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Transforming growth factor-beta (TGF-β) signaling is essential for the maintenance of the
normal structure and function of the aorta. It includes SMAD-dependent canonical
pathways and noncanonical signaling pathways. Accumulated genetic evidence has
shown that TGF-β canonical signaling-related genes have key roles in aortic
aneurysms (AAs) and aortic dissections and many gene mutations have been identified
in patients, such as those for transforming growth factor-beta receptor one TGFBR1,
TGFBR2, SMAD2, SMAD3, SMAD4, and SMAD6. Aortic specimens from patients with
these mutations often show paradoxically enhanced TGF-β signaling. Some hypotheses
have been proposed and new AA models in mice have been constructed to reveal new
mechanisms, but the role of TGF-β signaling in AAs is controversial. In this review, we focus
mainly on the role of canonical signaling-related core genes in diseases of the aorta, as well
as recent advances in gene-mutation detection, animal models, and in vitro studies.
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INTRODUCTION

Aortic aneurysm (AAs) and aortic dissections (ADs) are degenerative vascular diseases
associated with high mortality. The main pathological manifestations are degeneration of
the media layer, extracellular matrix (ECM) remodeling, infiltration of inflammatory cells into
the aorta, progressive dilation of the aortic diameter and, finally, sudden death of the patient
due to aorta rupture (Rabkin, 2017; Bossone and Eagle, 2021). AAs and ADs account for 1–2%
of all deaths in Western countries, aortic aneurysm is the second most
prevalent aortic disease following atherosclerosis and accounts for the ninth-leading
cause of death overall, the estimated incidence is 2.79 per 100 000 individuals (Sampson
et al., 2014).

In recent years, accumulating evidence has indicated that genetic factors, particularly
transforming growth factor (TGF-β) signaling, play a key role in the development of aortic
aneurysms, in addition to regulating many aspects of physiological homeostasis in embryonic
and adult tissues (Lindsay and Dietz, 2014; Isselbacher et al., 2016; Tzavlaki and Moustakas,
2020). Several mutated genes have been identified from patients with AAs, many of these
mutated genes belong to members of the TGF-β signaling family. However, the role of TGF-β
signaling in AAs is controversial (Jones et al., 2009; Lin and Yang, 2010).

In this review, we focus mainly on the role of canonical signaling-related core genes in diseases of
the aorta.
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OVERVIEW OF TGF-Β SIGNALING

TGF-β superfamily is one of main signaling pathways in humans.
Initially, it was found to have a crucial role in growth and
development. Subsequent studies revealed it to be involved in
regulation of various cellular processes: proliferation,
differentiation, adhesion, metastasis, and apoptosis (Wu et al.,
2014; Meng et al., 2016; Tzavlaki and Moustakas, 2020). In recent
years, it has been revealed that dysregulation of the TGF-β
signaling pathway is closely related to several human diseases.

The transforming growth factor-beta (TGF-β) superfamily is
comprised of over forty members, such as TGF-βs, anti-mullerian
hormone, nodal, activin, and bone morphogenetic proteins
(BMPs), growth differentiation factors (GDFs). It can be
divided into two subfamilies: TGF-β/Activin/Nodal and BMP/
GDF/MIS (Muellerian inhibiting substance) (MacFarlane et al.,
2017; Miyazawa and Miyazono, 2017).

There are three types of TGF-β ligands, TGF-β1, TGF-β2 and
TGF-β3, and they have amino-acid homology of 64–82%
(Perrella et al., 1998). Expression of these ligands is specific to
tissues. TGF-βs undertake very important regulatory process in
the ECM. If an inactive cleaved peptide fragment, such as latent
associated protein (LAP), is secreted by cells, it forms a large
latent complex (LLC) with latent transforming growth factor
binding protein (LTBP), Fibrillin-1 binds LTBP and anchors LLC
to the ECM (Wrana et al., 1992; Isogai et al., 2003; Shi et al., 2011).
TGF-βs can activate only the corresponding receptor after
dissociation from LAP; this regulatory process can concentrate
and regulate the concentration of TGF-βs to meet the different
needs of cells.

TGFBR1 and TGFBR2 are single transmembrane
glycoproteins. Their cytoplasmic regions have serine/
threonine kinase activities. Seven type I receptors and five
type II receptors have been identified in humans (Heldin and
Moustakas, 2016). Binding of TGF-βs, activin or nodal to
receptors can lead to activation of canonical signals and
TGFBR2 can trans-phosphorylate and activate TGFBR1 to
form activated receptor dimers. Downstream SMADs
proteins are activated further by activated receptor dimers
(Wrana et al., 1992; Peng, 2003). The SMADs protein family is
present in the cytoplasm and can transmit signals from the cell
membrane directly to the nucleus. They can be divided into
three subfamilies according to their structure and function: (i)
receptor-activated SMADs (R-SMADs), including SMADl, 2,
3, 5, 8, and 9; (ii) common-partner SMADs (Co-Smads), only
SMAD4 in mammals can intact with activated R-SMADs, and
is the core transcription factor of the TGF-β signal; (iii)
inhibitor SMAD (I-SMADs), including SMAD6 and 7,
which block receptor-mediated phosphorylation of R-SMAD
and inhibit the formation of activated R-SMAD and Co-SMAD
isopolymers. SMAD6 preferentially inhibits SMAD signaling
initiated by the bone morphogenetic protein (BMP) type I
receptors ALK-3 and ALK-6, whereas SMAD7 inhibits both
transforming growth factor β (TGF-β)- and BMP-induced
Smad signaling (Hanyu et al., 2001; Goto et al., 2007;
Miyazawa and Miyazono, 2017). I-SMADs can also bind
competitively to activated receptors or R-SMADS to form

inactive complexes, thereby inhibiting Co-SMAD-mediated
gene expression (Derynck and Zhang, 2003; Park, 2005;
Hata and Chen, 2016).

