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摘要 转化生长因子-β(transforming growth factor-β, TGF-β)信号通路在后生动物胚胎发育、组织稳态和疾病中扮

演重要角色, TGF-β家族配体蛋白通过配体蛋白与细胞表面受体结合启动信号传导, 进而通过调控细胞增殖、表型

可塑性、迁移、代谢和多种细胞类型的免疫反应等影响细胞生理过程. TGF-β信号通路对于细胞生物学过程的调

控至关重要, 其异常调节与多种疾病的发生发展密切相关. 本综述回顾了TGF-β信号通路的组成和作用机制, 并阐

述了其在胚胎发育和疾病中的作用. 不仅探讨了其在干细胞和三胚层发育中的功能, 还总结了其对免疫、纤维化

和癌症的影响. 最后, 讨论了如何精准靶向TGF-β信号通路来治疗疾病的新策略.
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TGF-β家族蛋白在发育、组织稳态和疾病发生过

程中发挥着重要的调控功能[1~6]. 这些配体通过丝/苏氨

酸激酶跨膜受体激活细胞质内的SMAD(drosophila
mothers against decapentaplegic protein)转录因子, 激活

的SMAD复合物进入细胞核, 与多种转录调控因子结

合共同调节下游靶基因的表达, 从而达到对细胞生理

过程的调控[7]. TGF-β信号通路除了通过SMAD途径外,
还可通过调控其他信号通路如丝裂原活化蛋白激酶

MAPK(mitogen-activated protein kinase)和PI3K-AKT通
路来发挥作用[8]. 此外, TGF-β信号通路可以通过相互

作用或相互调节与其他信号通路相互作用, 如PI3K-
AKT-mTOR通路、Wnt信号通路、Notch信号通路和

NF-κB信号通路. 在不同的环境中, 这些相互作用可以

放大或调节TGF-β介导的细胞生理功能[9]. TGF-β信号

通路的失调与发育障碍、癌症、纤维化、自身免疫炎

症反应等多种疾病有关[10~13]. 在过去的几十年中, 大量

研究试图揭示TGF-β信号传导在不同细胞和组织类型

中的分子机制、生理功能和疾病相关性[1,3,14].
在发育过程中, TGF-β信号通路参与了胚胎发育、

器官形成和组织维持等关键过程[2,15~18], 其正常调控对

于保证身体各部位的正常发育和功能至关重要. TGF-β
信号通路在癌症发生发展过程中的作用备受关注, 因

为它具有双重作用, 既可以促进肿瘤的生长和扩散, 也
可以抑制肿瘤的发展. 一方面, 在某些情况下, TGF-β信
号通路能够抑制肿瘤的生长, 这被称为其抑癌作用. 它
可以抑制细胞的增殖, 诱导细胞凋亡, 以及调节肿瘤细

胞和周围正常细胞之间的相互作用, 从而抑制肿瘤的

生长和扩散. 另一方面, TGF-β信号通路也可以促进肿

瘤的发展. 在某些情况下, 癌细胞能够逃避TGF-β信号

通路的抑制作用, 并利用其促进肿瘤血管生成、抑制

免疫反应、促进细胞迁移和侵袭等特性来推动肿瘤的

生长和转移[5,13,19~22]. 除癌症外, TGF-β信号通路在纤维

化疾病和自身免疫疾病中也扮演着重要角色[9,10]. 在纤

维化过程中, TGF-β信号通路的异常激活导致成纤维细
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胞的增殖和胶原合成增加, 最终导致组织瘢痕形成和

器官功能受损. 而在自身免疫疾病中, TGF-β信号通路

的失调可能导致免疫系统对自身组织的攻击, 引发炎

症反应和组织损伤[1,4,11,23].

1 TGF-β信号通路

TGF-β信号通路是高度保守的, 其核心成分是细胞

外配体、细胞膜表面受体和细胞内SMAD蛋白, 首先

我们将对这些核心成分进行介绍(表1).

1.1 TGF-β家族配体

TGF-β信号通路的配体根据氨基酸序列相似性和

其激活的特异性信号通路, 可将其分为TGF-β/Nodal/
Activin亚家族和骨形成蛋白(bone morphogenetic pro-
tein, BMP)亚家族两大类. 在哺乳动物中, TGF-β/No-
dal/Activin亚家族由多种成员组成, 包括TGF-β1、
TGF-β2、TGF-β3(统称为TGF-β)、Nodal、4种活化素

(Activin)、抑制素(Inhibin)、5种生长分化因子(GDF1/
3 / 8 / 9 / 1 5 )、及阻断Nod a l共受体的LEFTY1和
LEFTY2[24~26]. 其中, TGF-β是研究最为透彻的一类, 它
们由前体经内切酶作用产生成熟的TGF-β, 后者通常与

潜伏相关肽(latency-associated peptide, LAP)形成非共

价复合物存在[27,28]. 这种“待活化的TGF-β复合物”需要

经过活化过程, 如蛋白酶降解或整合素作用等, 使TGF-
β从LAP解离并暴露出与受体结合的区域[28]. 部分TGF-
β家族成员还可与潜在TGF-β结合蛋白LTBP或转膜蛋

白LRRC32结合[27,29,30]. BMP亚家族包括11种BMP
(BMP2-8a/8b/9/10)、4种GDF(GDF5/6/7/10)和抗缪勒

氏管素(AMH)[31]. 与TGF-β亚家族不同, 这些配体大多

数以活性二聚体形式直接分泌, 但也存在一些天然蛋

白如NOGGIN、CHORDIN等可与之结合[32~34], 从而阻

止其与细胞膜表面受体的结合.
尽管两个亚家族的配体具有一些共同的结构基础,

如二硫键连接的二聚体结构和单体的“半胱氨酸结”等,
但在与膜受体的结合机制和调节方式上存在较大差

异[35]. TGF-β/Activin首先与II型受体结合, 然后招募I型
受体形成四聚体受体复合物. 而BMP则优先与I型受体

结合, 再与II型受体相互作用. 不同亚家族成员与受体

的结合位点和亲和力也有所区别, 反映了TGF-β信号通

路调控的复杂性和多样性. 此外, 许多内源性可溶性蛋

白如α2-MACROGLOBULIN、FOLLISTATIN等[36], 能

够调节TGF-β家族配体与受体的结合, 在生理和病理过

程中发挥重要作用.

1.2 TGF-β家族受体

哺乳动物基因组编码了7种I型受体和5种II型受体,
它们对不同的TGF-β家族配体具有特异的结合偏

好[35,37]. 在II型受体中, Activin II型受体(ACVR2)和
ACVR2B能与来自不同亚家族的多种配体结合, 而骨

形成蛋白II型受体(BMPR2)则特异地与BMP亚家族的

配体结合, TGF-β II型受体(TGFBR2)和AMH II型受体

(AMHR2)仅与TGF-β和AMH相互作用[31].
在TGF-β亚家族中, TGF-β I型受体(TGFBR1,

ALK5)与TGF-β、肌肉生成素和GDF11结合, 而Activin
I型受体B(ACVR1B, ALK4)和Activin I型受体C
(ACVR1C, ALK7)则被其他TGF-β亚家族成员共享. 在

BMP亚家族中, 活化素受体样激酶(ACVRL1, ALK1)被
BMP9和BMP10共享, Activin I型受体A(ACVR1A,
ALK2)、骨形成蛋白I型受体A(BMPR1A, ALK3)和骨

形成蛋白I型受体B(BMPR1B, ALK6)则被其他BMP亚
家族成员共享[38]. TGF-β家族配体首先结合并募集I型
和II型丝/苏氨酸蛋白激酶受体形成复合物, 在受体复

合物中, II型受体磷酸化并激活I型受体, 后者进一步磷

酸化SMAD蛋白(R-SMADs)的C端结构域.

1.3 SMAD蛋白

SMAD蛋白是一类重要的转录因子, 在TGF-β和
BMP信号通路中发挥关键作用(图1)[39,40]. 在哺乳动物

中, 存在8种SMAD蛋白(图2)[8,41]. 这些SMAD蛋白在结

构上的N端和C端结构域分别称为MH1和MH2结构域,
之间由一个灵活的连接区分隔开[35,42,43]. N端结构域与

DNA结合, 而C端结构域含有与I型受体、受体适配蛋

白、其他SMADs、核质穿梭因子、DNA结合辅因

子、组蛋白乙酰化酶(如p300和CBP)以及染色质重塑

蛋白等的相互作用位点. TGF-β亚家族的I型受体主要

磷酸化SMAD2和SMAD3, 而BMP亚家族的I型受体磷

酸化SMAD1、SMAD5和SMAD8, 在某些情况下会发

生SMAD的交叉激活[44]. 这五种SMAD蛋白被称为“受
体调控的SMADs”(receptor-regulated SMADs, R-
SMADs). 与许多关键信号介质一样, R-SMADs的表达

水平和活性也通过翻译后修饰(尤其是连接区的翻译

后修饰)的途径受到严格控制[41,45,46].
R-SMADs的DNA结合活性对于它们作为信号通

路的转录因子的作用至关重要. 尽管它们能够与DNA
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结合, 但这并不足以决定TGF-β靶基因的通路特异性和

细胞类型特异性选择. TGF-β信号通路靶基因的选择取

决于R-SMADs与特定环境转录因子(TFs)差异性结合

的能力, 形成特异性的DNA结合复合物. 通过与细胞特

异性的转录调控因子结合, TGF-β活化的R-SMADs和
BMP活化的R-SMADs获得对不同靶基因的染色质结

合能力, 并产生通路特异性的转录调控[47].
SMAD4不是受体底物, 也不需要用于R-SMAD的

核转位, 但它是大多数SMAD介导的转录调控的重要

参与者 , 也称为Co-SMAD(Common SMAD)[39 ] .
SMAD4所起的具体功能仍有很多未知[48]. SMAD6和
SMAD7是抑制性SMADs(inhibitory SMADs, I-

表 1 TGF-β信号通路成员[1,9]

