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Table 1 Components of the TGF-f signaling pathway

TGFBZ % ESES Type I 1321k Type I B152 1k EREEELS SMAD

TGF-p1 TGFBRI1 TGFBR2 Beta glycan SMAD2/3
TGF-f2 TGFBR1 TGFBR2 Beta glycan SMAD2/3
TGF-$3 TGFBR1 TGFBR2 Beta glycan SMAD2/3
Activin A ACVRIB, ACVRIC ACVR2A, ACVR2B - SMAD2/3
Activin B ACVRIB, ACVRIC ACVR2A, ACVR2B - SMAD2/3
Activin C ACVRIB, ACVRIC ACVR2A, ACVR2B - SMAD2/3
Activin E ACVRIB, ACVRIC ACVR2B - SMAD2/3
TGF-B/Nodal Nodal ACVRIB, ACVRIC ACVR2A, ACVR2B cripto/TDGF1, cryptic/CFC1  SMAD2/3
LK GDF1 ACVRIB, ACVRIC ACVR2A, ACVR2B cripto/TDGF1, cryptic/CFC1 ~ SMAD2/3
GDF3 ACVRIB, ACVRIC ACVR2A, ACVR2B cripto/TDGF1, cryptic/CFC1  SMAD2/3
GDF8 ACVRIB, ACVRIC ACVR2A - SMAD2/3
GDF9 ACVRIB BMPR2 - SMAD2/3
GDF11 ACVRIB, TGFBRI1 ACVR2A, ACVR2B - SMAD2/3

Inhibin - ACVR2A betaglycan -

Leftyl - - cripto/TDGF1, cryptic/CFC1 -

Lefty2 - - cripto/TDGF1, cryptic/CFC1 -
BMP2 BMPRI1A, BMPRIB ACVR2A, ACVR2B, BMPR2 RGM SMAD1/5

BMP3 - ACVR2B - -
BMP4 BMPRIA, BMPRIB ACVR2A, ACVR2B, BMPR2 - SMADI1/5
BMP5  ACVRIA, BMPRIA, BMPRIB  ACVR2A, ACVR2B, BMPR2 - SMADI1/5
BMP6  ACVRIA, BMPRIA, BMPRIB  ACVR2A, ACVR2B, BMPR2 RGM SMADI1/5
BMP7  ACVRIA, BMPRIA, BMPRIB  ACVR2A, ACVR2B, BMPR2 - SMADI1/5
BMP8  ACVRIA, BMPRIA, BMPRIB  ACVR2A, ACVR2B, BMPR2 - SMADI1/5
BPMSB BMPRIA, BMPR1B ACVR2A, BMPR2 - SMADI1/5
BMPILEIR BMP9 ACVRLI1 ACVR2, BMPR2 endoglin/ENG SMADI1/5
BMP10 ACVRLI ACVR2, BMPR2 endoglin/ENG SMAD1/5
BMP15 BMPRI1B BMPR2 - SMADI1/5
GDF5 BMPRI1A, BMPRIB ACVR2, ACVR2B, BMPR2 - SMADI1/5
GDF6 BMPRI1A, BMPRIB ACVR2, ACVR2B, BMPR2 - SMADI1/5
GDF7 BMPRI1A, BMPRIB ACVR2, ACVR2B, BMPR2 - SMADI1/5
GDF10 BMPRI1A, BMPRIB ACVR2, ACVR2B, BMPR2 - SMADI1/5
AMH ACVRIA, BMPRIA AMHR?2 - SMADI1/5

GDF15" GFRAL

a) GDF155TGF-BAR 5t IR AR, AR :A2 74k 1052 B 41 M 5 14 i 258 37 A F(glial-derived  neurotrophic factor, GDNF)FE3Z & a(GDNF

receptor alpha-like, GFRAL)
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e, IR S T