In the inactive state, SMAD4 is distributed in the cytoplasm
and nucleus, R-SMADs are located mainly in the cytoplasm, and
I-SMADs are mainly in the nucleus. If the receptor is activated,
SMAD2 and SMAD3 are phosphorylated and activated to form a
complex and transferred to the nucleus. The phosphorylated
SMAD2/3 interacts with SMAD4 to form a Smad complex
and synergistically regulates transcription of the target gene
with other transcription factors (Moustakas et al., 2001; Feng
and Derynck, 2005).

The downstream signal transduction of BMP differs from
TGF-β signal in that it depends on SMAD1/5/8. BMPs and GDFs
bind to BMP type I receptors, including ALK-1 (activin receptor-
like kinase 1), ALK-2, ALK-3/BMPRIA, or ALK-6/BMPRIB,
nodal signals through ALK-4, the major type I receptor for
activins, whereas myostatin signals through ALK-4 or ALK-5
(Table 1) (Morikawa et al., 2016), and then activate SMAD1/5/8
to form a complex with SMAD4 (Figure 1). The Smads complex
translocates to the nucleus and regulates BMP-specific target
genes, while inhibitory ligands, such as Noggin, block ligand-
receptor binding and pathway activation (Chang et al., 2002).
However, the pairing between receptors and ligands is not
absolute, but there is some crossover. For example, TGF-βs-
activated TGFBR2 not only interacts with TGFBR1, but also
binds to ALK-1, thus leading to activation of both SMAD2 and
SMAD3, also SMAD1, SMAD5, and SMAD8 in cells that express
both ALK-1 (Goumans et al., 2003).

Studies have shown that SMADs in the TGF-β canonical
signaling pathway play a very important part in AAs and
ADs, and many gene mutations have been identified in
patients (Takeda et al., 2018). Studies in animal models have
revealed some new molecular mechanisms. In this review, we
focus on the research progress of these core genes in AAs and
ADs. In addition, TGF-β can activate many other signaling
pathways that do not involve SMADs directly: extracellular-
signal regulated kinase 1 and 2 (ERK1/2), c-Jun N-terminal
kinase (JNK) (Lee et al., 2007; Sorrentino et al., 2008;
Yamashita et al., 2008), phosphoinositide 3-kinase-Akt (PI3K-
Akt) (Wilkes et al., 2005), and p38 mitogen-activated protein
kinase (MAPK) (Li and Kong, 2020). We do not elaborate on
TGF-β non-classical signaling pathways.

TABLE 1 | Protein-receptor pairing in the TGF-β superfamily.

Ligands Type I receptors Type II receptors

TGF-βs TGFBRI (Alk5) TGFBRII
Nodal AcvR-lb, AcvR-IC AcvR-II, AcvR-IIb
Myostatin AcvR-lb, TGFBRI (Alk5) AcvR-II, AcvR-IIb
Activin TGFBRI (Alk5) AcvR-II, AcvR-IIb
BMPs, GDFs AcvRL-I (ALK1), AcvR-I (Alk2) AcvR-II, AcvR-IIb, BMPR-II

BMPR-la (Alk3) —

BMPR-lb (Alk6) —

TGFBRs, transforming growth factor-beta receptors; AcvRs, activin A receptors; BMPs,
Bone morphogenetic proteins; GDFs, growth and differentiation factors; AcvRL-I, activin
A receptor like type 1; BMPRs, bone morphogenetic protein receptors.
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TGFBR1 AND TGFBR2 GENES

TGFBR1 is located on chromosome 9q. TGFBR2 is located on
chromosome 3p. TGFBR1 and TGFBR2 are transmembrane
proteins with serine/threonine kinase motifs, containing nine
and seven exons, respectively. Early sequencing studies showed
pathogenic mutations of TGFBR1 and TGFBR2 genes to be
associated with a series of other pathological changes in
addition to AAs, named Loeys–Dietz syndrome 1 (LDS1) and
LDS2, respectively. Table 2 gives an overview of important
genetic defects leading to AAs and ADs formation in human.
Most mutations in TGFBR1 and TGFBR2 genes are loss-of-
function mutations, mainly in the evolutionarily conserved

serine/threonine kinase region. One-third of the TGFBR
mutations are identified in TGFBR1, whereas the remainder is
found in TGFBR2 (Loeys et al., 2005; Pannu et al., 2005; Loeys
et al., 2006).

LDS is an autosomal-dominant genetic disorder. Although
LDS shows clinical overlap with Marfan syndrome (MFS), it can
be distinguished clinically from MFS (Meester et al., 2017).
Except for AAs, the common features include pectus
deformities, scoliosis, and arachnodactyly. Distinguishing
findings are craniosynostosis, hypertelorism, cleft palate or
bifid uvula, club feet, instability in the cervical spine and, most
importantly, widespread arterial aneurysms with tortuosity and
aortic rupture occur earlier. Moreover, in more severe cases of