Table 1 Components of the TGF-β signaling pathway

TGFβ家族 配体 TypeⅠ型受体 TypeⅡ型受体 协同受体 SMAD

TGF-β/Nodal
亚家族

TGF‒β1 TGFBR1 TGFBR2 Beta glycan SMAD2/3

TGF‒β2 TGFBR1 TGFBR2 Beta glycan SMAD2/3

TGF‒β3 TGFBR1 TGFBR2 Beta glycan SMAD2/3

Activin A ACVR1B, ACVR1C ACVR2A, ACVR2B ‒ SMAD2/3

Activin B ACVR1B, ACVR1C ACVR2A, ACVR2B ‒ SMAD2/3

Activin C ACVR1B, ACVR1C ACVR2A, ACVR2B ‒ SMAD2/3

Activin E ACVR1B, ACVR1C ACVR2B ‒ SMAD2/3

Nodal ACVR1B, ACVR1C ACVR2A, ACVR2B cripto/TDGF1, cryptic/CFC1 SMAD2/3

GDF1 ACVR1B, ACVR1C ACVR2A, ACVR2B cripto/TDGF1, cryptic/CFC1 SMAD2/3

GDF3 ACVR1B, ACVR1C ACVR2A, ACVR2B cripto/TDGF1, cryptic/CFC1 SMAD2/3

GDF8 ACVR1B, ACVR1C ACVR2A ‒ SMAD2/3

GDF9 ACVR1B BMPR2 ‒ SMAD2/3

GDF11 ACVR1B, TGFBR1 ACVR2A, ACVR2B ‒ SMAD2/3

Inhibin ‒ ACVR2A betaglycan ‒

Lefty1 ‒ ‒ cripto/TDGF1, cryptic/CFC1 ‒

Lefty2 ‒ ‒ cripto/TDGF1, cryptic/CFC1 ‒

BMP亚家族

BMP2 BMPR1A, BMPR1B ACVR2A, ACVR2B, BMPR2 RGM SMAD1/5

BMP3 ‒ ACVR2B ‒ ‒

BMP4 BMPR1A, BMPR1B ACVR2A, ACVR2B, BMPR2 ‒ SMAD1/5

BMP5 ACVR1A, BMPR1A, BMPR1B ACVR2A, ACVR2B, BMPR2 ‒ SMAD1/5

BMP6 ACVR1A, BMPR1A, BMPR1B ACVR2A, ACVR2B, BMPR2 RGM SMAD1/5

BMP7 ACVR1A, BMPR1A, BMPR1B ACVR2A, ACVR2B, BMPR2 ‒ SMAD1/5

BMP8 ACVR1A, BMPR1A, BMPR1B ACVR2A, ACVR2B, BMPR2 ‒ SMAD1/5

BPM8B BMPR1A, BMPR1B ACVR2A, BMPR2 ‒ SMAD1/5

BMP9 ACVRL1 ACVR2, BMPR2 endoglin/ENG SMAD1/5

BMP10 ACVRL1 ACVR2, BMPR2 endoglin/ENG SMAD1/5

BMP15 BMPR1B BMPR2 ‒ SMAD1/5

GDF5 BMPR1A, BMPR1B ACVR2, ACVR2B, BMPR2 ‒ SMAD1/5

GDF6 BMPR1A, BMPR1B ACVR2, ACVR2B, BMPR2 ‒ SMAD1/5

GDF7 BMPR1A, BMPR1B ACVR2, ACVR2B, BMPR2 ‒ SMAD1/5

GDF10 BMPR1A, BMPR1B ACVR2, ACVR2B, BMPR2 ‒ SMAD1/5

AMH ACVR1A, BMPR1A AMHR2 ‒ SMAD1/5

GDF15a) GFRAL

a) GDF15与TGF-β成员同源性低, 其特异性受体为胶质细胞源性神经营养因子(glial-derived neurotrophic factor, GDNF)样受体α(GDNF
receptor alpha-like, GFRAL)
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SMADs), 分别与SMAD4和I型受体相拮抗. TGF-β、
BMP、干扰素-γ(IFN-γ)和其他信号诱导SMAD7的表

达进而进行负反馈调控[39].
综上所述, 分泌型TGF-β配体、跨膜受体激酶和

SMAD效应蛋白, 它们构成了TGF-β信号从细胞表面传

递到细胞核的核心信号元件. TGF-β信号通路通过细胞

内复杂的传导网络, 对细胞命运和生理过程起着重要

的调控作用[49].

2 TGF-β信号通路在胚胎发育过程中的功能

胚胎发育是由各种分子信号通路时空特异调控的

过程, 其中TGF-β信号通路发挥着重要作用. 我们将在

从三胚层发育、体轴的建立、胚外组织的形成及干细

胞维持这些不同的角度探讨TGF-β信号通路的多种功

能. 生殖细胞中TGF-β信号通路成分异常(突变)会导致

遗传病的产生, 如马方综合征、先天性心脏缺陷等

(表2).

2.1 TGF-β信号通路在三胚层发育过程中的调控

在胚胎三胚层形成和器官发育过程中, TGF-β家族

成员发挥着关键的调控作用[15,20]. 尤其是Nodal和BMP
信号通过精细协调, 参与了三胚层的定位和分化[16]. 背
侧组织者区域(Dorsal Organizer Region)是胚胎体节运

动开始的部位, 也被称为斯彭曼-曼戈德组织者(Spe-
mann-Mangold Organizer)(绵羊胚胎和斑马鱼)或节区

(Node)(小鼠胚胎)[87,88]. 在原肠作用过程中, 上皮细胞

向间质转化(Epithelial-Mesenchymal Transition, EMT)
是细胞发生迁移运动的关键途径, EMT由SNAIL、
ZEB和TWIST转录因子以及平衡这一调控网络的mi-
croRNAs驱动[89]. TGF-β信号通路是发育性和纤维性

EMT的强效诱导因子, TGF-β信号通路依靠RAS和
MAPK通路诱导EMT, 最新的研究表明, RREB1能够连

接TGF-β-SMAD和RAS-MAPK通路, 促进特定靶基因

的转录表达从而诱导EMT进程[90].

图 1 TGF-β信号通路(图片由BioRender.com生成). TGF-β配体与LAP形成的“待活化的TGF-β复合物”在整合素作用下释放出TGF-β后首先与II
型受体结合,然后招募并磷酸化I型受体形成四聚体受体复合物. 受体复合物激活后I型受体磷酸化SMAD2/3, 后者与SMAD4结合形成复合物后

进入细胞核, 与多种DNA结合转录因子结合参与基因转录调控. 与TGF-β略有不同, BMP配体大多数以活性二聚体形式直接分泌首先结合I型受

体, 再与II型受体结合, 随后磷酸化I型受体形成四聚体受体复合物. 受体复合物磷酸化SMAD1/5/8, 后者同样地与SMAD4结合形成复合物后进

入细胞核, 参与基因转录调控
Figure 1 TGF-β signaling pathway(Created with BioRender.com). The “latent TGF-β complex”, consisting of TGF-β ligands bound to latency-
associated peptide (LAP), becomes activated through integrin-mediated release of TGF-β. Initially, TGF-β 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-β signaling
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Nodal是TGF-β家族中一种高度保守的配体, 在早

期胚胎发育阶段广泛表达. 研究表明, 在小鼠胚胎早期

发育过程中, Nodal信号激活的下游, TRIM33蛋白一方

面能够与SMAD2/3-4形成复合物, 另一方面能够识别

图 2 SMAD效应蛋白(图片由BioRender.com生成). (a) SMAD蛋白分类. (b) R-SMAD由N端的MH1结构域和C端的MH2结构域由linker连接组

成. MH1结构域与DNA结合; MH2结构域与蛋白结合, 如I型受体、转录因子和染色质重塑蛋白等. R-SMAD的MH2结构域末端具有SSXS motif,
使其能够被I型受体磷酸化. MH1结构域具有核定位信号, linker区域具有MAPK磷酸化位点. Co-SMAD/SMAD4同样由MH1结构域, MH2结构域

和linker组成. 其MH1结构域具有核定位信号, linker区域具有MAPK磷酸化位点和核输出信号. I-SMAD的N端没有典型的MH1结构域, 但仍具

有C端MH2结构域和linker, 以及linker上的MAPK磷酸化位点
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. I-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

图 3 TGF-β信号通路在癌症中的双重作用(图片由BioRender.com生成). TGF-β信号通路在癌症中的双重作用主要取决于肿瘤的发展阶段. 在

癌症发展早期, TGF-β信号通路通过诱导肿瘤细胞凋亡抑制其进一步发展, 从而发挥肿瘤抑制作用. 当癌症进一步发展, 肿瘤细胞TGF-β信号通

路与细胞凋亡解耦或失活后, 肿瘤则能够利用自身或微环境中的TGF-β信号通路促进EMT、免疫逃逸、血管生成等方式促进肿瘤的进展和转

移
Figure 3 The dual roles of the TGF-β signaling pathway in cancer (Created with BioRender.com). The role of the TGF-β 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-β 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-β 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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组蛋白上H3K9me3-H3K18ac双修饰促进中内胚层标

志基因的转录, 从而决定了中内胚层细胞的命运[91,92].
在小鼠和人胚胎干细胞中, Nodal信号不仅能够通过

p53和WNT3介导活化TCF转录因子促进中内胚层分化

相关基因的转录[93], 还能与先锋转录因子FOXH1结合,
激活下游中内胚层特异性基因表达[94~96]. 除了Nodal外,
Activin作为一种重要的生长因子, 在胚胎发育的方方

面面发挥着调控作用, 参与了从最初的细胞分裂、体

节形成到最终器官发育的整个过程[16].
在胚胎早期发育阶段, BMP信号通路能够诱导不

同细胞类型分化为特定的器官细胞, 例如骨骼、神经

等. 在神经系统的形成中, BMP信号通路不仅参与神经

管的闭合和神经细胞的分化, 还可以影响神经元轴突

的生长和突触形成, 从而调节神经网络的建立和功

能[97,98]. 在骨骼发育中, BMP信号通路在成骨细胞分化

中发挥核心调控作用[99]. 但在某些情况下, BMP信号通

表 2 TGF-β信号通路异常与遗传病
Table 2 TGF-β signaling pathway abnormalities and genetic diseases

突变基因 相关疾病

TGF-β/Nodal亚家族配体

TGFβ1
进行性骨干发育不良[50]

炎症性肠病和脑病[51]

TGFβ2 洛伊-迪茨综合征4[52,53]

TGFβ3

洛伊-迪茨综合征5[54]

心律失常性心室发育不良[54]

马方综合征[54]

主动脉瘤[55]

Nodal 孤立性心血管畸形[56]

GDF1 先天性心脏缺陷[57]

GDF3 眼部和骨骼异常[58]

BMP亚家族配体

BMP2 身材矮小、骨骼和心脏异常[59]

BMP4
腭裂[60]

眼部畸形[61]

BMP6 铁过载[62]

BMP7 眼、脑、耳、腭和骨骼异常[63]

BMP9/GDF2 血管异常综合征[64]

BMP15 高促性腺激素性卵巢衰竭[65]

GDF5
多发性骨性连接综合征[66]

A2型短指症[67]

GDF6 多发性骨性连接综合征[68]

AMH 持续性苗勒管综合征[69]

Type I型受体

TGFBR1 洛伊-迪茨综合征[70]

BMPR1B A2型短指症[71]

ACVR1A 进行性骨化性纤维发育不良[72]

ACVRL1 遗传性出血性毛细血管扩张症[73]; 肺动脉高压[74]

Type II型受体

TGFBR2 洛伊-迪茨综合征[70]

ACVR2B 左右轴发育畸形[75]

BMPR2 原发性肺动脉高压[76]

AMHR2 持续性苗勒管综合征[77,78]

SMAD

SMAD1 肺动脉高压[74]

SMAD2 先天性心脏病[79]

SMAD3 胸主动脉瘤[80], 洛伊-迪茨综合征3[81], 冠心病[82], 哮喘[83]

SMAD4 迈尔综合征[84], 肺动脉高压[85], 幼年性息肉病[86]

SMAD8 肺动脉高压[74]
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路也能诱导破骨细胞分化和骨吸收. 因此, BMP信号通

路在调控骨重建过程中发挥双向调节作用. 适度水平

的BMP信号通路促进间充质干细胞向成骨细胞分化、

成骨细胞功能以及骨形成, 同时抑制破骨细胞的分化

和功能, 有利于骨组织的生长和发育, 但过度活化的

BMP信号通路则会导致骨质疏松等骨代谢失调、异位

骨化等(如斯蒂芬森骨化肌病)[100]. 精确调控BMP信号

通路活性水平对于维持正常的骨重建动态平衡至关重要.
总之, TGF-β家族成员通过调控发育相关基因的时

空特异性表达, 在三胚层分化的发育阶段发挥着关键

调控作用.