ST P VR, TGF-BIa-S 3 L R (43
YT R-SMADs 5 55 12 R EE#5 S 7 (TFs) 28 R 45
(IRE ST, TR S UDNAZS & 5 A4, 1t 5 40 ks
PRI I T454, TGF-BiffLAIR-SMADsHI
BMP{fi 1L A R-SMA Ds#J A5 X5 A [7] $1 35 [ 1) e 1 Ji 45
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Bl 1 TGF-Bfi i ##(1% A fiBioRender.com ). TGF-BRLAS LAPI MUY FFIT LI TGF-BA A TE 4 & RAEHT FREUR TGF-BJR B /5 511
RIZREE G AR IRFI PR IRLZ RIE RN R Z R A1), 2R SN IR TR Z B IR (L SMAD2/3, J5 4 SSMADAS SIBIEZ G5
BEAUNNERE, 5 ZFIDNAZE &7 R R T456 5 SR R, STGF-BISA AR, BMPRLIK R Z B LI M — RIKTE 0 H A MB B e 45 1R
1k, FSIRSZ AL S, BUGBERRICTRSZ AT IR (A2 A &Y. RIS YRIRILSMADL/5/8, J5# [k 5 SMADAZE ST UL A ) B
NI, S5 SR 5 Sl

Figure 1 TGF-B signaling pathway(Created with BioRender.com). The “latent TGF-f complex”, consisting of TGF-f ligands bound to latency-
associated peptide (LAP), becomes activated through integrin-mediated release of TGF-f. Initially, TGF-f binds to the type II receptor, facilitating the
recruitment and phosphorylation of the type I receptor, thereby forming a tetrameric receptor complex. Upon activation, the type I receptor
phosphorylates SMAD2/3. These phosphorylated SMADs then bind with SMAD4 to form a complex that translocates into the nucleus, where it interacts
with various DNA-binding transcription factors to regulate gene transcription. In contrast, BMP ligands are typically secreted as active dimers and
directly bind to the type I receptor. This binding prompts the recruitment and phosphorylation of the type II receptor, resulting in the formation of a
tetrameric receptor complex. This complex subsequently phosphorylates SMAD1/5/8, which then binds with SMAD4 and translocates into the nucleus,
regulating gene transcription in a manner analogous to TGF-f signaling
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W ZR AL TS, oA fivis fnd: B A ke 25 o 2
I
2 TGF-B{& 5@ EeiG & & i farb i dhhg

I K B 2 R AR o315 530 B ) 25 R S R R Y
R, HATGF-BfE 5 ik A 55 EE/EH. A TKAE
W=RERE . REAEST . RSN ST B 40
i 4 35 3 6 A ] 4 £ 6 TG F-B A 51 B Y 22 T 2y
RE. ZEFEANNE P TGF-BI5 5l I il 5 (A & 3
WA=, WSy SEAAE L S RO I e 45
(#2).

2.1 TGF-BIE 'Sl =2 H R bt i

TENRIG = IRZE e B A B i i, TGF-BACIE
B e S IR .t Nodal FTBMP
{5 SR AR, 25 7 =IIRZRE e i
£ 25 X 3 (Dorsal Organizer Region) 2G5z
IR BYTRAL, WA Ry o2 & - 2 A2 21 (Spe-
mann-Mangold Organizer) (45 = IR FIBE D ) sl 15 X
(Node)(/NFIEAD ™™™, 1EsAE AR P, 1R 20
[n] [6] %% fk.(Epithelial-Mesenchymal Transition, EMT)
JE M A AT A is B S HE i AR, EMTHISNAIL.
ZEBHMITWISTH 53¢ P 5~ L K- i — P8 7 9 2% F) mi-
croRNAsHRZN"™" . TGF-Bf5 5l ik 2 & & M LT 4k
EMTIW38 05 % M+, TGF-Bf5 5l B K SERASHI
MAPKi# #%i7 FEMT, Sl i 7¢ £, RREB1FEWS %
FETGF-B-SMADFIRAS-MAPK# %, i 4 #E LA
F SR AT FEMTHERE,