FIGURE 1 | The-β/BMP signaling pathway. After cellular secretion, latent TGF-β forms a large latent complex (LLC) with latent transforming growth factor binding
protein (LTBP). Upon release from the LTBP, TGF-β binds to receptors and TGFBR2 can trans-phosphorylate and activate TGFBR1 to form activated receptor dimers.
Activation of receptor complex initiates canonical and non-canonical TGF-β signaling pathways. After binding to active ligands BMPs or GDFs, BMPR1 and BMPR2 form
phosphorylated dimers and activate downstream SMAD1/5/8. SMAD6 and SMAD7 can inhibit TGF- β and BMP signaling pathways by inhibiting SMAD2/3 and
SMAD1/5/8 phosphorylation, respectively. ECM, extracellular matrix; TGF- βs, transforming growth facotr-beta; TGFBRs, transforming growth factor-beta receptors;
BMPs, Bonemorphogenetic proteins; GDFs, growth and differentiation factors; SMADs, drosophilamothers against decapentaplegic proteins; ERK, extracellular signal-
regulated kinases; JNK, c-Jun N-terminal kinase.
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LDS, cervical instability or cleft lip and palate may be present. The
arteriopathy observed in LDS is disseminated, with AAs and ADs
occurring in peripheral arterial beds and the aorta. Conversely,
ectopia lentis (a finding highly specific to dysfunction of fibrillin-
1 protein) is common in MFS but is not observed in LDS (Tran-
Fadulu et al., 2009; Van Laer et al., 2014; MacFarlane et al., 2017).
Interestingly, heterozygous deletion of TGFBR1 does not cause
vascular disease. Heterozygous mutations in the TGFBR1 gene
have been shown to cause multiple self-healing squamous
epithelioma (MSSE). Most mutations in MSSE are extracellular
ligand-binding domains or truncation mutations of the kinase
domain, whereas most mutations in LDS are missense (Goudie
et al., 2011; Fujiwara et al., 2019).

Abnormally enhanced TGF-β signaling has been observed in
aortic-tissue samples from patients with LDS. Co-transfection of
wild-type and mutant TGFBR1 or TGFBR2 receptors in equal
quantities results in reduced TGF-β signaling, indicating that
mutant receptors cannot propagate a signal even in the presence
of their wild-type counterpart (Mizuguchi et al., 2004; Horbelt
et al., 2010; Gallo et al., 2014). It has been revealed that mice
carrying TGFBR1 and TGFBR2 heterozygous missense
mutations, but not which are not haplo-sufficient for TGF-β
receptor alleles, recapitulate LDS phenotypically, which suggests
that the presence of mutant TGFBR is necessary to cause disease
(Gallo et al., 2014). Table 3 gives an overview of mouse models
associated with disturbed TGF-βsignaling pathway.

Smooth muscle cell-specific (SMC) knockout of TGFBR1 or
TGFBR2 can lead to AAs, but TGFBR1 knockout is more
destructive to the aorta. Enhanced ERK signaling in the aortic
wall before causing structural degeneration has been observed in
TGFBR1 SMC knockout mice. Inhibition of ERK
phosphorylation or blockade of the angiotensin II type I
receptor can prevent aneurysmal degeneration of Tgfbr1-
deficient aortas (Yang et al., 2016). In tamoxifen-induced

TGFBR2 SMC knockout mice, loss of the TGF-β signaling
pathway impairs the contractile apparatus of vascular smooth
muscle, damages elastin, increases the number of macrophage
markers, and increases cell proliferation andmatrix accumulation
(Li et al., 2014; Hu et al., 2015). Angiotensin II-induced disease in
the abdominal aorta is exacerbated by systemic TGF-β blockade,
and thoracic aortic disease is exacerbated by SMC-specific loss of
TGBR2, which suggest that TGF-β signaling prevents abdominal
and thoracic aneurysmal disease by different mechanisms
(Angelov et al., 2017). Those mouse experiments demonstrated
that, as core molecules of the TGF-β signaling family, TGFBR1
and TGFBR2 are essential for maintaining the structural integrity
of the aorta after normal embryonic development.

Receptor-Mediated SMADs (R-SMADs)
SMAD2 and SMAD3 mutations are important predisposing
factors for AAs and ADs. They are located on the long arms
of chromosomes 18 and 15, and are composed of 11 and 9 exons,
respectively (Schepers et al., 2018). SMAD2 and SMAD3 proteins
belong to the R-Smad family and are important downstream
effectors of the canonical TGF-β signaling pathway.

-SMAD2 Gene
Pathogenic variants in SMAD2 have been reported in to be
associated with AAs and ADs in only a few studies. Whole-
exome sequencing was undertaken in 365 patients with AAs or
ADs without FBN1, TGFBR1, TGFBR2, ACTA2, or MYH11
mutations: three SMAD2 loss-of function variants were
identified. They were located in the MH2 region of the
SMAD2 (Micha et al., 2015). Then, a novel missense mutation
in SMAD2 in a Chinese family with early-onset AAs was
identified (Zhang et al., 2017). Studies have shown that two
distinct phenotypes are associated with pathogenic variants in
SMAD2: (i) complex congenital heart disease with or without

TABLE 2 | Loss-of-function genetic defects causing AAs and ADs in human.

Gene Chromosomal
locus

Associated syndrome Main clinical features References
(Pmid)

TGFBR1 9q22.33 Loeys-Dietz syndrome type I Widespread arterial aneurysms with tortuosity ND ortic dissections
occur earlier, pectus deformities, scoliosis, arachnodactly,
craniosynostosis, hypertelorism, cleft palate or bifid uvula, club feet

15731757
16928994

TGFBR2 3p24.1 Loeys-Dietz syndrome type II Wildespread arterial aneurysms with tortuosity and aortic dissections
occur earlier, pectus deformities, scoliosis, arachnodactyly,
craniosynostosis, hypertelorism, cleft palate or bifid uvula, club feet

15731757
16928994

SMAD2 18q21.1 Loeys-Dietz syndrome type IV Arterial aneurysms and dissections, valve abnormalities, hypertelorism,
scoliosis, complex cogential heart disease

26247899

SMAD3 15q22.33 Aneurysm-osteoarthritis syndrome Wildspread and aggressive arterial aneurysms and dissections, arterial
tortuosity, early-onsetosteoarthritis, hypertelorism, bifid uvula

21217753
22167769

SMAD4 18q21.2 Juvenile polyposis syndrome and
hereditary hemorrhagic telangiectasia

Aortic dilatation, Gastrointestinal hamartomatous polyps, epistaxis,
telangiectasia and arteriovenous malformations

28874282

SMAD6 15q22.31 Bicuspid aortic valve Thoracic aortic aneurysm and dissections, bicuspid aortic valve, aortic
isthmus stenosis, dilated cardiomypathy, hyperplasia of cardiac valves

28659821
32748548

SMAD7 38.p13 No report — —

AAs, Aortic aneurysms; ADs, Aortic dissections; TGFBRs, transforming growth factor-beta receptors; SMDA, drophila mothers against decapentaplegic proteins.
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laterality defects and other congenital anomalies; (ii) a late-onset
vascular phenotype characterized by arterial aneurysms with
connective-tissue abnormalities (Granadillo et al., 2018).
Recently, studies have identified a SMAD2 nonsense variant
and four missense variants, which are all located in the MH2
domain. In addition to AAs, these affected individuals present
with a connective-tissue pathological phenotype (Cannaerts et al.,
2019). Those studies suggest that screening for SMAD2
mutations is warranted in patients with AAs or ADs.