2.2 TGF-β信号通路在体节轴发育过程中的调控

在胚胎早期发育中, Nodal在脏器内胚层(anterior
visceral endoderm, AVE)中呈现不对称的表达模式, 在

后方区域表达较高, 形成一个向前方逐渐降低的浓度

梯度[18,101]. 其中, Nodal通过在AVE中诱导其拮抗因子

的表达, 形成一个负反馈调控环路, 达到精细调节No-
dal浓度梯度的动态平衡[102], 从而建立整个胚胎体节轴

的极性格局 [103,104]. 总结来说, 较高水平的Nodal/
SMAD2/3信号诱导分化形成前体节区和节区等体节前

端衍生物, 包括内肠外肺和前体节组织; 中等水平信号

则指导心肌细胞和体节旁间充质细胞的形成; 而低水

平信号则参与诱导更侧向的中胚层细胞命运, 如侧向

间充质细胞. 同时, 一些调节因子如ARKADIA通过调

控SMAD2/3复合物的稳定性和转录活性, 精细调节No-
dal/SMAD2/3信号强度, 从而指导原肠胚沿体节轴的有

序分化, 进而影响肝、胰、肺等内脏和心血管系统等

关键结构的形成[2,20].
在胚胎发育中, BMP配体和拮抗剂在背腹轴上呈

现明显的不对称表达模式. BMP配体主要在腹侧表达,
而BMP拮抗剂则在背侧和背侧组织者区域高表达[32,33],
而BMP受体和SMAD蛋白则在整个胚胎中广泛表

达[105]. 此外, 还有一些调节因子通过影响拮抗剂的结

合和降解, 进一步调节BMP信号在体轴形成中的时空

分布和活性梯度. 总结来说, 高水平的BMP信号诱导腹

侧组织命运, 而BMP信号被阻断则导致背侧组织发育

形成脊索、脑和前脊索板等. 因此, BMP信号梯度通过

其在体节轴方向上的不对称分布, 调控着下游靶基因

的时空表达模式, 进而指导胚胎不同区域细胞分化成

不同的组织类型, 是控制胚胎体节轴形成的关键调节

因子.

综上所述, TGF-β家族成员Nodal和BMP在胚胎发

育中建立的浓度梯度通过精确调控多种发育信号分子

的时空活化模式, 引导原肠胚层细胞按照体节轴的位

置信息有序分化为不同的胚层细胞类型. 这些信号通

路与其他发育调控机制协同作用, 奠定了整个胚胎发

育的基本框架, 最终促进了三胚层区域的形成以及各

器官系统的发育.

2.3 TGF-β信号通路在胚外组织发育过程中的调控

除了指导胚胎本体的形态建构, TGF-β家族信号分

子还参与了胚外组织的形成过程, 这些胚外组织在供

给营养和氧气、维持胚胎发育环境等方面发挥着关键

作用. 哺乳动物胚胎在子宫内着床时, 形成的囊胚由内

上胚层(Inner epiblast, EPI)、滋养外胚层(Trophecto-
derm, TE)和将形成胎盘的滋养细胞(Trophoblasts, TRs)
组成. 在滋养外胚层的发育中, TGF-β信号通路与

FGF、Hippo等通路紧密协作调控着细胞命运决定. 在

中心区域, TGF-β和FGF维持着干细胞群; 在边缘则介

导了分化细胞的迁移. 同时, TGF-β和FGF还调节细胞

对分泌素(细胞因子、细胞外基质成分、核酸分子、

外泌体等)的反应,影响滋养细胞分化,并受到细胞定位

的反馈调节. 此外, BMP4在胚泡期的滋养外层细胞中

高表达, 诱导滋养外胚层分化[106]. TGF-β/Nodal/Activin
信号通路介导了原始内胚层细胞(Primitive Endoderm,
PrE)的特异性分化及定位, 促进细胞附着于PrE并形成

营养滤泡. Nodal信号通路与FGF信号通路及Wnt信号

通路相互作用, 确保了营养滤泡的极性化和结构完

整性.

2.4 干细胞的维持和分化

干细胞的特点是具有自我更新和分化成多种细胞

类型的能力, TGF-β信号通路对胚胎干细胞(embryonic
stem cells, ESCs)的维持和分化起着关键作用[26,107,108].
在不同干细胞状态下, TGF-β信号通路发挥的功能各不

相同. 在小鼠早期胚胎发育中, Nodal是维持并调控内

细胞团和滋养层中胚胎干细胞的多能性状态的必需因

子, 一旦Nodal功能缺失, 胚胎内细胞团中的干细胞群

体失去多能性而过早进入神经分化途径[109]. 随着着床

后胚胎的发育, Nodal还参与调节从原始态(naïve)向活

化态(formative)的过渡. 成功过渡到活化态后, Nodal则
继续维持这一状态的稳定, 确保干细胞具有生殖细胞

和体细胞分化的能力.
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在体外, Nodal在小鼠胚胎干细胞系的建立和转分

化中也扮演重要角色[110]. 原始态的小鼠胚胎干细胞在

退出该状态进入活化态时, 需要依赖Nodal和FGF等多

种信号通路的协同作用[24]. 只有在Nodal存在的情况

下, ESCs才能顺利转分化为上胚层干细胞(EpiSC), 并

获得体细胞和生殖细胞分化的全能潜能[107]. 在小鼠体

细胞重编程为诱导多能干细胞(induced pluripotency
stem cells, iPSCs)的过程中, 阻断TGF-β信号通路有利

于提高重编程效率, 因为它能抑制细胞向间质样细胞

分化, 而BMP信号则促进重编程初始阶段的MET[111];
而在人体细胞重编程中, 尽管最终TGF-β信号通路的存

在有利于iPSCs的获得, 但在重编程中期则需要暂时阻

断TGF-β信号通路对细胞的间质化诱导作用[112,113].
与之相似, Nodal/Activin/TGF-β信号通路在人源多

能性干细胞(human pluripotency stem cells, hPSCs)干性

维持中也扮演着关键角色[114]. 首先, 几乎所有hPSCs培
养体系中都需要添加Activin A或TGF-β1来维持其多能

性[115]. 其次, hPSCs群体内存在着显著的异质性, 只有

少部分细胞表达较高水平的Nodal通路相关基因, 表现

出更接近formative的特征. 这一亚群虽然也需要外源

Activin/Nodal信号的刺激, 但具有更强的自我更新能

力, 不易分化. 相比之下, 大部分hPSCs则属于“始发多

能态(primed pluripotency)”, 易于分化为神经等特定谱

系[116]. 另外, hPSCs中也存在自分泌的Nodal信号环

路[24], 自分泌的Nodal在很大程度上也影响着细胞的状

态和命运决定.
除了在小鼠和人胚胎干细胞的维持和自我更新中

发挥重要作用外, TGF-β信号通路也在成体干细胞中扮

演重要角色. 在神经干细胞、造血干细胞和乳腺干细

胞群中, TGF-β信号通路促进静止和抑制增殖, 从而维

持干细胞群体, 这有助于防止干细胞衰竭, 保持其再生

能力[24]. 此外, 在肠干细胞中, Wnt和Notch信号通路协

同作用维持干细胞的自我更新能力, 而BMP信号通路

则抑制干细胞的干性特征[117,118]. 在毛囊干细胞中,
BMP信号通路不仅阻止干细胞活化进入细胞周期, 还

限制了其沿毛母细胞方向的分化命运选择, 而促进其

分化为表皮细胞和角质细胞[119].

3 TGF-β信号通路在疾病中的作用

3.1 TGF-β信号通路在免疫反应中的功能

TGF-β信号通路具有广泛的免疫调节作用, 它作为

一种主要的免疫抑制和耐受性诱导因子, 对免疫细胞

的发育、活化和功能具有广泛的调节作用[4,120]. 首先,
TGF-β信号通路对树突状细胞(Dendritic cells, DC)的功

能有重要影响. DC在启动和调节T细胞免疫反应中起

关键作用. 缺乏TGFBR2的DC会导致多器官炎症和死

亡, 这是由于DC无法有效诱导调节性T细胞(Treg), 而过

度分泌IFN-γ干扰了Th1和Th17细胞的平衡[121]. 此外,
TGF-β信号通路还参与了朗格汉斯细胞(Langerhans
cells, 一种皮肤DC)的发育过程[122]. 其次, TGF-β信号通

路是调控T细胞分化命运的关键因子, 它促进CD4+ T细
胞向Treg细胞的分化, 协同FOXP3转录因子启动Treg细

胞基因表达程序. 与此同时, TGF-β信号通路通过与

RORγt转录因子协同作用促进Th17细胞发育[123~128].
另一方面, TGF-β信号通路抑制Th1和Th2细胞分

化, 从而维持Th1/Th2/Th17/Treg细胞群的动态平衡. 此

外, TGF-β信号通路还直接作用于CD8+ 细胞毒性T淋巴

细胞(cytotoxic T lymphocytes, CTL), 抑制其增殖、细

胞因子分泌和细胞毒性功能, 从而阻断了CTL对肿瘤

细胞和病毒感染细胞的免疫杀伤作用[129]. TGF-β信号

通路对NK细胞、中性粒细胞、巨噬细胞等其他免疫

细胞亦有重要调节作用, 它通过抑制NK细胞的多种效

应分子表达, 从而阻碍NK细胞的杀伤功能[130,131]. 同时,
TGF-β信号通路诱导中性粒细胞和巨噬细胞向具有免

疫抑制和促肿瘤特性的亚型转化, 抑制其杀伤肿瘤细

胞的能力[132,133].
小鼠模型的研究展示了缺乏TGF-β1会导致新生小

鼠多器官炎症, 其症状类似自身免疫性疾病. 并且这种

表型可被MHC II或β2-微球蛋白基因的缺失挽救. 这说

明丧失TGF-β1会引起T细胞的过度激活反应[123,134]. 类

似的, 在T细胞特异性缺失TGF-β受体或配体也会导致

T细胞活化和严重的炎症性疾病[11].
综上所述, TGF-β信号通路在免疫和炎症反应中发

挥着关键的作用. 一方面, 它抑制了各类效应细胞的激

活和致炎效应, 防止免疫反应失控引发自身免疫病; 另
一方面, 它促进了Treg细胞的分化, 维持机体的免疫耐

受. TGF-β信号通路的异常失衡将打破这一微妙的平

衡, 进而导致免疫抑制或自身免疫性疾病的发生.