4359



M % h & 20245108 £$£69% %304

s SARATHEISMADZE S (Receptor-regulated SMADs, R-SMADs) SMAD1/2/3/5/8
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= Nuclear export signal
'“=n|ke£=, ‘ ® Type | receptor phosphorylation

i MH2
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B 2 SMAD#UY # 1P H HiBioRender.com E iY). (a) SMADZE 14325, (b) R-SMAD FH N A MH 1 25 ¥4 3N C ity A MH 225 44 38 i linker iz 42240
Ji. MH1Z5F48 S DNASS B s MH2ZS IR 5 TR 1254, IS0k, T b IR TR (0 S5 A TR 14145, R-SMADAIMH225 #480K 3 A SSXS motif,
FH RS PR 52 (RBAR AL, MH1SSHIEAT R E (1455, linker DB HATMAPKBARR LAV 2. Co-SMAD/SMADA[R#F: i MH 14544738, MH2454435(
FllinkerdL A%, HMHIZEMIRBAZERAF'S, linker XKISHAMAPKBERR (L AL FIAZS 1575, I-SMADRINSi 3 AT SR FMH 1 25448, (HATR
A CIiMH245 k3 Allinker, 1A K linker | YMAPKR R LA 1T

Figure 2 SMAD TFs. (a) Classification of SMAD proteins. (b) R-SMADs possess an N-terminal MH1 domain and a C-terminal MH2 domain,
connected by a linker region. The MH1 domain is responsible for DNA binding, while the MH2 domain facilitates interactions with type I receptors,
transcription factors, and chromatin remodeling proteins. At the C-terminus of the MH2 domain, R-SMADs feature an SSXS motif critical for
phosphorylation by type I receptors. Additionally, the MH1 domain includes a nuclear localization signal, and the linker region contains sites for MAPK
phosphorylation. Co-SMAD/SMAD4 similarly contains an MH1 domain, an MH2 domain, and a linker. The MH1 domain of SMAD4 also has a nuclear
localization signal, and the linker region includes MAPK phosphorylation sites as well as nuclear export signals. -SMADs, in contrast, lack a
conventional MH1 domain at the N-terminus but retain a C-terminal MH2 domain and a linker region that includes MAPK phosphorylation sites
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¥

Figure 3 The dual roles of the TGF- signaling pathway in cancer (Created with BioRender.com). The role of the TGF-f signaling pathway in cancer
is significantly influenced by the stage of tumor development. In the early stages, this pathway functions as a tumor suppressor by inducing apoptosis in
cancer cells, thereby inhibiting further tumor progression. As cancer advances, the TGF-f signaling pathway within tumor cells may lose its ability to
induce apoptosis or become inactivated. At this advanced stage, the tumor can exploit its own TGF-f signaling pathway or that present in the
microenvironment to promote progression and metastasis. This occurs through mechanisms such as EMT, immune evasion, and angiogenesis
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Table 2 TGEF-f signaling pathway abnormalities and genetic diseases

G FEH SR
TR TR EARARDY
TGFp1 . e s[51]
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ZE LR, TGF-BZEIE M Nodal FIBMPFEIR MG &
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2.3 TGF-Bi& 'S lik fEAMA SR & ik Ferbid )i

bR T 5 IR AR R S 8, TGF-BRIEH 541
Fib S5 TIRAMIZIE G R, XS IR 4Rt
SEFRREASR . BRI R B IR A5 7 T R R A AR
YERL. WL IGTE 5 N RIS, T2 LR B
L HR)Z(nner epiblast, EPI). #F#4MAE)Z (Trophecto-
derm, TE)FIFHIE iU 23 1970 7% 40 i (Trophoblasts, TRs)
WL, EUUFINRZH KRBT, TGF-BfE5HEsS
FGF. Hippo5it i B % WME M & gl ar iz . 78
Hu Xk, TGF-PFIFGF4EREE T AU, FEils i
F TR RS. [FRS, TGF-BMFGFIA T 4
XTI R (AL R - AR SE AL o R T -
HNUMAEE ) S, 500 55 SR AL Ak, T2 B4R e £
HIRCR Y. BEAlh, BMPATENRILIH Y37 I N2 40 i b
FAIk, B FUIINEIZ N TGF-p/Nodal/Activin
{5l F T A N IR)Z 1M (Primitive  Endoderm,
PrE) R SR Ak S e o, (e k4 2 FPrEFFIE A
FFRUEL.  NodalfF =i % 5 FGF (5 i % X Wntf5 =
W FEAH EAEH, B TSR IR 0 M A R S5 4 5