A striking feature is the reported increase in phosphorylated-
SMAD2 expression and TGF-β signaling in the aortic wall of
patients with AAs or ADs caused by wide types of genetic
mutations (Gomez et al., 2009; Fukuda et al., 2018), such as
Fibrillin-1, SMAD3, SMAD4, TGFBR1, TGFBR2, TGFβ3, and

TGFβ2. This has caused controversy regarding the role of TGF-β
signaling in terms of the pathogenic mechanisms leading to AAs.
Different hypotheses have arisen to address this issue, but
experimental validation is needed. Evidence suggests that one
of the mechanisms of overactivation of SMAD2 promoters is
associated with excess transcriptional activity (a process
associated with epigenetic modification of the SMAD2
promoter). This action is accompanied by switching from
repression of SMAD2 expression in a healthy state to p53-
dependent activation of SMAD2 by switching from myc-
dependent aneurysmal VSMCs in humans (Loinard et al., 2014).

Mice embryos with SMAD2 knockout die before embryonic
day-8.5 due to defective elongation of egg cylinders and germ-
layer formation. Therefore, the pathological condition of the

TABLE 3 | Mouse models associated with disturbed TGF-β signaling pathway.

Gene Mouse model Phenotype Mechanism References
(Pmid)

TGFBR1 KO Embryonic lethal, angiogeneisis defects — 11285230
Tgfbr1M318R/+

heterozygous missense
Enlarged aortas and accelerated aortic root,
recaptitulate LDS

Increased TGF-β signaling contributes to postnatal
aneurysm progression, losartan prevents aortic
aneurysm

24355923

Postnatal SMC-specific
tamoxifen injection

Aortic rupture and aneurysmal degenration, 100%
penetrance of ascending thoracic aortas

Inhibition of ERK phosphorylation or blockade of the
ATR1 can prevent aneurysmal degeneration of Tgfbr1-
deficient aortas

27739498

EC-KO Embryonically lethal, severe defects in vascular
development

— 18029401

TGFBR2 KO Embryonic lethal, angiogenesis defects — 8873772
Postnatal SMC-specific Significantly lower degree of aneurysmal degeneration

than TGFBR1 KO
Treatment with rapamycin restored a quiescent smooth
muscle phenotype and prevented dissection

24401272
26494233
27739498

Tgfbr1M318R/+

heterozygous missense
Enlarged aortas and accelerated aortic root,
recapitulate LDS

Increased TGF-β signaling contributes to postnatal
aneurysm progression, losartan prevents aortic
aneurysm

24355923

SMAD2 KO Die before embryonic day 8.5 due to defective
elongation of egg cylinders and germ-layer formation

— 9529255
9689088

Neural crest cells-KO Reduced numbers of SMCs in the media, thinner
elastic lamina, and reduced vessel-wall thickness of
carotid arteries

— 23817199

SMAD3 KO Progressive dilation of aortic roots and the ascending
aorta

Adminstration of anti-GM-CSF monoclonal antibodies
to KO mice resulted in significantly less dilation in the
aortic root

27688095
23585475

Angiotensin II-infused
SMAD3 KO

Significant aortic dilatation, medical and adventitial
thicking

Adminstration of clodronate-liposomes depleted
macrophage, and inhibition of iNOS restored elastin
content and alleviated aortic dilation

23782924

CaCI2 induced
SMAD3 KO

Abdominal aortic aneurysm Enhanced staining for phosphorylated-SMAD2 and
phosphorylated-ERK

25985281

SMAD4 KO Pre-angiogenesis lethality — 17895899
EC-KO Died at embryonic day 10.5 due to cardiovascular

defects
— 17724086

Postnatal SMC-specific Aortic aneurysm and dissection, severe inflammatory
cells infiltrate into the aorta

Macrophage infiltration contributes to the progression
of aortic aneurysms. Therapeutic targeting of IL-1b
improved aortic disease

26699655
29150241

SMAD6 KO Embryonic and postnatal lethality with moderate
penetrance, hyperplastic thickening of the cardiac
valves, skeletal defects

30098998
10655064

SMAD7 KO Majority die in utero due to cardovasacular defects.
impaired cardic functions and severe arrhythmia

— 18952608

Hepatocyte-specific
Smad7-knockout

Liver hepcidin expression and develop an iron
deficiency phenotype

Increased phosphorylation of SMAD2/3 in
atrioventricular cushion and endocardium

29575577

TGFBRs, transforming growth factor-beta receptors; SMADs, drosophilamothers against decapentaplegic proteins; KO, knock out; LDS, Loeys-Dietz syndrome; SMCs, smooth muscle,
smooth muscle cells; ATR1, angiotensin II, type 1 receptor; EC-KO, endothelial cell-knock out; GM-CSF, granulocyte-macrophage colony stimulating factor; iNOS, inducible nitric oxide
synthase; IL-1b, Interleukin-1, beta.
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aorta cannot be detected (Waldrip et al., 1998; Weinstein et al.,
1998). SMAD2 is critical for VSMC differentiation from NCCs in
vivo. Specific knockout of SMAD2 in NCCs leads to defective
differentiation of NCCs to VSMCs in aortic-arch arteries during
embryonic development. Reduced layers and numbers of VSMCs
in the media, thinner elastic lamina, and reduced vessel-wall
thickness of carotid arteries has been observed in SMAD2 NCC
knockout mice (Xie et al., 2013). SMAD3 is important for the
differentiation of SMCs from mesenchymal progenitors (Qiu
et al., 2005). Evidence of AAs or ADs caused by SMAD3
deletion has not been reported in mouse models, which may
be related to the compensatory effect caused by other genes. In
future studies, tissue-specific knockout of SMAD3 and induction
with other chemical agents (e.g., angiotensin II or CaCl2) may
permit discovery of this association in mice.