3.2 TGF-β信号通路在纤维化疾病中的功能

纤维化可影响皮肤、肺、肝、肾和心脏等重要器

官, 其特点是细胞外基质过度沉积, 导致疤痕和器官功

能障碍[10,135,136]. TGF-β信号通路主要是通过作用于成
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纤维细胞和上皮细胞而发挥纤维化效应[10]. TGF-β是一

种强大的成纤维细胞激活剂, 能促进成纤维细胞产生

α-平滑肌肌动蛋白、多种细胞外基质成分以及组装和

交联胶原蛋白所需的酶和分子伴侣. 活化的成纤维细

胞还能分泌多种细胞因子, 与上皮细胞、免疫细胞和

内皮细胞进行旁分泌调控. TGF-β信号通路还能通过诱

导整合素的表达, 从而增强细胞与细胞外基质的相互

作用, 形成正反馈调控环路. 除了作用于成纤维细胞

外, TGF-β信号通路也能通过诱导上皮细胞表达整合素

αvβ6、抑制上皮细胞增殖以及诱导上皮细胞衰老和死

亡等途径促进纤维化, 特别是上皮细胞衰老可能是导

致纤维化(尤其是肺部纤维化)的重要驱动力[135]. 此外,
TGF-β信号通路可以通过诱导内皮生长因子VEGF等
因子的表达, 促进新生血管生成, 为纤维化组织提供营

养支持[137]. TGF-β信号通路的过度激活会导致伤口愈

合反应失调, 造成产生基质的肌成纤维细胞和过多的

细胞外基质(ECM)聚集, 从而使纤维化长期存在[138,139].
总之, 过度或持续的TGF-β信号传导也会引发病理性纤

维化, 最终导致器官功能衰竭.
在纤维化疾病中, 转分化是一个重要的生物学过

程, 涉及细胞功能的转变和活化. TGF-β信号通路在纤

维化疾病中的转分化过程中起着核心作用, 通过调节

成纤维细胞的增殖、存活、代谢和ECM合成, 推动了

纤维化的发展[140]. 在受损的肾脏中, 分化不良的肾小

管上皮细胞会分泌多种关键分子, 激活周围血管细胞,
并促进其向肌成纤维细胞的转分化. 这些血管细胞在

肾纤维化过程中过度增殖, 并产生细胞外基质, 从而加

剧肾脏损伤[141]. 此外, TGFβ信号通路还能够诱导血管

细胞中的基因发生超甲基化[142,143], 从而进一步促进纤

维化过程. 在心肌梗死等心脏疾病后, 心脏成纤维细胞

通过TGF-β信号通路的激活而转分化为肌成纤维细

胞[138,144]. 这一过程涉及到多种细胞类型和信号分子的

相互作用, 包括心脏成纤维细胞、免疫细胞, 以及细胞

表面受体. TGF-β作为一种多功能细胞因子, 能够促进

成纤维细胞的增殖、迁移, 并诱导它们表达肌成纤维

细胞特异性蛋白, 如α-平滑肌肌动蛋白(αSMA). 此外,
TGF-β还能激活心脏成纤维细胞中的Yap/Taz, 这些转

录共激活因子进一步促进了心肌梗死后心脏纤维化的

发展[144]. 类似地, 肝星状细胞在静息状态下负责代谢

和储存视黄醇, 维持ECM的平衡. 但在肝纤维化中, 受

到刺激的肝星状细胞会转分化为肌成纤维细胞, 失去

视黄醇, 上调αSMA, 并开始产生胶原蛋白, 从而导致

纤维化的形成[145].

3.3 TGF-β信号通路在遗传性疾病中的功能

TGF-β信号通路在多种遗传性疾病中扮演着关键

角色, 这些疾病包括但不限于遗传性出血性毛细血管

扩张症[73]
、肺动脉高压[74,76]

、先天性心脏病[57,79]
、马

方综合征[54]以及洛伊-迪茨综合征[52~54,70]等. 在遗传性

疾病中, TGF-β信号通路的失调, 如异常激活或抑制,
可能导致从骨骼畸形、心血管问题到器官纤维化等一

系列病理变化(表2).
近年来, 多种家族性血管疾病的研究揭示了TGF-β

家族受体的重要性. 这些疾病的主要临床表现包括黏

膜皮肤组织中的小血管病变出血和动静脉畸形. TGF-β
信号通路还与肺动脉高压有关, 这是一种以肺动脉平

滑肌层肥厚和毛细血管前小动脉内膜增厚为特征的严

重肺部疾病. 家族性肺动脉高压与BMPR2基因的功能

性缺失突变有关, 该基因编码的受体在肺动脉平滑肌

细胞和内皮细胞中水平下降, 导致SMAD1激活减少和/
或p38丝裂原激活蛋白激酶(MAPK)激活增加, 可能导

致血管平滑肌细胞的过度增殖[76].
TGF-β信号通路的增强与主动脉瘤的发展有关[55],

这是马方综合征和洛伊-迪茨综合征等临床疾病的重

要特征. 这些疾病中, 由于TGF-β信号通路的过度活化,
导致主动脉根部的易损性增加, 增加了主动脉夹层、

破裂和猝死的风险. 此外, 在妊娠期高血压疾病, 如先

兆子痫中, 也观察到TGF-β信号通路的变化[146]. 先兆子

痫患者体内循环的可溶性VEGF受体-1(sFLT1)水平升

高, 可能通过减少VEGF配体与内皮细胞上VEGF受体

的接触来发挥作用. 同样, 可溶性endoglin的水平升高

也可能与sFLT1协同作用,通过结合循环TGF-β, 从而抑

制TGFBR2和ALK5依赖的信号传导, 导致一氧化氮合

酶-3(NOS3, eNOS)的激活水平降低, 血管舒张反应减

弱, 从而导致先兆子痫.

3.4 TGF-β信号通路在癌症中的双重作用

TGF-β信号通路在癌症中表现出双重作用, 既能抑

制肿瘤也能促进肿瘤进展, 主要取决于肿瘤的类型和

发展阶段. 在癌症早期, TGF-β信号通路通过诱导细胞

凋亡来抑制前癌细胞的恶性转化, 发挥肿瘤抑制作用.
但一旦癌细胞通过解耦该通路与凋亡的关联而逃脱凋

亡命运, TGF-β信号通路反而会通过促进EMT、免疫

逃逸、血管生成等方式促进肿瘤进展和转移[13,20,21,120].
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在胰腺癌中, TGF-β信号通路诱导凋亡的分子机制

主要是通过其对细胞命运决定性转录因子(如SOX4和
KLF5)的调控来实现的. 在具有癌基因突变(如KRAS)
的癌前病变上皮祖细胞中, TGF-β信号通路与RAS/
MAPK途径交互作用, 导致SOX4和KLF5的功能失调,
从而引发“致命性EMT”进程, 最终诱导细胞凋亡[147].
这种肿瘤抑制作用在胰腺、肠道、皮肤等组织的小鼠

模型中均已得到验证.
然而, 在许多实体瘤中常见的是TGF-β信号通路失

活突变, 如结直肠癌中的TGFBR2突变、胰腺癌中的

SMAD4缺失等. 这些突变破坏了TGF-β信号通路导致

细胞凋亡的能力, 使得肿瘤克服了TGF-β信号通路的抑

制作用. 即使在保留完整TGF-β信号通路的肿瘤中, 癌

细胞也能通过其他机制如激活PI3K/AKT信号来解耦

EMT与凋亡, 继而利用TGF-β信号通路促进EMT、干

细胞特征维持、骨转移等过程. 值得注意的是, 即便肿

瘤中的TGF-β信号通路被完全失活, 肿瘤细胞仍然可以

利用肿瘤微环境中的TGF-β来支持肿瘤进展, 如诱导癌

相关成纤维细胞分泌促进转移的细胞因子[19,148].
弥漫性胶质细胞瘤(DIPG)是一种罕见且无法根治

的儿童脑癌, 患者存活期不足一年. 约80%的DIPG病例

携带H3K27M突变 , 被认为是DIPG发病的驱动因

素[149,150]. 约20%的DIPG患者同时携带ACVR1基因突

变, ACVR1编码BMP I型受体[22], 在这一亚型中,
ACVR1突变能够独立于配体激活BMP信号通路. 研究

表明, 独立于配体激活的BMP信号通路在这一亚型中

能够促进癌症的发生发展[148]. 大约60% ACVR1野生

型且携带H3K27M的DIPG病例, BMP则可通过SMAD
依赖的方式促进DIPG肿瘤细胞的分化从而抑制肿

瘤[148]. 总的来说, BMP信号通路在DIPG的不同亚群中

可能发挥不同的作用, 这些发现为DIPG的个体化精准

治疗提供了新的线索.
总之, 在癌症发生发展的不同阶段, TGF-β信号通

路通过其复杂的调控网络发挥着截然不同的功能. 阐

明这一转折点的分子机制对于理解癌症发生发展至关

重要, 也为开发有效干预TGF-β信号通路功能的新策略

提供了线索[9,11,23].