B

2.4 THURRYEREs L

T4 M AR R A TR R Tl 2 A
HRAUMBE T, TGF-BI5 58 H MG T4 g (embryonic
stem cells, ESCs)f4EHERI4M ki % s e 07108,
TEARF TR T, TGE-pI5 518 % K I RER A
AL FE/NRFBIRG K F H, NodalZ i I a4
2 i AT T84 57 2 o G T A0 i ) 22 RE RS A W
T, —HNodalZhBEsIe, WG P2 i 140 i e
TR £ ZReE i Lt AR M e ™. B 5 IR
JEMAGRI A, NodalidZ 515 LA A (naive) 1] 1
A (formative) It . WEEh ¥ 2% LS5, Nodallll
L X — RS RRE, Bt T A E A AL s A i
FARGH i e RE
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TERAL, Nodalfe/IN BRI T 40 M 2 0 #ES7 Fg s 43
ferptuy EE A a0 S AN BUVRIG T 40 ie7E
B HIZIREIEATE SR, FF 2R Nodal FNIFGF&5: 2
Fivfs S 3m B  Dh RIVE Y. R 7ENodal A 7E B 10
T, ESCsARENIAH: 7346k EIRJET-40(EpiSC), Jf:
ARG AN A BB AL A eI RE . 7E/ N RUA
I B dm B2 15 2 RE T 41 i (induced  pluripotency
stem cells, iPSCs)id 2, BHIWITGE-BI5 518 A F)
TR E AR, B R 4 ) (8] B 240 A
Srk, TIBMPAE S W k2 4 A w0 b B i MET! Y,
MAE R0 M S g o, S X TGF-BI 538 A7
FEA R TIPSCsHI AT, (HAF T 4 F5 v 1 D) 55 2287 B R
W TGE-BAis 53 i X 41 1 1 i Lk i S 21,

552 A818l, Nodal/Activin/TGF-pfi5 538 B 1E NI £
fAEME T 41 g (human pluripotency stem cells, hPSCs) T4
AeFrrp v g em oY, Bk, LR BT hPSCsH;
TR R PR BRI Activin ABETGF-BURSEFFILZHE
PEL HOR, hPSCSEHAMNAEES BB SR, RA
ER A A R IR R KT Nodalid B AH G SE N, R
H 35T formative R HHIE. X —EBF B ARt T ZE /MR
Activin/Nodalf5 5 BRI, [HAA Bk H 3R EHHE
J1, Aotk #Z T, KEhPSCsIE Tt k%
e (primed pluripotency)”, % Tk W45 R e ik
FU AN, hPSCsHHILAETE [ 4M i Y Nodalfi 5 35
B A Nodal ZEAR KRR BE - o5 ni 25 40 B gtk

i 1 AR/ BRI G T4 M p9 44 A0 B 38
RAFFRLAEHSN, TGF-pI5E 5l gt AE AR T A by
WEEAM, M TN 1 T 20 R 2L AR A
MufE, TGF-BI5 i E AL ik i Lk A Pm i a5, M4
FETAnMamErR, A B TR 1k T A0, Ol i
BEPY. oA, TEIG T4, WntFINotch( 5 i i
[FIVEFHAERE T A0 FL IR EERTHE J1,  INTBMPA5 538 %
D400 75 4t L g TP A T A
BMP{5 53 i AN BH L E 20 i % fh e A 4 5 B, 38
R T H B R M T ) B b aris e RE, AR HE I
SR s A A A