-SMAD3 Gene
SMAD3 plays an indispensable part in the homeostasis,
remodeling, and fibrosis of connective tissue. The N-terminal
MH1 domain of SMAD3 protein mediates binding to DNA, and
the C-terminal MH2 domain is involved in protein–protein
interactions (Schepers et al., 2018). Mutation of the MH2
domain of SMAD3 was first identified to cause AAs and ADs
in patients (van de Laar et al., 2011). In contrast with other
aneurysm syndromes, most of these affected individuals
presented with early-onset osteoarthritis. Therefore, the
syndrome caused by SMAD3 mutations is called
“aneurysms–osteoarthritis syndrome” (AOS). Because of the
many common clinical features with LDS (hypertelorism, bifid
uvula, arterial tortuosity, and widespread AAs and ADs), it is now
also classified as “LDS type 3” (van de Laar et al., 2012;
MacCarrick et al., 2014). AOS is an autosomal-dominant
connective-tissue disorder characterized by AAs and tortuosity,
early-onset osteoarthritis, as well as mild craniofacial, skeletal and
cutaneous anomalies. However, not all patients with a SMAD3
mutation present with osteoarthritis (Regalado et al., 2011). In
contrast to MFS, cerebrovascular abnormalities occur frequently
in AOS and LDS (van der Linde et al., 2012). Studies have further
reported AOS to be caused by mutations at other SMAD3 sites
(Liao et al., 2018).

SMAD3 mutations are responsible for 2% of familial thoracic
AAs and ADs (Regalado et al., 2011). Sixty-seven mutations have
been identified in SMAD3, including missense, nonsense,
frameshift, and splice-site mutations, which are spread over
the entire gene. There are no significant “hotspots” for
SMAD3 mutations, but most of the reported
haploinsufficiency or missense variants are concentrated in the
MH2 domain. The latter is responsible for the direct binding of
SMAD3 and SMAD4 to form a complex that mediates
transcriptional regulation of TGF-β downstream signals
(Zhang et al., 2015; Schepers et al., 2018).

A SMAD3 knockout model in mice was used to elucidate the
molecular mechanism of SMAD3 involvement in AA
pathogenesis. Significant aortic dilatation, medial and
adventitial thickening as well as luminal enlargement were
observed in angiotensin II-infused SMAD3 knockout mice.
Increased vascular inflammation (not hypertension) initiated

the AAs. AngII-infused SMAD3 mice showed increased
inducible nitric oxide (iNOS)-derived production of nitric
oxide and macrophage infiltration in aortas. Administration of
clodronate-liposomes depleted macrophage/monocytes, and
inhibition of iNOS by aminoguanidine restored elastin content
and alleviated aortic dilation significantly (Tan et al., 2013). In
another study, SMAD3 deficiency led to progressive dilation of
aortic roots and the ascending aorta in adult C57BL/6 mice even
without induction by angiotensin II. Smad3−/−

(SMAD3 translation-initiation site was deleted) mice had a
vascular phenotype similar to that observed in AOS: the aorta
had chronic infiltration of inflammatory cells. Granulocyte
macrophage-colony stimulating factor (GM-CSF) oversecreted
from CD4+T cells in Smad3−/− mice has a key role in AA
pathogenesis. GM-CSF has been shown to induce monocyte
accumulation in the aortic root. In addition, administration of
anti–GM-CSF monoclonal antibodies to Smad3−/− mice resulted
in significantly less matrix metallopeptidase nine activity and
dilation in the aortic root. GM-CSF overexpression has also been
detected in the aorta of AOS patients with SMAD3mutations (Ye
et al., 2013). Those data strongly suggest that SMAD3 deletion in
peripheral inflammatory cells is an important cause of AA, but we
cannot exclude the contribution of SMAD3 deficiency in SMCs to
AA occurrence. Therefore, further studies on the pathogenesis of
tissue-specific SMAD3 deficiency or mutation must be done.