4 展望

本综述总结了TGF-β信号通路在多细胞生物整个

生命周期中作为组织稳态的中央调控因子的功能. 近

年来, 随着对TGF-β信号通路在生理和病理过程中作用

机制的深入研究, 人们对其复杂的双向调节作用有了

更全面的认识. TGF-β信号通路在不同的细胞环境中参

与多种调节, 产生了细胞环境依赖的功能输出. 一方面,
TGF-β信号通路在发育、组织稳态, 免疫调节、伤口修

复等生理过程中发挥关键作用. 另一方面, TGF-β信号

通路的中心性也使其容易形成异常的通路调控, 导致

疾病的逐渐发生发展[1,5,9]. 因此, 持续关注TGF-β信号

通路系统运作逻辑的解析将有助于发现更多有效的策

略, 以精确地针对其病理作用, 同时保留其关键功能.
针对TGF-β信号通路的治疗策略涉及其生物合

成、激活和信号传导的各个层面. 例如, Trabedersen
作为一种反义寡核苷酸, 能够特异性抑制TGF-β2的生

物合成, 并在胶质瘤患者的临床试验中显示出长期生

存率的提高[151]. 通过设计肿瘤细胞疫苗以降低TGF-β
表达, 如Lucanix疫苗, 在非小细胞肺癌(NSCLC)患者

中观察到生存优势 [152]. 针对TGF-β激活的策略中,
SRK-181抗体能够选择性结合潜伏态TGF-β1, 抑制其

激活, 并在小鼠模型中显示出显著的抗肿瘤效果[153].
此外, Fresolimumab作为一种中和所有3种TGF-β亚型

的单克隆抗体, 在多项临床研究中显示出安全性和抗

肿瘤活性的初步证据[154]. 除了直接靶向TGF-β信号通

路的组分外, 还有治疗策略能够通过更精确地针对特

定细胞或下游介质来治疗TGF-β信号通路相关的疾

病[9,155].
TGF-β信号通路的双向作用为针对其进行治疗干

预带来了极大挑战. 全身广谱抑制可能产生严重毒副

作用, 而小分子抑制剂的靶向特异性、生物制剂的体

内滞留中和等均是亟需解决的难题. 因此, 最新的研究

重点逐渐转向提高干预的时空精准性和靶向特异性.
一种新兴策略是结合最新的细胞和合成生物学技术,
将TGF-β信号通路的抑制元件整合进CAR-T等细胞治

疗产品, 实现局部定点可控调节肿瘤微环境的免疫功

能[156]. 另一种思路则是通过精准作用于TGF-β信号通

路下游的特异效应分子 , 来规避对通路的全面抑

制[157~159]. 虽然针对TGF-β信号通路的治疗手段已取得

重大进展, 但由于该通路的复杂性和多面性, 实现精准

可控的干预仍是一大挑战. 未来需要更深入理解TGF-β
信号网络的调控机制, 全面把握其在不同细胞状态和

疾病状态下的差异化作用模式, 结合新技术新策略(如
靶向给药等)来降低毒副作用、提高特异性, 才能真正

实现精准给药, 充分发挥TGF-β这一关键通路的治疗

潜能.

评 述

4365



参考文献

1 David C J, Massague J. Contextual determinants of TGFbeta action in development, immunity and cancer. Nat Rev Mol Cell Biol, 2018. 19: 419‒
435

2 Schier A F. Nodal signaling in vertebrate development. Annu Rev Cell Dev Biol, 2003, 19: 589–621
3 Massagué J. TGFβ signalling in context. Nat Rev Mol Cell Biol, 2012, 13: 616–630
4 Sanjabi S, Oh S A, Li M O. Regulation of the immune response by TGF-β: From conception to autoimmunity and infection. Cold Spring Harb

Perspect Biol, 2017, 9: a022236
5 Yu Y, Feng X H. TGF-β signaling in cell fate control and cancer. Curr Opin Cell Biol, 2019, 61: 56–63
6 Roberts A B, Anzano M A, Lamb L C, et al. New class of transforming growth factors potentiated by epidermal growth factor: Isolation from non-

neoplastic tissues. Proc Natl Acad Sci USA, 1981, 78: 5339–5343
7 Massagué J. TGF-β signal transduction. Annu Rev Biochem, 1998, 67: 753–791
8 Kretzschmar M, Doody J, Massagu J. Opposing BMP and EGF signalling pathways converge on the TGF-β family mediator Smad1. Nature,

1997, 389: 618–622
9 Massagué J, Sheppard D. TGF-β signaling in health and disease. Cell, 2023, 186: 4007–4037
10 Kim K K, Sheppard D, Chapman H A. TGF-β1 signaling and tissue fibrosis. Cold Spring Harb Perspect Biol, 2018, 10: a022293
11 Derynck R, Turley S J, Akhurst R J. TGFβ biology in cancer progression and immunotherapy. Nat Rev Clin Oncol, 2021, 18: 9–34
12 Tauriello D V F, Sancho E, Batlle E. Overcoming TGFβ-mediated immune evasion in cancer. Nat Rev Canc, 2022, 22: 25–44
13 Massagué J. TGFβ in cancer. Cell, 2008, 134: 215–230
14 Morikawa M, Derynck R, Miyazono K. TGF-β and the TGF-β Family: Context-Dependent Roles in Cell and Tissue Physiology. Cold Spring Harb

Perspect Biol, 2016, 8: a021873
15 Zinski J, Tajer B, Mullins M C. TGF-beta family signaling in early vertebrate development. Cold Spring Harb Perspect Biol, 2018, 10: 1279-1287
16 Kaufman-Francis K, Goh H N, Kojima Y, et al. Differential response of epiblast stem cells to Nodal and Activin signalling: A paradigm of early

endoderm development in the embryo. Phil Trans R Soc B, 2014, 369: 20130550
17 Kahata K, Maturi V, Moustakas A. TGF-β family signaling in ductal differentiation and branching morphogenesis. Cold Spring Harb Perspect

Biol, 2018, 10: a031997
18 Robertson E J. Dose-dependent Nodal/Smad signals pattern the early mouse embryo. Semin Cell Dev Biol, 2014, 32: 73–79
19 Pickup M, Novitskiy S, Moses H L. The roles of TGFβ in the tumour microenvironment. Nat Rev Canc, 2013, 13: 788–799
20 Quail D F, Siegers G M, Jewer M, et al. Nodal signalling in embryogenesis and tumourigenesis. Int J Biochem Cell Biol, 2013, 45: 885–898
21 Wakefield L M, Hill C S. Beyond TGFβ: Roles of other TGFβ superfamily members in cancer. Nat Rev Canc, 2013, 13: 328–341
22 Taylor K R, Mackay A, Truffaux N, et al. Recurrent activating ACVR1 mutations in diffuse intrinsic pontine glioma. Nat Genet, 2014, 46: 457–

461
23 Joseph J V, Balasubramaniyan V, Walenkamp A, et al. TGF-β as a therapeutic target in high grade gliomas – Promises and challenges. Biochem

Pharmacol, 2013, 85: 478–485
24 Mullen A C, Wrana J L. TGF-β family signaling in embryonic and somatic stem-cell renewal and differentiation. Cold Spring Harb Perspect Biol,

2017, 9: a022186
25 Bisgrove B W, Su Y C, Yost H J. Maternal Gdf3 is an obligatory cofactor in Nodal signaling for embryonic axis formation in zebrafish. eLife,

2017, 6: e28534
26 Pauklin S, Vallier L. Activin/Nodal signalling in stem cells. Development, 2015, 142: 607–619
27 Shi M, Zhu J, Wang R, et al. Latent TGF-β structure and activation. Nature, 2011, 474: 343–349
28 Miyazono K, Heldin C H. Latent forms of TGF-beta: Molecular structure and mechanisms of activation. Ciba Found Symp, 1991, 157: 81‒89
29 Tran D Q, Andersson J, Wang R, et al. GARP (LRRC32) is essential for the surface expression of latent TGF-β on platelets and activated FOXP3+

regulatory T cells. Proc Natl Acad Sci USA, 2009, 106: 13445–13450
30 Qin Y, Garrison B S, Ma W, et al. A milieu molecule for TGF-β required for microglia function in the nervous system. Cell, 2018, 174: 156–

171.e16
31 Josso N, Belville C, di Clemente N, et al. AMH and AMH receptor defects in persistent Müllerian duct syndrome. Hum Reprod Update, 2005, 11:

351–356
32 Nagasaki K, Yamada A, Sasa K, et al. Kielin/chordin-like protein enhances induction of osteoblast differentiation by Bone Morphogenetic

Protein-2. FEBS Open Bio, 2023, 13: 1357–1364
33 de Vries M E, Carpinelli M R, Fuller J N, et al. Grainyhead-like 2 interacts with noggin to regulate tissue fusion in mouse. Development, 2024,

2024 年 10 月 第 69 卷 第 30 期

4366

https://doi.org/10.1146/annurev.cellbio.19.041603.094522
https://doi.org/10.1038/nrm3434
https://doi.org/10.1101/cshperspect.a022236
https://doi.org/10.1101/cshperspect.a022236
https://doi.org/10.1016/j.ceb.2019.07.007
https://doi.org/10.1073/pnas.78.9.5339
https://doi.org/10.1146/annurev.biochem.67.1.753
https://doi.org/10.1038/39348
https://doi.org/10.1016/j.cell.2023.07.036
https://doi.org/10.1101/cshperspect.a022293
https://doi.org/10.1038/s41571-020-0403-1
https://doi.org/10.1038/s41568-021-00413-6
https://doi.org/10.1016/j.cell.2008.07.001
https://doi.org/10.1101/cshperspect.a021873
https://doi.org/10.1101/cshperspect.a021873
https://doi.org/10.1098/rstb.2013.0550
https://doi.org/10.1101/cshperspect.a031997
https://doi.org/10.1101/cshperspect.a031997
https://doi.org/10.1016/j.semcdb.2014.03.028
https://doi.org/10.1038/nrc3603
https://doi.org/10.1016/j.biocel.2012.12.021
https://doi.org/10.1038/nrc3500
https://doi.org/10.1038/ng.2925
https://doi.org/10.1016/j.bcp.2012.11.005
https://doi.org/10.1016/j.bcp.2012.11.005
https://doi.org/10.1101/cshperspect.a022186
https://doi.org/10.7554/eLife.28534
https://doi.org/10.1242/dev.091769
https://doi.org/10.1038/nature10152
https://doi.org/10.1073/pnas.0901944106
https://doi.org/10.1016/j.cell.2018.05.027
https://doi.org/10.1093/humupd/dmi014
https://doi.org/10.1002/2211-5463.13652
https://doi.org/10.1242/dev.202420


151: dev202420
34 Liu W, Luo F, Wu H, et al. Noggin protein can induce the differentiation of rat bone marrow mesenchymal stem cells to neurons and repair spinal

cord injury. Discov Med, 2023, 35: 956–964
35 Shi Y, Massagué J. Mechanisms of TGF-β signaling from cell membrane to the nucleus. Cell, 2003, 113: 685–700
36 Monestier O, Blanquet V. WFIKKN1 and WFIKKN2: “Companion” proteins regulating TGFB activity. Cytokine Growth Factor Rev, 2016, 32:

75–84
37 Massagué J. Receptors for the TGF-β family. Cell, 1992, 69: 1067–1070
38 Kashima R, Roy S, Ascano M, et al. Augmented noncanonical BMP type II receptor signaling mediates the synaptic abnormality of fragile X

syndrome. Sci Signal, 2016, 9: ra58
39 Massagué J, Seoane J, Wotton D. Smad transcription factors. Genes Dev, 2005, 19: 2783–2810
40 Heldin C H, Miyazono K, Ten Dijke P. TGF-β signalling from cell membrane to nucleus through SMAD proteins. Nature, 1997, 390: 465–471
41 Pera E M, Ikeda A, Eivers E, et al. Integration of IGF, FGF, and anti-BMP signals via Smad1 phosphorylation in neural induction. Genes Dev,