3 TGF-BiE 5 g epam-h i

3.1 TGF-BI5 Tl e i v Hig
TGF-B5E 5 AT 1z B M EH, B1EN

— o Y G R A2 RS R, X e A e
MR THAEMIhBEEA ) 2 a2 w2k,
TGF-B15 518 B X 2R i i (Dendritic cells, DC)Y L)
AEA EERN. DCTEJS ShATE T TN e S ke
KHEVEA]. BtZ TGFBR2MIDCE S EZ 44 E RAE MISE
T2, X H FDCIHEA ROF I 1 PETA (T ), 173
B4R WAFN-y T4t T ThURITh1 740 (0 45121, et
TGF-BfE 5l 0 25 T MM I T 4 ffd(Langerhans
cells, — Rz kDO & B i 2. Hak, TGF-Bf il
S P TANM S fivis B G HE N 7, B AEUECD4” T4
LI T, AL 534k, PMRIFOXP3 4% S Rl I 2l T, 21
ML FEA LY. SR, TGF-pI558 i it 5
RORyt% s A T RV R e Th 1 740 e s 7 120,

Ji—J7 1, TGF-Bf-5 8 B 6l Th 1 A1 Th2 40 il 53
b, M4ERFTh1/Th2/Th17/T, ANMIEE A B4, 1k
b, TGF-Bfi 58 A E/EH TCDS” 4l dE Ttk e
M (cytotoxic T lymphocytes, CTL), Fii| EH&%E . 40
ML o i A A B PR T BE, AN ITTBELIT T CTL X e
20 L S T R A ) S R T TGE-BIE 5
W EEXTNK AN PRI . 2 i A At e e
IR EEETE, B NI £ Rl
4y T3k, M BEAENK A A 5 G ag Y. [k,
TGF-B {551 B -5 v 40 i R 1 v 4 i 1) B A 4
EPD RN AR Brbsd R A S B A A, S A A5 g 4
faE S,

/NSRS SRR T 5= TGF-Bl e 80 A=/
REAE SE, HAPRIML B SRy tEpam. I Hax
RAIATPEMHC 1B B2- Tk 8 1 3 A A sk e ki, ik idd
W22 TGF-B 1435 | B TAN M A i B s s g 201, 2%
LAY, L6 TR S B2 TGE-B2 AR el Bt ARt 25 9 55
T AL ™ 1 4 4 R .

25 LTIk, TGF-B5 538 I 7E S N 9 ik S I Hh &
VR SAEMVE. — 7T, I T 45230 40 n i
TEAECR AN, B 1S RV K455 & A B eis; 7
— D5, EARHE T T, AN Ak, AERFHLIA Y S E i
3%Z. TGF-PAe538 B 10 55 R ARHE AT X — o 17
i, 1S BRI B A B e R I & A

3.2 TGF-BIE 'l fELr At o it ot

R L1071 1IN BN = ST 1 -
B, AU MIANE S BETO, S EUEIRFIR T 2
Bepeg 10 TGR-BIE S 3 B i T
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LRAEAR RN b R AR T R AR Aoy TGFR-pit—
Tl K A BT 24 A R 5 35, RE AR b T A 2 A e A
o-FIE WUILBhEE . 22 R0 40 2135 57 100 LA S 4 25
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A RE ST ILZFP AR T, 5 F R ANME . ey 4t
DA R A LA T 5540 A 45 . TGF-BIE 5l I R 1t 175
A RMFEE, DTG T A0 A -5 A0 A A T AR
YEA, TERUE SR, B TR T L 4E i
4b, TGF-pf Tl st gl i A L gk i 4 &
avB6. b R A5 LA K S b R 4N A AE
TR R AR A, FRE D A e T R R
LA SRR deb) i TR s 1 sk,
TGF-Bf5 518 % vl Ll a5 5 N f2 A K ] F VEGF 4§
Ik, PEdER A A A4, ML 4l S
Fe A TGF-pIE 5 i B A 3k i o 2 S 80 1 A
BN, T R A R B LT i 4N i A 2 Y
AN LT (ECM) R4, MMl 2F i fb K e,
B2, o RS TGE-BIE 514 S A5 | R BRE LR
Hefb, A SFEEEUIRE .