Another study also supported the role of SMAD3 in protecting
vessel-wall integrity and suppressing inflammation in the
pathogenesis of CaCl2-induced AAAs. CaCl2 treatment induced
robust infiltration by T cells and macrophages, activation of
nuclear factor-kappa B and ERK 1/2 signaling pathways, and
upregulation of SMAD 2/4 expression in the abdominal aorta of
Smad3−/− mice (Dai et al., 2015). Interestingly, there was no
increase in ECM accumulation, excessive collagen accumulation,
or loss of SMCs in Smad3−/− mice. The aorta of Smad3-deficient
mice showed enhanced staining for phosphorylated-SMAD2 and
phosphorylated-Erk, but expression of TGF-β-activated target
genes was not upregulated. Instead, the aortas of fibulin-
4R/R-deficient mice show increased ECM remodeling and a
greater downstream transcriptional response (Ye et al., 2013).
Those data further suggested that different mutations in
patients with AA had different pathogenesis. Switching of the
VSMC phenotype also plays an important part in TAAD. miR-21
expression has been found to be increased in an angiotensin II-
infused Smad3+/− TAAD mouse model and in patients with
ascending TAA. miR-21 deficiency in Smad3+/− mice
exacerbates TAAD formation after infusion with angiotensin II;
the increased SMAD7 expression and suppressed canonical TGF-β
signaling causes SMCs to switch from a contractile phenotype to a
synthetic phenotype. Silencing of SMAD7 expression with
lentivirus can prevent angiotensin II-induced TAAD formation
in Smad3+/− miR-21−/− mice (Huang et al., 2018). Taken together,
those independent studies using different lines of SMAD3
knockout mice demonstrated that SMAD3 is critical for
protecting vessel walls from aneurysm formation. An excessive
inflammatory response is a common feature in AA development,
immunosuppression may be an effective option for treatment of
patients with SMAD3 mutations.
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As the core component of aortic walls, SMC disorders are an
important cause of AA formation. Several in vitro studies have
explored the role of SMAD3 in SMCs. SMAD3 has a vascular-
protective role because it regulates vascular SMCs and matrix
regulation. c-Ski inhibits the proliferation of aortic smooth
muscle in A10 rats by suppressing SMAD3 signaling (Li et al.,
2013). Furthermore, miR-26b suppresses AD development by
targeting regulation of the HMGA2 and TGF-β/SMAD3
signaling pathways; knockdown of miR-26b expression
inhibited VSMC proliferation in a SMAD3-dependent way
(Yang et al., 2020). Experiments on the response to vascular
injury showed that the loss of SMAD3 in mice resulted in
enhanced intima hyperplasia. In addition, studies have shown
expression of the lncRNA CRNDE to be downregulated in AAA
tissues and angiotensin II-stimulated VSMCs. CRNDE
overexpression promoted VSMC proliferation and repressed
apoptosis in AAA by upregulating SMAD3 expression via
B-cell lymphoma 3 (Kobayashi et al., 2005; Zhou et al., 2019).
TGF-β/SMAD3 also interacts with canonical wingless type
signaling to regulate the proliferation and apoptosis of SMCs
(DiRenzo et al., 2016).

SMAD3 is also involved in regulation of some
proinflammatory and cytokines. Connective-tissue growth
factor (CTGF) is a key factor regulating ECM production.
Peroxisome proliferator-activated receptor gamma binds
directly to SMAD3 to inhibit induction of CTGF expression
by TGF-β signaling (Fu et al., 2001). TGF-β1-based inhibition
of iNOS and IL-6 expression was shown to be blocked completely
in Smad3-deficient VSMCs (Feinberg et al., 2004). Those studies
emphasized that the role of SMAD3 in SMCs is very complex.
Indeed, the function of SMAD3 in lineage-specific VSMCs may
be different. SMAD3 is essential for the differentiation of
cardiovascular progenitor cell–VSMCs but not for the
differentiation of neural crest stem cell–VSMCs. SMAD3
deficiency leads to reduced contractility of cardiovascular
progenitor cell–VSMCs (Gong et al., 2020). It has also been
reported that SMAD3 knockout resulted in myocardial-cell
necrosis in mice with a 129 genetic background and aortic
rupture in C57BL/6J mice: different genetic backgrounds may
be responsible for these differences (Kashyap et al., 2017).

Co-SMAD
-SMAD4 Gene
As a key transcription factor of the TGF-β signaling pathway,
SMAD4 is essential for developmental and postnatal
cardiovascular homeostasis (Lan et al., 2007; Xu et al., 2019).
SMAD4 loss-of-function mutations are associated with juvenile
polyposis syndrome (JPS) and a combined JPS-hereditary
hemorrhagic telangiectasia (HHT) known as “JPS-HHT
syndrome”, and some affected individuals present with aortic
dilatation (Larsen Haidle et al., 1993; Jelsig et al., 2016). Several
genetic studies have shown that Smad4 mutation is a risk factor
for aortic dilatation in JPS-HHT (Andrabi et al., 2011;
Teekakirikul et al., 2013; Wu, 2017; Inoguchi et al., 2019).

A single nucleotide polymorphism (SNP) rs12455792 located
in the transcription-factor binding site of SMAD4 leads to
decreased transcription activity and proteoglycan degradation,

apoptosis of vascular smooth muscle cells (VSMCs) and fiber
accumulation, which are involved in the pathological progression
of TAAD (Wang et al., 2018). SMAD4missense variants c.290G >
T, p. (Arg97Leu) have been identified in one family associated
with thoracic aortic disease. Experiments based on adenovirus
transfection have revealed that the mutated site leads to increased
ubiquitination-mediated degradation of Smad4 protein in SMCs
(Duan et al., 2019). However, patients do not show the typical
characteristics of JPS or HHT, though few cases have been
reported (Schepers et al., 2018). These observations suggest
that SMAD4 mutations are associated independently with
aortic dilation. In a clinical analysis, comparing the degree of
dilation of aortic roots and the ascending aorta between other
HHT patients (ENG and ACVRL1 mutations) and non-HHT
controls, SMAD4 mutation was found to be a significant risk
factor (Vorselaars et al., 2017). Those studies demonstrated that
SMAD4mutations predispose to aortic dilatation, which suggests
that screening for cardiovascular disease is necessary for JPS-
HHT patients to prevent premature death due to AD or aortic
rupture, which is clinically important. However, gain-of-function
mutations in SMAD4 lead to Myhre syndrome; a rare, distinctive
syndrome that mostly affects patients with cardiovascular
abnormalities who do not have aortic dilatation (Lin et al.,
2016; Meerschaut et al., 2019). The evidence stated above
further emphasizes the importance of SMAD4 in the
cardiovascular system.