2003, 17: 3023–3028
42 Martin-Malpartida P, Batet M, Kaczmarska Z, et al. Structural basis for genome wide recognition of 5-bp GC motifs by SMAD transcription

factors. Nat Commun, 2017, 8: 2070
43 Fuentealba L C, Eivers E, Ikeda A, et al. Integrating patterning signals: Wnt/GSK3 regulates the duration of the BMP/Smad1 signal. Cell, 2007,

131: 980–993
44 Derynck R, Zhang Y E. Smad-dependent and Smad-independent pathways in TGF-β family signalling. Nature, 2003, 425: 577–584
45 Xu P, Lin X, Feng X H. Posttranslational regulation of Smads. Cold Spring Harb Perspect Biol, 2016, 8: a022087
46 Matsuura I, Denissova N G, Wang G, et al. Cyclin-dependent kinases regulate the antiproliferative function of Smads. Nature, 2004, 430: 226–231
47 Bai J, Xi Q. Crosstalk between TGF-β signaling and epigenome. Acta Biochim Biophys Sin, 2018, 50: 60–67
48 Zhang Q, Xiao M, Gu S, et al. ALK phosphorylates SMAD4 on tyrosine to disable TGF-β tumour suppressor functions. Nat Cell Biol, 2019, 21:

179–189
49 Schmierer B, Hill C S. TGFβ–SMAD signal transduction: molecular specificity and functional flexibility. Nat Rev Mol Cell Biol, 2007, 8: 970–

982
50 Kinoshita A, Saito T, Tomita H, et al. Domain-specific mutations in TGFB1 result in Camurati-Engelmann disease. Nat Genet, 2000, 26: 19–20
51 Kotlarz D, Marquardt B, Barøy T, et al. Human TGF-β1 deficiency causes severe inflammatory bowel disease and encephalopathy. Nat Genet,

2018, 50: 344–348
52 Boileau C, Guo D C, Hanna N, et al. TGFB2 mutations cause familial thoracic aortic aneurysms and dissections associated with mild systemic

features of Marfan syndrome. Nat Genet, 2012, 44: 916–921
53 Lindsay M E, Schepers D, Bolar N A, et al. Loss-of-function mutations in TGFB2 cause a syndromic presentation of thoracic aortic aneurysm.

Nat Genet, 2012, 44: 922–927
54 Rienhoff Jr. H Y, Yeo C, Morissette R, et al. A mutation in TGFB3 associated with a syndrome of low muscle mass, growth retardation, distal

arthrogryposis and clinical features overlapping with Marfan and Loeys–Dietz syndrome. Am J Med Genet Pt A, 2013, 161: 2040–2046
55 Bertoli-Avella A M, Gillis E, Morisaki H, et al. Mutations in a TGF-β ligand, TGFB3, cause syndromic aortic aneurysms and dissections. J Am

Coll Cardiol, 2015, 65: 1324–1336
56 Mohapatra B, Casey B, Li H, et al. Identification and functional characterization of NODAL rare variants in heterotaxy and isolated

cardiovascular malformations. Hum Mol Genet, 2009, 18: 861–871
57 Karkera J D, Lee J S, Roessler E, et al. Loss-of-function mutations in growth differentiation factor-1 (GDF1) are associated with congenital heart

defects in humans. Am J Hum Genet, 2007, 81: 987–994
58 Ye M, Berry-Wynne K M, Asai-Coakwell M, et al. Mutation of the bone morphogenetic protein GDF3 causes ocular and skeletal anomalies. Hum

Mol Genet, 2010, 19: 287–298
59 Tan T Y, Gonzaga-Jauregui C, Bhoj E J, et al. Monoallelic BMP2 variants predicted to result in haploinsufficiency cause craniofacial, skeletal,

and cardiac features overlapping those of 20p12 deletions. Am J Hum Genet, 2017, 101: 985–994
60 Suzuki S, Marazita M L, Cooper M E, et al. Mutations in BMP4 are associated with subepithelial, microform, and overt cleft lip. Am J Hum

Genet, 2009, 84: 406–411
61 Bakrania P, Efthymiou M, Klein J C, et al. Mutations in BMP4 cause eye, brain, and digit developmental anomalies: Overlap between the BMP4

and hedgehog signaling pathways. Am J Hum Genet, 2008, 82: 304–319
62 Daher R, Kannengiesser C, Houamel D, et al. Heterozygous mutations in BMP6 pro-peptide lead to inappropriate hepcidin synthesis and

moderate iron overload in humans. Gastroenterology, 2016, 150: 672–683
63 Wyatt AW, Osborne R J, Stewart H, et al. Bone morphogenetic protein 7 (BMP7) mutations are associated with variable ocular, brain, ear, palate,

评 述

4367

https://doi.org/10.24976/Discov.Med.202335179.91
https://doi.org/10.1016/S0092-8674(03)00432-X
https://doi.org/10.1016/j.cytogfr.2016.06.003
https://doi.org/10.1016/0092-8674(92)90627-O
https://doi.org/10.1126/scisignal.aaf6060
https://doi.org/10.1101/gad.1350705
https://doi.org/10.1038/37284
https://doi.org/10.1101/gad.1153603
https://doi.org/10.1038/s41467-017-02054-6
https://doi.org/10.1016/j.cell.2007.09.027
https://doi.org/10.1038/nature02006
https://doi.org/10.1101/cshperspect.a022087
https://doi.org/10.1038/nature02650
https://doi.org/10.1093/abbs/gmx122
https://doi.org/10.1038/s41556-018-0264-3
https://doi.org/10.1038/nrm2297
https://doi.org/10.1038/79128
https://doi.org/10.1038/s41588-018-0063-6
https://doi.org/10.1038/ng.2348
https://doi.org/10.1038/ng.2349
https://doi.org/10.1002/ajmg.a.36056
https://doi.org/10.1016/j.jacc.2015.01.040
https://doi.org/10.1016/j.jacc.2015.01.040
https://doi.org/10.1093/hmg/ddn411
https://doi.org/10.1086/522890
https://doi.org/10.1093/hmg/ddp496
https://doi.org/10.1093/hmg/ddp496
https://doi.org/10.1016/j.ajhg.2017.10.006
https://doi.org/10.1016/j.ajhg.2009.02.002
https://doi.org/10.1016/j.ajhg.2009.02.002
https://doi.org/10.1016/j.ajhg.2007.09.023
https://doi.org/10.1053/j.gastro.2015.10.049


and skeletal anomalies. Hum Mutat, 2010, 31: 781–787
64 Wooderchak-Donahue W L, McDonald J, O’Fallon B, et al. BMP9 mutations cause a vascular-anomaly syndrome with phenotypic overlap with

hereditary hemorrhagic telangiectasia. Am J Hum Genet, 2013, 93: 530–537
65 Di Pasquale E, Beck-Peccoz P, Persani L. Hypergonadotropic ovarian failure associated with an inherited mutation of human bone morphogenetic

protein-15 (BMP15) Gene. Am J Hum Genet, 2004, 75: 106–111
66 Degenkolbe E, König J, Zimmer J, et al. A GDF5 point mutation strikes twice - Causing BDA1 and SYNS2. PLoS Genet, 2013, 9: e1003846
67 Plöger F, Seemann P, Schmidt-von Kegler M, et al. Brachydactyly type A2 associated with a defect in proGDF5 processing. Hum Mol Genet,

2008, 17: 1222–1233
68 Wang J, Yu T, Wang Z, et al. A new subtype of multiple synostoses syndrome is caused by a mutation in GDF6 that decreases its sensitivity to

noggin and enhances its potency as a BMP signal. J Bone Miner Res, 2016, 31: 882–889
69 Imbeaud S, Carre-Eusebe D, Rey R, et al. Molecular genetics of the persistent Mullerian duct syndrome: A study of 19 families. Hum Mol Genet,

1994, 3: 125–131
70 Loeys B L, Schwarze U, Holm T, et al. Aneurysm syndromes caused by mutations in the TGF-β receptor. N Engl J Med, 2006, 355: 788–798
71 Lehmann K, Seemann P, Boergermann J, et al. A novel R486Q mutation in BMPR1B resulting in either a brachydactyly type C/symphalangism-

like phenotype or brachydactyly type A2. Eur J Hum Genet, 2006, 14: 1248–1254
72 Shore E M, Xu M, Feldman G J, et al. A recurrent mutation in the BMP type I receptor ACVR1 causes inherited and sporadic fibrodysplasia

ossificans progressiva. Nat Genet, 2006, 38: 525–527
73 Johnson D W, Berg J N, Baldwin M A, et al. Mutations in the activin receptor–like kinase 1 gene in hereditary haemorrhagic telangiectasia type 2.

Nat Genet, 1996, 13: 189–195
74 Soubrier F, Chung W K, Machado R, et al. Genetics and genomics of pulmonary arterial hypertension. J Am Coll Cardiol, 2013, 62: D13–D21
75 Kosaki R, Gebbia M, Kosaki K, et al. Left-right axis malformations associated with mutations in ACVR2B, the gene for human activin receptor

type IIB. Am J Med Genet, 1999, 82: 70–76
76 Deng Z, Morse J H, Slager S L, et al. Familial primary pulmonary hypertension (gene PPH1) is caused by mutations in the bone morphogenetic

protein receptor–II gene. Am J Hum Genet, 2000, 67: 737–744
77 Imbeaud S. A 27 base-pair deletion of the anti-mullerian type II receptor gene is the most common cause of the persistent mullerian duct

syndrome. Hum Mol Genet, 1996, 5: 1269–1277
78 Messika-Zeitoun L, Gouedard L, Belville C, et al. Autosomal recessive segregation of a truncating mutation of anti-Mullerian type II receptor in a

family affected by the persistent Mullerian duct syndrome contrasts with its dominant negative activity in vitro. J Clin Endocrinol Metab, 2001,
86: 4390‒4397

79 Zaidi S, Choi M, Wakimoto H, et al. De novo mutations in histone-modifying genes in congenital heart disease. Nature, 2013, 498: 220–223
80 Regalado E S, Guo D, Villamizar C, et al. Exome sequencing identifies SMAD3 mutations as a cause of familial thoracic aortic aneurysm and

dissection with intracranial and other arterial aneurysms. Circ Res, 2011, 109: 680–686
81 van de Laar I M B H, Oldenburg R A, Pals G, et al. Mutations in SMAD3 cause a syndromic form of aortic aneurysms and dissections with early-

onset osteoarthritis. Nat Genet, 2011, 43: 121–126
82 Angelakopoulou A, Shah T, Sofat R, et al. Comparative analysis of genome-wide association studies signals for lipids, diabetes, and coronary

heart disease: Cardiovascular biomarker genetics collaboration. Eur Heart J, 2012, 33: 393–407
83 Moffatt M F, Gut I G, Demenais F, et al. A large-scale, consortium-based genomewide association study of Asthma. N Engl J Med, 2010, 363:

1211–1221
84 Caputo V, Cianetti L, Niceta M, et al. A restricted spectrum of mutations in the SMAD4 tumor-suppressor gene underlies Myhre syndrome. Am J