TR AR, Fa e — AN EEM LY E
e, W AT RE AL AR FNIG AL, TGF-Bl5 5l M AELF
ey b (G A R R B OO AE A, i iy
AT AEA M AT . AETE . ARITAECMA 1Y, HESh T
YA &Y FEZ BN, MR BB/
B AN 25 oy Wb 22 PP SRS, ST ) R I A A e,
iR i =N )| WA o RO S s > e (1K= e
B 27 A Al R st BERG A, O AR AR AL, AT
B R A, TGFBIE-S-8 B F RE 1A S 114
240 i B L DR SR B P AL T 2 AR T
bt A, 2R NUFEAE DR, Ol AT 2 41 it
i 3 TGF-BA 5 8% 1 J8006 17 5% 04k ok WL 2T 4t 240
JatS Sk i R B B 4 R SRR S T
AHEAER, A5 O NE LT 4E4n i . Se 2, LS 4
RMZAK. TGF-BIEN—FPZ a4 ia N+, REASIEE
A AEA LIS TE . T8, THAREI1RIINULLT4E
YREE SRR E, Wo-FHENNLEIE A (@SMA). 1Ak,
TGF-Bik fEFCG U I ALEF 40 M P () Yap/ Taz, X864
SR R T — AR T O USR5 O R LT SRR Y
KR i, JFEDRANMTE RS T st
FEAAALEE T, AERFECMA-Ar. (HAE P4, &%
SR AT BRI WU T A i, 2k &
MR, FIHaSMA, HIFLEAERFEE A, IS8
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3.3 TGF-pi& ' Smg fEmt ke i ohhg

TGF-Bf 51 J% 75 Z Rt AL P vh 4 i sk
f,  XBEPOR AR (H AN PR T 38 A4 B 2 4
PragaE mEh ke RV SRR
TTERA EP L B -t R AR O ek
PR, TGF-BIE5- AT, U5 5 s s i,
A RE S BONE R IIE « O I R R 20 28 B 47 i fh 25—
IR B (F2).

LAk, 2R P A8 7R T TGF-B
KIEZARBITE TN, X B 0 B2 IR R R AL 55
L B FER AL R g /N I 595 8 1 I RN SRR KT . TGF-B
1553 R 5 Bl sh bk i PR A 5%, 3k S — il LA Bl ik
Vi L) AR = 40 05 0T /N 20 fok P B 348 T2 Ry R A ) 7
PR, FIEPEN s bk -5 BMPR23E [ (1) T
PEBIR ARG 5, %L R S 1) 52 AT i 20 ok F- vk L
AR FIN B AR K T R, S ESMAD G s i/
B p38 22 S4B (H I (MAPK) G 4 m,  nl g
FOM A Ve LA ) 2o g .

TGF-Bf5 51 B 44 38 15 B R i s A D),
X T 7 25 TIE R P R 25 B AE A5 I PR 0 1)
BRE. XLeg T, BT TGE-BM5 Sl s i3 BT AL,
SEF AR E G IER N, BT E sk E .
W LFIRFE A RS, IEAb, TEGT ORI o R, ande
IR, WALEEEI TGE-BI5 5l B g2k, ek 7
i R AR R ER 09 T IR MEVEGFAZ 44 - 1 (sSFLT 1)K F- T
=, AIAgE > VEGFELAR S N B2 4l VEGFZ ik
ik R FEVE . TRIRE, AT PEendoglinfy KT
A BE S SFLT LEMAIME A, S8 it 45 A G R TGE-B, i
T TGFBR2FIALKSIKH 5 51, E—HAMIAS
fiti-3(NOS3, eNOS)IBLIE K F-REAR, 1M &7 5K SN ik
55, M2 I T,

3.4 TGF-B{& ' Sl A A1

TGF-Bf 518 P AE i Hh 280 H XCE A A, BB READ
il et RO O b 1, R T PR S A
RIEBTBE. TERAE R, TGF-BIE5- Bl 1175 S 40 i
JAT AN AN 0 e, A IR T .
{8 — EL 958 290 B30 Ao e 2 %5 U T ) S 1B T 3k A
T-fiig, TGF-pfi Sl 2@ fE HEEMT. s
eI AR Ay A R R ot R AN A 200,
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TEENRE T, TGF-Bs 58 A FIH T2 T-HLHI
B30 e O A0y i e R P A S R T (WSO X4
KLFS)A ARSI . 7E AT A N R AR (WK RAS)
FRJE R A8 b R HLAR L P, TGF-Bf5 51l I 5 RAS/
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MNITB & B A PEEMT HERE, e S anpya =7,
SRR I AR . il . R R 4L/
R 2 45 B BAIE.

