIE BCATI 5 c-Myc Z R EEFZELR, H
BCAT! JEIL Y HE o-KG AI 5248 1A DNA 2 F AL g e 7iE 4 , AT 6078 G €2 SR A8 5 7T BRI c-Myc
HEFL[R . A, BCATI BUE R mTORCI @R ] c-Myc 8 H A G2 e 1 [20]. KiTHK, c-Myc &
G0l i 2 P SRR A s R MR I I8, FTREIE— P 1S 5R BCAA $&HUS BCATI i&EME, AITAL Bl
TERIE RIS IR . SR, IZIRRETEFLIRE P 0 B A 7 745 56 8 RGUIRAIE -

4.5. BCAT1 ERNEHEM ST BRE L B h a9 Thee WE M R H BN IR

K& BCATI 7E 2 H0kia + 2R ThRE, HAEAR RS0 5o 1AL b 1) M o oF e 4ot — 2, $E
A REAFAETT JE DI RE o TRAIRDTIX B DRE = B, AT HERREL R BCATL (AR A €0 ST RS T TSR
B ECEE, MNESEMIME, A/ i, BCATI @Rkt «-KG il H3K27 & Filt
b, WOEBEREA T X3 EGFR-TKI i 24, S 30 IR I 29 A €4 £ CLL H, BCATI &Rkl id % mTOR
DR PN EJE « BCAT1 VHFE a-KG B o-KG K8 XU A B (W1 TET2. KDM), {21 H3K27me3 #
DNA = A, HRie bt ] e S Lo (R B, BOE 0 e e T R BUR RIS RS, BRI TE R,
RV .

MFLIE RS A ALAE, H AT BCAT1 B2 iEdE 4+ T TNBC Al HER2 FHMETEAY, JUHAE TNBC
i, BCATI j@itfEi# BCAA &% SHOC2-RAS-ERK 15 5@, WshHREE[21]. £ Luminal %
i, %5 BCATI M Eik, HEHMKAREEE mTOR/SHOC2-RAS-ERK Al & #1mk K HAR = #70
F| TCA &3, KM 7 LBRRMEIL IE7= 4 ROS, £ pS3 WAMBE R T HESEE. K, BCATI 1)
CXXC PR TR O T RE V) AR B 38« 7E AL RIER M A B, BCAT1 B RGBS T 6E,
TERESGTE : MFE R AL, H CXXC B 5 A ISR Tl Be i BB, DRI BE M, i
L —ITEH 2 R Ih R . xR AR - R AR E” ThRe U nT §E v € T BCAT1 7EAS A IF 84 5
HEPR@E WA NIORE IR

5. BEiSiaTr s
5.1. {EATEEYHREYEN

BCATI1 7EZ FoBtERE hOE S 5A R UG B VMG, HRIEKP AT VE NI e FI UG A0 S8 .
{HALE =B S (TNBC)H, BCATI S HfiAN EB 1 BLEESE &5, Higeik 5 e 4 Mo i T 40 ] J 42 28 1k
KRR K[22].

5.2. ABEEETT R EI T REIBR

WARTFERY], BCATI AR HE 42 rld i B0 mTOR A5 58 i 5 i L s g 42 [ 8 7 (1
YL, fE ErbB2 FHPEFLARAE AR A o, R U R S A A R K 57 - Erb B2 H Te BT (A T I8 25 9 56 g 31 ) RO
FALHEGTUI IR S PEOA T B, s A TnT G s A 4 10 25097 &% EAERRZ, BCATL i fi
tE BCAA 73 AT mTOR G, 17 mTOR B 57 % 1% L CIE S 5K 4E 547 5 mTOR 017 (i
PSS, JUHAE MYC miRIE IR P S (8 R O W 2 [23]. A, 5 BCATI #iii 5 LAY
PRSI, AT REE T BT BT RO IKEN (S S, SO T RIEER R 25 . FE ) E I SIS, 75 H BCATI
FIARRB DI RE NN . B, 2K H] BCATI FRAR 1 HORBEAE 22 70 RARF I DIRE, AT Be S+ n
R 2 L PR G AR ARG SE I, RSN 25 8 7% . (K, Rl BCAT1 CXXC ZE 7 I U IE IR ZS A KPR A
PRAEVRIT IR e AR, 6 T e v 7 KR 28 Ok L
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5.3. £F mTOR BEFREHF S Rt

— 77 [ LA BCAT1 i M LLE > BCAA 73 AR 0% mTOR F#0E : 55— 77 K& 48 ] mTOR
B O R CARELIRT N S S 15 5. HAT, BCATI 500 R FE5 R C7E B B3 p SR H M| RhoC i
P S RE RS B 2 R (241, AN LIS T 72 S M6 2R 1 IO B2 vh R BE AR R BCAT1 R34k, Xtk
AT VR R LRI IR F R T %I » AROR I A BE B LI BCATL /N7yl 58], I £8 R R S A
ML (PDX)IE A SR 45 B 1 & VAl 5 mTOR #0550 W R T 8 2

6. HATFILSHE
6.1. FEFLARE TR PAThEER R

FUIE R A B E W TR R B, AR AP E(HR+). HER2 AP K& = FI1EFL IR (TNBC)
&, AFENERTEARHE LRIV B2 . b, BT ZHZ 00T SR, BERY0 M = S0 R
TS, TR R AL A ) B AR R A B RR Ak, B LR Y T AR B L DR A R AR . X R AR
RIS ARARIEIRYT OB b 78 TNBC o, 251 MDA-MB-231 iR {E 6T o 2 I H 8 2 b
UK FA 2 R AR 1 18 5 K% T v 1 e P A QO S B T BBURK ) HC.C-1806 fir g I = 44 51 8 26 4
AN 25].