Hum Genet, 2012, 90: 161–169
85 Nasim M T, Ogo T, Ahmed M, et al. Molecular genetic characterization of SMAD signaling molecules in pulmonary arterial hypertension. Hum

Mutat, 2011, 32: 1385–1389
86 Carr J C, Dahdaleh F S, Wang D, et al. Germline mutations in SMAD4 disrupt bone morphogenetic protein signaling. J Surg Res, 2012, 174: 211–

214
87 Niehrs C. Regionally specific induction by the Spemann-Mangold organizer. Nat Rev Genet, 2004, 5: 425‒434
88 Martyn I, Kanno T Y, Ruzo A, et al. Self-organization of a human organizer by combined Wnt and Nodal signalling. Nature, 2018, 558: 132–135
89 Ozdamar B, Bose R, Barrios-Rodiles M, et al. Regulation of the polarity protein Par6 by TGFß receptors controls epithelial cell plasticity. Science,

2005, 307: 1603–1609
90 Su J, Morgani S M, David C J, et al. TGF-β orchestrates fibrogenic and developmental EMTs via the RAS effector RREB1. Nature, 2020, 577:

566–571
91 Xi Q, Wang Z, Zaromytidou A I, et al. A poised chromatin platform for TGF-β access to master regulators. Cell, 2011, 147: 1511–1524

2024 年 10 月 第 69 卷 第 30 期

4368

https://doi.org/10.1002/humu.21280
https://doi.org/10.1016/j.ajhg.2013.07.004
https://doi.org/10.1086/422103
https://doi.org/10.1371/journal.pgen.1003846
https://doi.org/10.1093/hmg/ddn012
https://doi.org/10.1002/jbmr.2761
https://doi.org/10.1093/hmg/3.1.125
https://doi.org/10.1056/NEJMoa055695
https://doi.org/10.1038/sj.ejhg.5201708
https://doi.org/10.1038/ng1783
https://doi.org/10.1038/ng0696-189
https://doi.org/10.1016/j.jacc.2013.10.035
https://doi.org/10.1002/(SICI)1096-8628(19990101)82:1%3c70::AID-AJMG14%3e3.0.CO;2-Y
https://doi.org/10.1086/303059
https://doi.org/10.1093/hmg/5.9.1269
https://doi.org/10.1038/nature12141
https://doi.org/10.1161/CIRCRESAHA.111.248161
https://doi.org/10.1038/ng.744
https://doi.org/10.1093/eurheartj/ehr225
https://doi.org/10.1056/NEJMoa0906312
https://doi.org/10.1016/j.ajhg.2011.12.011
https://doi.org/10.1016/j.ajhg.2011.12.011
https://doi.org/10.1002/humu.21605
https://doi.org/10.1002/humu.21605
https://doi.org/10.1016/j.jss.2011.11.008
https://doi.org/10.1038/s41586-018-0150-y
https://doi.org/10.1126/science.1105718
https://doi.org/10.1038/s41586-019-1897-5
https://doi.org/10.1016/j.cell.2011.11.032


92 Sun H, Chen Y, Yan K, et al. Recruitment of TRIM33 to cell-context specific PML nuclear bodies regulates nodal signaling in mESCs. EMBO J,
2023, 42: e112058

93 Wang Q, Zou Y, Nowotschin S, et al. The p53 family coordinates Wnt and Nodal inputs in mesendodermal differentiation of embryonic stem
cells. Cell Stem Cell, 2017, 20: 70–86

94 Yamamoto M, Meno C, Sakai Y, et al. The transcription factor FoxH1 (FAST) mediates Nodal signaling during anterior-posterior patterning and
node formation in the mouse. Genes Dev, 2001, 15: 1242–1256

95 Aragón E, Wang Q, Zou Y, et al. Structural basis for distinct roles of SMAD2 and SMAD3 in FOXH1 pioneer-directed TGF-β signaling. Genes
Dev, 2019, 33: 1506–1524

96 Charney R M, Forouzmand E, Cho J S, et al. Foxh1 occupies cis-regulatory modules prior to dynamic transcription factor interactions controlling
the mesendoderm gene program. Dev Cell, 2017, 40: 595–607.e4

97 Weiss J B, Von Ohlen T, Mellerick D M, et al. Dorsoventral patterning in the Drosophila central nervous system: The intermediate neuroblasts
defective homeobox gene specifies intermediate column identity. Genes Dev, 1998, 12: 3591–3602

98 Li Y, Zhao D, Horie T, et al. Conserved gene regulatory module specifies lateral neural borders across bilaterians. Proc Natl Acad Sci USA, 2017,
114: E6352–E6360

99 Fu X, Li Y, Huang T, et al. Runx2/osterix and zinc uptake synergize to orchestrate osteogenic differentiation and citrate containing bone apatite
formation. Adv Sci, 2018, 5: 1700755

100 Wu M, Wu S, Chen W, et al. The roles and regulatory mechanisms of TGF-β and BMP signaling in bone and cartilage development, homeostasis
and disease. Cell Res, 2024, 34: 101–123

101 Schier A F. Nodal morphogens. Cold Spring Harb Perspect Biol, 2009, 1: a003459
102 Esteban C R, Capdevila J, Economides A N, et al. The novel Cer-like protein Caronte mediates the establishment of embryonic left–right

asymmetry. Nature, 1999, 401: 243–251
103 Arkell R M, Fossat N, Tam P P. Wnt signalling in mouse gastrulation and anterior development: New players in the pathway and signal output.

Curr Opin Genet Dev, 2013, 23: 454–460
104 Marikawa Y. Wnt/β-catenin signaling and body plan formation in mouse embryos. Semin Cell Dev Biol, 2006, 17: 175–184
105 Bier E, De Robertis E M. BMP gradients: A paradigm for morphogen-mediated developmental patterning. Science, 2015, 348: aaa5838
106 Koel M, Võsa U, Krjutškov K, et al. Optimizing bone morphogenic protein 4-mediated human embryonic stem cell differentiation into

trophoblast-like cells using fibroblast growth factor 2 and transforming growth factor-β/activin/nodal signalling inhibition. Reproductive Biomed
Online, 2017, 35: 253–263

107 Watabe T, Miyazono K. Roles of TGF-β family signaling in stem cell renewal and differentiation. Cell Res, 2009, 19: 103–115
108 Oshimori N, Fuchs E. The harmonies played by TGF-β in stem cell biology. Cell Stem Cell, 2012, 11: 751–764
109 Young R A. Control of the embryonic stem cell state. Cell, 2011, 144: 940–954
110 Gaarenstroom T, Hill C S. TGF-β signaling to chromatin: How Smads regulate transcription during self-renewal and differentiation. Semin Cell

Dev Biol, 2014, 32: 107–118
111 Huang J, Chen T, Liu X, et al. More synergetic cooperation of Yamanaka factors in induced pluripotent stem cells than in embryonic stem cells.

Cell Res, 2009, 19: 1127–1138
112 Li R, Liang J, Ni S, et al. A mesenchymal-to-epithelial transition initiates and is required for the nuclear reprogramming of mouse fibroblasts. Cell

Stem Cell, 2010, 7: 51–63
113 Takahashi K, Tanabe K, Ohnuki M, et al. Induction of pluripotent stem cells from adult human fibroblasts by defined factors. Cell, 2007, 131:

861–872
114 Hayes K, Kim Y K, Pera M F. A case for revisiting nodal signaling in human pluripotent stem cells. Stem Cells, 2021, 39: 1137–1144
115 Mullen A C. Hippo tips the TGF-β scale in favor of pluripotency. Cell Stem Cell, 2014, 14: 6–8
116 Yu L, Wei Y, Sun H X, et al. Derivation of intermediate pluripotent stem cells amenable to primordial germ cell specification. Cell Stem Cell,

2021, 28: 550–567.e12
117 Qi Z, Chen Y G. Regulation of intestinal stem cell fate specification. Sci China Life Sci, 2015, 58: 570–578
118 Tian A, Benchabane H, Wang Z, et al. Regulation of stem cell proliferation and cell fate specification by Wingless/Wnt signaling gradients

enriched at adult intestinal compartment boundaries. PLoS Genet, 2016, 12: e1005822
119 Zhang B, Chen T. Local and systemic mechanisms that control the hair follicle stem cell niche. Nat Rev Mol Cell Biol, 2024, 25: 87–100
120 Batlle E, Massagué J. Transforming growth factor-β signaling in immunity and cancer. Immunity, 2019, 50: 924–940
121 Ramalingam R, Larmonier C B, Thurston R D, et al. Dendritic cell-specific disruption of TGF-β receptor II leads to altered regulatory T cell

phenotype and spontaneous multiorgan autoimmunity. J Immunol, 2012, 189: 3878–3893
122 Kaplan D H, Li M O, Jenison M C, et al. Autocrine/paracrine TGFβ1 is required for the development of epidermal Langerhans cells. J Exp Med,

评 述

4369

https://doi.org/10.15252/embj.2022112058
https://doi.org/10.1016/j.stem.2016.10.002
https://doi.org/10.1101/gad.883901
https://doi.org/10.1101/gad.330837.119
https://doi.org/10.1101/gad.330837.119
https://doi.org/10.1016/j.devcel.2017.02.017
https://doi.org/10.1101/gad.12.22.3591
https://doi.org/10.1002/advs.201700755
https://doi.org/10.1038/s41422-023-00918-9
https://doi.org/10.1038/45738
https://doi.org/10.1016/j.gde.2013.03.001
https://doi.org/10.1016/j.semcdb.2006.04.003
https://doi.org/10.1126/science.aaa5838
https://doi.org/10.1016/j.rbmo.2017.06.003
https://doi.org/10.1016/j.rbmo.2017.06.003
https://doi.org/10.1038/cr.2008.323
https://doi.org/10.1016/j.stem.2012.11.001
https://doi.org/10.1016/j.cell.2011.01.032
https://doi.org/10.1016/j.semcdb.2014.01.009
https://doi.org/10.1016/j.semcdb.2014.01.009
https://doi.org/10.1038/cr.2009.106
https://doi.org/10.1016/j.stem.2010.04.014
https://doi.org/10.1016/j.stem.2010.04.014
https://doi.org/10.1016/j.cell.2007.11.019
https://doi.org/10.1002/stem.3383
https://doi.org/10.1016/j.stem.2013.12.009
https://doi.org/10.1016/j.stem.2020.11.003
https://doi.org/10.1007/s11427-015-4859-7
https://doi.org/10.1371/journal.pgen.1005822
https://doi.org/10.1038/s41580-023-00662-3
https://doi.org/10.1016/j.immuni.2019.03.024
https://doi.org/10.4049/jimmunol.1201029
https://doi.org/10.1084/jem.20071401