With regard to the importance of SMAD4 and SMCs in the
aorta, we conducted a mouse experiment to study how SMAD4
participates in AAs and ADs. SMAD4 deletion in SMCs led to
AAs and ADs, which suggested a direct correlation between
SMAD4 and AAs and ADs. Immunohistochemical assays
showed that, in Smad4-deficient mice, many macrophages and
cluster of differentiation (CD)4+T cells invaded the aorta, and
expression of SMC-derived proinflammatory factors and
chemokines was increased significantly. Selective clearance of
macrophages and blockade of a chemokine signaling axis (CCL2-
CCR2) could alleviate AAs in Smad4-deficient mice (Zhang et al.,
2016). Those results suggest that the inflammatory response
caused by SMAD4 loss in SMCs may be crucial for the
pathogenesis of AAs and ADs. This view was confirmed by a
subsequent study. Deletion of SMC-specific SMAD4 induced by
tamoxifen in adult mice caused AA formation. SMAD4 ablation
in SMCs activated inflammation early in the media and induced
interleukin (IL)-1b production, and therapeutic targeting of IL-1b
improved aortic disease and AA dilation induced by SMC-
specific SMAD4 inactivation (Da Ros et al., 2017).
Interestingly, specific knockout of TGFBR2 in SMCs did not
cause severe inflammatory responses and AA progression was
much more moderate in mice (Zhang et al., 2016). Those data
suggested that compensatory activation of TGF-β non-canonical
signaling in Smad4-deficient mice contributed significantly to the
“inflammatory outburst” in the aorta.

MicroRNAs also play an important role in cardiovascular
disease (Tang et al., 2021). Several researchers have studied
the involvement of microRNAs (miRs) or long noncoding
RNAs (lncRNAs) targeting SMAD4 in AAs and ADs. miR-
146a-5p expression in circulating blood was increased
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significantly in patients with thoracic aortic dissection, and
upregulated expression of miR-146a-5p targeted SMAD4 to
promote the proliferation and migration of VSMCs (Xue et al.,
2019). The lncRNA SNHG5 acts as a “molecular sponge” for
miR-205, and its expression is downregulated in abdominal aortic
aneurysm (AAA) patients. Downregulation of SNHG5
expression enhances the inhibitory effect of miR-205–-5p on
SMAD4 and, thus, inhibits the proliferation, migration, and
apoptosis of VSMCs (Nie et al., 2021). miR-26a expression has
also been found to be downregulated in two mouse models of
AAA and human aortic SMCs. Inhibition of miR-26A expression
can increase SMAD4 expression, which enhances switching from
a contractile phenotype to a synthetic phenotype (Leeper et al.,
2011).

I- SMAD Genes
-SMAD6 Gene
As an inhibitory SMAD, SMAD6 is involved in regulation of the
TGF-β signaling pathway through various pathways. SMAD6
inhibits the formation of heteromerization with SMAD4 by
binding to phosphorylated-SMAD2, but does not inhibit the
activity of SMAD3. It also negatively regulates non-canonical
TGF-β1 signaling by recruiting the deubiquitinase A20 to TRAF6
and inhibiting the TAK1-p38 MAPK/JNK pathway (Hata et al.,
1998; Jung et al., 2013). Studies have revealed a crucial role for
SMAD6 in the development and homeostasis of the
cardiovascular system in Smad6-mutant mice. SMAD6
mutants have hyperplasia of cardiac valves and septation
defects of outflow tracts, which is indicated by the
development of aortic ossification and increased blood
pressure (Galvin et al., 2000; Wylie et al., 2018). Individuals
with a SMAD6 missense mutation present a complex cardiac
pathological phenotype, such as aortic isthmus stenosis, a severe
cardiac phenotype, and dilated cardiomyopathy (Kloth et al.,
2019). SMAD6 is closely related to the occurrence of a bicuspid
aortic valve (BAV). The latter is a heterogeneous disorder
inherited primarily in an autosomal-dominant pattern with
incomplete penetrance and variable expressivity. TAAs or
acute ADs are common complications in inpatients with BAV.
NOTCH1, TGFBR2, ACTA2, GATA5, NKX2.5, SMAD6, or
ROBO4 mutations are the most commonly identified genetic
causes of familial non-syndromic BAV (Musfee et al., 2020).
However, there is little direct evidence that SMAD6 mutations in
individuals lead to AAs or ADs. Whole-exome sequencing in 129
cases of sporadic TAAD revealed a 58-year-old male with a
SMAD6 mutation (Li et al., 2021a). A clinical analysis showed
limited contribution of the SMAD6 mutation to TAA
development in BAV patients (Luyckx et al., 2019). Those data
suggest that there may be other sites of genetic susceptibility
involved in TAA. How SMAD6 participates in AAs requires
in vitro and in vivo evidence.

-SMAD7 Gene
SMAD7 is a key negative regulator of TGF-β signaling, it
antagonizes TGF-β signaling through multiple mechanisms in
the context of different cell types, and altered expression of
SMAD7 is often associated with cancer, tissue fibrosis and

inflammatory diseases (Miyazawa and Miyazono, 2017).
However, the genetic association between SMAD7 and aortic
aneurysm and dissection has not been identified to date. Some
studies suggest that SMAD7 also plays an important role in the
cardiovascular system. Deletion of the MH2 domain of SMAD7
produced embryos with outflow tract, ventricular septum,
ventricular compaction, and cardiac function defects (Chen
et al., 2009).

Overexpression of SMAD7 suppressed differentiation and
proliferation of VSMCs and reiterated defects in adult BMP9/
10 double mutants mice (Wang et al., 2021). Homozygous
knockdown of SMAD7 produced primarily fourth-related arch
artery defects (Papangeli and Scambler, 2013), which indicates
that SMAD7 is required for great vessel development. In addition,
SMAD7 can be a microRNA target involved in SMCs function
maintenance. Lentivirus knockdown of SMAD7 prevented
AngII-induced Smad3+/−Mir-21−/− mouse TAAD formation
(Huang et al., 2018), and VSMC-specific miRNA-214
knockout inhibits AngII-induced hypertension through up-
regulation of SMAD7 (Li et al., 2021b). The in vivo role of
SMAD7 in the maintenance of aortic structure and function
remains to be explored.