6.2. RiEEIESRERMIFRERZ BN

LA 0 R ) AR EE G AR AN ORI [ B I S A7, IR TR % BRSO B . BEALR I, s
368 3o 5 A P R DR A RIS B A Y (A LR R DA K AR S R R T, S0 T AR Th
REFEARHER T E T 40 (Treg) MR AH 5 E W40 fL(TAMs) I 4k . t4h, BCAA 1F3 mTORCI ¥4 i) 5%
BAE ST, R AR Ak T BERE A A SR AN AP JR S0 Je T A s TR

6.3. HRE S imRBHER L ERE

JE 2 Wl R TR SR /D SRR A RS R R 46 s 1 BCAT1 fEFLE A fE . ilindeE TNBC
] BCATL R 753 4H I T I 51 55 R ik R [26 ], FLIX 46 I [a) s R A AT T W 68 25 Pk il . BT 304
R e LS AR N BCAT Dl RE - B MR Fe 4 o SR {4 SR sl ml 38 20 S WA 5 5, (ELRE RS
N BCATL M “ARIIINEh " 21 “ R4 MZhReD)it, & EIFR AT E CXXC AR
AR R R G E A RUR AN AR, IXR IR S A ISV TPk . DRI, R R S T A3
AR IARE W SRR TE SRR, JRES SR A A 5 2 H B, R R e S At AT 7T -5 i R R 2 1] 78
TR R SR B T AE

7. KKK
7.1, BLARK PRI RREM R

FUBREAE A R K i 7 i MRS R R B 22 (A e itk Biltn, £ =Bk FL IR (TNBC)
M 245 1) MDA-MB-231 JJR£EVR YT Ja 5k B AR A B B R B A 460 26 0 SR 3 ) b A A 484 8 % B o ) J
Jeg AR R B, TR K] HCC-1806 ifg ) 3= A o ey W A Qs AR RFAE AR AL BN 2710 X — B SRR
s AR EGFEIF AR — IR, TR AL R B A AN A 18] S B VR R R 2% . JUHRISGIE BCATI fE4EFF
R - FERI AR XU RE L T R B . R B 2 2H A RN IR BCATL i 1 AUSHiE S et
PRIT SRR, W 7R e TR AFAE D BERF AL AU 4B I
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7.2. RIIBLREMERRGEHT

TE B/ o fitiE 7, PTGFRN @2t STAT3 5 BCATI Jazh 1454 LR RIE, Mk FR + CHIP
S K48 Rz 2N S8 BCAT1 R A MR, XERBIEH, BCATI MR &k DNA FIEL, 4
EABM . RNA B & E BRI RS2 A 2. RRBE%E S ChIP-seq. ATAC-seq. m6A-seq
Joiz FACER A R 2 4R Mg AL B, RGN BCATI 76 LI AN 5] 401 30 2L o g 42 R 285, 4 1) 2
HEZ AR IEARE 5% R T4 60 R s A1 .

7.3. MR AIRTTRBIT R

T BCATI i@ S mTOR 15 S g e it s it g, -5 HA AU Y 0 SLC7AT1. GLUTI1 %5/
B E) k28], B —HEm) BCAT1 AJ fg Mk DA ve AR i i AR U R S AR« 6 T 2 SO 4E R T
RERIMMIEE, BCATIL $HI R BRI 225y 2456 R AW 7758 Aurora kinase B il 5 ol 8 54 2%, 1 .46 mTOR
TR RRTAERSE . NFEAN AR SR AT o RGPl R H & 7 RS Bt O

8. BRESkELER

25 iR, BCAT1 AR Sk S 2L FR(BCAA) A (1) 5 S B 8 , 78 FL M e 1) =2 = B PE LR (TNBC)
U HER2 PHM A R IR R R E, RS AR BUGEVIME G, HREREAUIKS) BCAA 115 E 4
2, 2R FHH 2S5 ME 0REE. E8 . TR KT IR . 7R Sl 2,
BCAT! ] it #0% mTOR BBk R 4a i A4 K [29], FF4E TNBC @it Eifl SHOC2 #Eifii&E L RAS-
ERK 155K ah g k@ . th4h, BCATI ik REEFE o-FH % RIS R BAEEMG, Wfedt H3K27
5 A LIS W B2 A AR DG BE TR R0, AT 1 [ 8 i e ARV L 9w A2 [30]. BCAT1 HIARARM DRt ——il
1T CXXC EALIE I P AR BEAT 2243 34 5 F2 b e ik IERf 20 38 —— 5 L& AR ThRE H AR I8 1T . AL
P, —HWRREI o-KG. ROS JAMIE B AN AL s T Be VI #e F T : {E@ HAE KB T, RIfThAEE S
DADRZ I GE 1 2E AR N ER S AR B T, AR D) s st DA R B R A e, IX OB AR BCAT 7E4
[ e ot e L s 7. 28 e () Dy e U PE SR AL T g —HESE .

TEWGIREEAGZTH, BCATL I HAE TS A= Wbs B FA 7 HE S E T 7. SR, 4 Ri ik A T
e TRk ik : BCATI ZEAS [F) 7L e UL v 1) T R S o 1 o o 5 A e B s AR R 4% 5 S e IR BE 1 22 L
YER, txt T 40 se s Emg i AR AL e, DR AR R SIS AY 551 PR 6 2 2 1) A 2 A e
P22 BE TR R T ) SRS RS AE R [3 1] ASRIRSHES T L AGEER “— V)7 il BCAT1 M2i{e s 4t
MBI, BT HAEARFEE . ARG B 0 E IR, Wit 1h S B 1R T RS
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