2007, 204: 2545–2552
123 Marie J C, Liggitt D, Rudensky A Y. Cellular mechanisms of fatal early-onset autoimmunity in mice with the T cell-specific targeting of

transforming growth factor-β receptor. Immunity, 2006, 25: 441–454
124 Li M O, Sanjabi S, Flavell R A. Transforming growth factor-β controls development, homeostasis, and tolerance of T cells by regulatory T cell-

dependent and -independent mechanisms. Immunity, 2006, 25: 455–471
125 Brown C C, Rudensky A Y. Spatiotemporal regulation of peripheral T cell tolerance. Science, 2023, 380: 472–478
126 Zhou L, Lopes J E, Chong M MW, et al. TGF-β-induced Foxp3 inhibits TH17 cell differentiation by antagonizing RORγt function. Nature, 2008,

453: 236–240
127 Akagbosu B, Tayyebi Z, Shibu G, et al. Novel antigen-presenting cell imparts Treg-dependent tolerance to gut microbiota. Nature, 2022, 610:

752–760
128 Tone Y, Furuuchi K, Kojima Y, et al. Smad3 and NFAT cooperate to induce Foxp3 expression through its enhancer. Nat Immunol, 2008, 9: 194–

202
129 Ouyang W, Oh S A, Ma Q, et al. TGF-β cytokine signaling promotes CD8+ T cell development and low-affinity CD4+ T cell homeostasis by

regulation of interleukin-7 receptor α expression. Immunity, 2013, 39: 335–346
130 Castriconi R, Cantoni C, Della Chiesa M, et al. Transforming growth factor β1 inhibits expression of NKp30 and NKG2D receptors:

Consequences for the NK-mediated killing of dendritic cells. Proc Natl Acad Sci USA, 2003, 100: 4120–4125
131 Gao Y, Souza-Fonseca-Guimaraes F, Bald T, et al. Tumor immunoevasion by the conversion of effector NK cells into type 1 innate lymphoid

cells. Nat Immunol, 2017, 18: 1004–1015
132 McFarlane A J, Fercoq F, Coffelt S B, et al. Neutrophil dynamics in the tumor microenvironment. J Clin Invest, 2021, 131: e143759
133 Fridlender Z G, Sun J, Kim S, et al. Polarization of tumor-associated neutrophil phenotype by TGF-β: “N1” versus “N2” TAN. Canc Cell, 2009,

16: 183–194
134 Letterio J J, Geiser A G, Kulkarni A B, et al. Autoimmunity associated with TGF-beta1-deficiency in mice is dependent on MHC class II antigen

expression.. J Clin Invest, 1996, 98: 2109–2119
135 Yao C, Guan X, Carraro G, et al. Senescence of alveolar type 2 cells drives progressive pulmonary fibrosis. Am J Respir Crit Care Med, 2021,

203: 707–717
136 Wang Y, Ping Z, Gao H, et al. LYC inhibits the AKT signaling pathway to activate autophagy and ameliorate TGFB-induced renal fibrosis.

Autophagy, 2023, 20: 1114–1133
137 Sahai E, Astsaturov I, Cukierman E, et al. A framework for advancing our understanding of cancer-associated fibroblasts. Nat Rev Canc, 2020,

20: 174–186
138 Ren L L, Miao H, Wang Y N, et al. TGF-β as a master regulator of aging-associated tissue fibrosis. Aging Dis, 2023, 14: 1633–1650
139 Meng X, Nikolic-Paterson D J, Lan H Y. TGF-β: The master regulator of fibrosis. Nat Rev Nephrol, 2016, 12: 325–338
140 ten Dijke P, Arthur H M. Extracellular control of TGFβ signalling in vascular development and disease. Nat Rev Mol Cell Biol, 2007, 8: 857–869
141 Tanaka S, Portilla D, Okusa M D. Role of perivascular cells in kidney homeostasis, inflammation, repair and fibrosis. Nat Rev Nephrol, 2023, 19:

721–732
142 Chou Y H, Pan S Y, Shao Y H, et al. Methylation in pericytes after acute injury promotes chronic kidney disease. J Clin Invest, 2020, 130: 4845–

4857
143 Xu X, Tan X, Tampe B, et al. High-fidelity CRISPR/Cas9- based gene-specific hydroxymethylation rescues gene expression and attenuates renal

fibrosis. Nat Commun, 2018, 9: 3509
144 Mia M M, Cibi D M, Ghani S A B A, et al. Loss of Yap/Taz in cardiac fibroblasts attenuates adverse remodelling and improves cardiac function.

Cardiovasc Res, 2022, 118: 1785–1804
145 Hammerich L, Tacke F. Hepatic inflammatory responses in liver fibrosis. Nat Rev Gastroenterol Hepatol, 2023, 20: 633–646
146 Dimitriadis E, Rolnik D L, Zhou W, et al. Pre-eclampsia. Nat Rev Dis Primers, 2023, 9: 8
147 Kuwahara M, Yamashita M, Shinoda K, et al. The transcription factor Sox4 is a downstream target of signaling by the cytokine TGF-β and

suppresses TH2 differentiation. Nat Immunol, 2012, 13: 778–786
148 Sun Y, Yan K, Wang Y, et al. Context-dependent tumor-suppressive BMP signaling in diffuse intrinsic pontine glioma regulates stemness through

epigenetic regulation of CXXC5. Nat Canc, 2022, 3: 1105–1122
149 Nagaraja S, Quezada M A, Gillespie S M, et al. Histone variant and cell context determine H3K27M reprogramming of the enhancer landscape

and oncogenic state. Mol Cell, 2019, 76: 965–980.e12
150 Castel D, Philippe C, Kergrohen T, et al. Transcriptomic and epigenetic profiling of ‘diffuse midline gliomas, H3 K27M-mutant’ discriminate two

subgroups based on the type of histone H3 mutated and not supratentorial or infratentorial location. acta neuropathol commun, 2018, 6: 117
151 Bogdahn U, Hau P, Stockhammer G, et al. Targeted therapy for high-grade glioma with the TGF- 2 inhibitor trabedersen: Results of a randomized

2024 年 10 月 第 69 卷 第 30 期

4370

https://doi.org/10.1016/j.immuni.2006.07.012
https://doi.org/10.1016/j.immuni.2006.07.011
https://doi.org/10.1126/science.adg6425
https://doi.org/10.1038/nature06878
https://doi.org/10.1038/s41586-022-05309-5
https://doi.org/10.1038/ni1549
https://doi.org/10.1016/j.immuni.2013.07.016
https://doi.org/10.1073/pnas.0730640100
https://doi.org/10.1038/ni.3800
https://doi.org/10.1172/JCI143759
https://doi.org/10.1016/j.ccr.2009.06.017
https://doi.org/10.1172/JCI119017
https://doi.org/10.1164/rccm.202004-1274OC
https://doi.org/10.1080/15548627.2023.2287930
https://doi.org/10.1038/s41568-019-0238-1
https://doi.org/10.14336/AD.2023.0222
https://doi.org/10.1038/nrneph.2016.48
https://doi.org/10.1038/nrm2262
https://doi.org/10.1038/s41581-023-00752-7
https://doi.org/10.1172/JCI135773
https://doi.org/10.1038/s41467-018-05766-5
https://doi.org/10.1093/cvr/cvab205
https://doi.org/10.1038/s41575-023-00807-x
https://doi.org/10.1038/s41572-023-00417-6
https://doi.org/10.1038/ni.2362
https://doi.org/10.1038/s43018-022-00408-8
https://doi.org/10.1016/j.molcel.2019.08.030
https://doi.org/10.1186/s40478-018-0614-1


and controlled phase IIb study. Neuro-Oncology, 2011, 13: 132–142
152 Giaccone G, Bazhenova L A, Nemunaitis J, et al. A phase III study of belagenpumatucel-L, an allogeneic tumour cell vaccine, as maintenance

therapy for non-small cell lung cancer. Eur J Canc, 2015, 51: 2321–2329
153 Martin C J, Datta A, Littlefield C, et al. Selective inhibition of TGFβ1 activation overcomes primary resistance to checkpoint blockade therapy by

altering tumor immune landscape. Sci Transl Med, 2020, 12: eaay8456
154 Rice L M, Padilla C M, McLaughlin S R, et al. Fresolimumab treatment decreases biomarkers and improves clinical symptoms in systemic

sclerosis patients. J Clin Invest, 2015, 125: 2795–2807
155 Deng Z, Fan T, Xiao C, et al. TGF-β signaling in health, disease, and therapeutics. Sig Transduct Target Ther, 2024, 9: 61
156 Roybal K T, Williams J Z, Morsut L, et al. Engineering T cells with customized therapeutic response programs using synthetic notch receptors.

Cell, 2016, 167: 419–432.e16
157 Bernard K, Thannickal V J. NADPH oxidases and aging models of lung fibrosis. Methods Mol Biol, 2019, 1982: 487–496
158 Hecker L, Vittal R, Jones T, et al. NADPH oxidase-4 mediates myofibroblast activation and fibrogenic responses to lung injury. Nat Med, 2009,

15: 1077–1081
159 Lasky J A, Ortiz L A, Tonthat B, et al. Connective tissue growth factor mRNA expression is upregulated in bleomycin-induced lung fibrosis. Am J

Physiol, 1998, 275: L365-L371

评 述

4371

https://doi.org/10.1093/neuonc/noq142
https://doi.org/10.1016/j.ejca.2015.07.035
https://doi.org/10.1126/scitranslmed.aay8456
https://doi.org/10.1172/JCI77958
https://doi.org/10.1038/s41392-024-01764-w
https://doi.org/10.1016/j.cell.2016.09.011
https://doi.org/10.1038/nm.2005


Summary for “TGF-β信号通路在发育和疾病中的调控”

TGF-β signaling pathway in the regulations of development and
disease
Hongyao Sun1, Sixuan Wei2 & Qiaoran Xi1
1 School of Life Sciences, Tsinghua University, MOE Key Laboratory of Protein Sciences, State Key Laboratory of Molecular Oncology, Beijing 100084,
China;

2 Tsinghua-Peking Center for Life Sciences, School of Life Sciences, Tsinghua University, Beijing 100084, China
* Corresponding author, E-mail: xiqiaoran@mail.tsinghua.edu.cn

The Transforming Growth Factor-β (TGF-β) 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-β 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-β 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-β signaling. This pathway’s versatility and extensive impact are evident across multiple physiological and
pathological contexts. Dysregulation of the TGF-β signaling pathway is closely associated with the development and
progression of numerous diseases. For instance, aberrant TGF-β signaling is a hallmark of fibrosis, characterized by
excessive connective tissue deposition, leading to tissue scarring and impaired organ function. In cancer, TGF-β 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-β 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-β 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-β signaling in various diseases, particularly its impact on immune regulation, fibrosis, and cancer progression. The
ability of TGF-β 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-β 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-β signaling cascade, these
therapeutic approaches hold significant promise for treating diseases associated with TGF-β dysregulation, offering
potential for improved clinical outcomes. In sum, this review provides a comprehensive analysis of the TGF-β 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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