Medical Therapy Targeting Abnormal TGF-β
Signaling
Progressive expansion of AAs can lead to life-threatening aortic
dissection and aortic rupture. So far, surgery or endovascular
intervention has been the primary treatment, but medical therapy
also plays an important role in slowing AAs dilation, and as the
pathogenesis of AAs becomes clearer, it is expected that more
effective drug therapy will be available.

Substantial evidence shows that the canonical TGF-β signaling
abnormalities plays a central role in the formation of hereditary
AAs, higher circulating TGF-β levels are associated with more
advanced stages and higher rates of aortic dilatation in TAA
patients (Franken et al., 2015). In addition, it interacts with the
Renin-angiotensin system (RAS) at multiple levels. Ang II can
directly increase TGF-β mRNA production, TGF-β protein
expression and TGF-β activity upstream of signal. Abnormal
upregulation of ACE and elevated local RAS signaling has been
demonstrated in patients with AAs induced by abnormalities of
the TGF-β classical signaling and in mouse models (van Dorst
et al., 2021). Therefore, these two signaling pathways are
important targets for drug therapy. Such as TGF-β
neutralizing antibodies or Ang II type 1 receptor blocker
(ARB) losartan. In addition, irbesartan, statins, and β-blockers
are also common treatment options.

Almost all drug treatments have performed in MFS
individuals, which provides a paradigm for LDS and other
types of AAs, although the mutated gene loci are different,
abnormal TGF-β signaling enhancement are a common
feature. Several studies have shown that aortic dilatation was
decreased after the use of neutralizing inhibitors against TGF-β or
ARB in MFS mouse model (Yang et al., 2009; Habashi et al.,
2011). Based on the validity of animal experiments, the first
clinical trial evaluated the treatment effect of ARB on 18 pediatric
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patients with MFS, the use of ARB therapy significantly slowed
the rate of progressive aortic-root dilation, but the distal
ascending aorta is not affected. The results were confirmed by
several subsequent randomized controlled clinical trials, and the
beneficial effects of losartan are independent of its effects on
blood pressure (Brooke et al., 2008; Groenink et al., 2013; Lacro
et al., 2014). It is speculated that the inhibitory effect on TGF-β
and ERK1/2-signaling may be the mechanism of losartan slowing
down the progression of aortic aneurysms.

Several clinical trials have compared the efficacy of ARBs
versus β-blockers in preventing aortic dilation in patients with
MFS. Losartan was compared with the β-blocker atenolol in 608
patients with MFS, demonstrating that both drugs were equally
effective in reducing aortic root dilation. Overall, the combined
use of ARBs and β-Blockers not only significantly delayed aortic
aneurysm dilation, but also prevented long-term adverse
outcomes, according to a large number of clinical trials (Lacro
et al., 2014; Forteza et al., 2016). Unfortunately, the clinical
therapeutic effect of ARBs on MFS patients is not as
significant as that of preclinical results. The time window of
treatment, the type and dose of inhibitors used, and genetic
heterogeneity in MFS patients may be responsible for this
difference. Therefore, the effect of ARBs on genetic AA
patients other than MFS needs to be carefully evaluated in
consideration of the difference in the impact of gene
heterogeneity on the therapeutic effect. It is necessary to
conduct more genetic tests and studies on these individual
patients.

DISCUSSION AND PERSPECTIVES

TGF-β signaling pathway plays a central role in aortic diseases,
but the mechanism is very complex. The genes TGFBR1,
TGFBR2, SMAD2, SMAD3, SMAD4, SMAD6 and SMAD7
reviewed in this paper. Although they belong to the same
TGF-β canonical signaling core genes family, patients with
different gene mutations present very different clinical
phenotype. A common phenotype of these gene mutations is
aortic aneurysm or dissection, and aneurysm rupture is the main
cause of death in these mutation patients. Therefore, in the
clinical examination, it is necessary to screen for the
cardiovascular system, especially the aorta, in patients with
these mutations.

Loss-of-function mutations or deficiency of SMAD2, SMAD3,
and SMAD4 genes in mice or humans lead to the formation of
aortic aneurysms or dissections, suggesting that basal TGF-

βsignaling canonical signaling is indispensable for maintaining
the integrity of aortic structure and function. Functional
abnormalities of VSMCs, a core component of the aortic
structure, caused by SMADs mutations are the most well
studied, these SMADs mutations cause VSMCs to switch from
contractile to secretory. Another common mechanism is
activation of non-canonical signaling pathways, such as ERK1/
2 and MAPK, which initiate severe inflammatory responses and
protease secretion, leading to aortic ECM remodeling.
Interestingly, although only a few clinical cases have been
reported and the permeability is low, the mutation of I-Smad
SMAD6 still leads to the formation of aortic aneurysms. This
further increases the complexity of the role of TGF-βsignaling
pathway in maintaining aortic structure. Whether loss of SMAD6
leads to overactivation of non-canonical signaling pathways? As
far as we know, there is no AAs mouse model caused by SMAD6
gene deletion at present, and its mechanism needs to be further
explored in the future.

On the other hand, although the aortic tissues of these mutated
patients showed abnormal enhancement of TGF-β signaling
pathways, studies of molecular mechanisms in mouse models
and cells suggest that the pathogenesis is very different.

Current drug therapies may only be suitable for a small subset
of high-risk patients, and a better understanding of the
underlying genetic mechanisms will help identify patient
populations that respond to specific treatments. This
heterogeneity of pathogenesis with different mutated genes
means that targeted therapies may be the trend of the future.
More efficient gene sequencing and editing techniques make this
trend possible. In the study of mechanism, the efficient
construction of locus mutation mouse model can better
recapitulate the real human disease situation, which is more
convenient for the study of pathogenesis and evaluation of
potential drug targets, which will contribute to the
development of personalized drug therapy.
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