SRIM, T2 S8 o WA JE TGF-BI5 5 2k
TEEAT N4S s TGFBR2SEAS . s rh i
SMADAGRA S, X UERASHEIN T TGF-B15 51 - T 5k
MEIHT-RYRE ST, AR vl T TGF-BMs 58 A
HFIVER]. BIME7ER 8 52 8 TGE-BM5 5 il fs ny g b, 98
201 it s B 1t Al AL R A S PISK/AK TR 5 K i
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I e e PR 5% PP A TGF- Bl S 35 sg b 2, ik S0
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29101 2009 U DIPG 3 [ I 5 HF ACVR 1 5L [ 5%
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FIRERIFEARIRIME, 186 % BN DIPG Y MA RS 1
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The Transforming Growth Factor-f (TGF-B) signaling pathway plays a crucial role in regulating various essential
biological processes, including embryonic development, tissue homeostasis, immune response modulation, and wound
healing in multicellular organisms. TGF-f family ligands initiate signaling cascades by binding to specific cell surface
receptors, regulating diverse cellular activities such as proliferation, phenotypic plasticity, migration, metabolism, and
immune responses across various cell types. Upon ligand binding, TGF- receptors undergo phosphorylation, activating
intracellular SMAD proteins that translocate to the nucleus to influence gene expression. In addition to the canonical
SMAD pathway, non-SMAD pathways are also activated, contributing to the wide range of cellular responses elicited by
TGF-B signaling. This pathway’s versatility and extensive impact are evident across multiple physiological and
pathological contexts. Dysregulation of the TGF-B signaling pathway is closely associated with the development and
progression of numerous diseases. For instance, aberrant TGF-f signaling is a hallmark of fibrosis, characterized by
excessive connective tissue deposition, leading to tissue scarring and impaired organ function. In cancer, TGF-f exhibits a
dual role: it acts as a tumor suppressor in the early stages by inhibiting cell proliferation, but in advanced stages, it promotes
tumor progression by facilitating epithelial-mesenchymal transition (EMT), invasion, and metastasis, as well as modulating
the tumor microenvironment to evade immune surveillance. This review provides a comprehensive examination of the
components and mechanisms underlying the TGF-f signaling pathway. It emphasizes the pathway’s critical role in
embryonic development, including its involvement in germ layer formation, organogenesis, and body patterning.
Additionally, the review highlights the significance of TGF-f signaling in stem cell biology, where it regulates stem cell
maintenance, differentiation, and interactions within the stem cell niche. The review further delves into the implications of
TGF-B signaling in various diseases, particularly its impact on immune regulation, fibrosis, and cancer progression. The
ability of TGF-B to modulate immune responses is especially pertinent in chronic inflammatory conditions and cancer,
where it can suppress anti-tumor immunity and foster an immunosuppressive environment conducive to tumor growth.
Finally, the review explores emerging therapeutic strategies targeting the TGF-f signaling pathway for disease treatment.
These strategies include the development of small molecule inhibitors, neutralizing antibodies, and receptor kinase
inhibitors that aim to modulate the pathway’s activity. By targeting specific elements of the TGF-f signaling cascade, these
therapeutic approaches hold significant promise for treating diseases associated with TGF-B dysregulation, offering
potential for improved clinical outcomes. In sum, this review provides a comprehensive analysis of the TGF-f3 signaling
pathway, elucidating its critical roles in both physiological and pathological contexts. It underscores the necessity for
ongoing research to develop innovative therapeutic strategies, with the goal of leveraging the pathway’s potential for
clinical applications.
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