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Abstract

Transforming growth factor-3 (TGF-[3) plays a critical role in the pathological processes of various diseases. However, the
signaling mechanism of TGF-{3 in the pathological response remains largely unclear. In this review, we discuss advances in
research of Smad7, a member of the I-Smads family and a negative regulator of TGF-{3 signaling, and mainly review the
expression and its function in diseases. Smad7 inhibits the activation of the NF-kB and TGF-f3 signaling pathways and plays
a pivotal role in the prevention and treatment of various diseases. Specifically, Smad7 can not only attenuate growth inhibition,
fibrosis, apoptosis, inflammation, and inflammatory T cell differentiation, but also promotes epithelial cells migration or disease
development. In this review, we aim to summarize the various biological functions of Smad7 in autoimmune diseases, inflam-
matory diseases, cancers, and kidney diseases, focusing on the molecular mechanisms of the transcriptional and posttranscrip-
tional regulation of Smad7.
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Introduction

The SMAD7 gene, also known as mothers against
decapentaplegic homolog 7 (MADH?7), is located on chromo-
some 18 in both humans (i.e., 18q21.1) and mice (i.e., 18
51.06 cM) and encodes a protein with 426 amino acid residues
[86]. Smad7 is a nuclear protein and a major negative
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regulator of the TGF-3 signaling pathway. When TGF-f3
binds to the TGF-f receptor and activates the downstream
signaling pathway, Smad7 is released from the nucleus into
the cytoplasm, where it either inhibits the phosphorylation of
Smad2/3 or induces the degradation of TGF-[3 receptor I and
Smad2/3 [10, 50] (Fig. 1). A reduction in the phosphorylation
of Smad2/3 disrupts its heterodimerization with Smad4, a
common partner [5]. Smad7 is a member of the [-Smads (in-
hibitory Smads) family, alongside Smad6, and plays a key
role in regulating signal transduction by the TGF-3 family
cytokines (Fig. 1). Smad6 and Smad7 are inhibitory Smads
that serve as decoys that interfere with Smad-receptor and
Smad—-Smad interactions [63]. In contrast to R-Smads
(receptor-regulated Smads) or Co-Smad (common Smad),
Smad7 lacks an N-terminal MH1 domain and a phosphoryla-
tion site with type I receptors at the C-terminal tail despite
having a conserved C-terminal MH2 domain [65, 99].
Moreover, Smad7 is able to bind to the DNA elements con-
taining the minimal Smad-binding element (SBE) (CAGA)
box and affects the formation of TGF-3 signaling-induced
functional Smad-DNA complexes [52].

Smad7 overexpression is known to inhibit the DNA bind-
ing activity of NF-kB, the translocation of NF-kB to the
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Fig. 1 Functional and structural
features of the TGF-{3/Smads
pathway and the role of Smad?7.
TGF-f1 binding to its receptor 11

activates the TGF-f3 receptor type
I kinase. TGF-3 receptor type |
then phosphorylates Smad2 and
Smad3 (R-Smad). Smad2 and
Smad3 are the critical mediators
of TGF-3/Smads signaling in
multiple diseases. Activated
Smad2/3 combines with Smad4
to form a complex that is
subsequently translocated into the
nucleus. The resulting Smad
complex incorporates different
DNA-binding cofactors that
confer target gene selectivity and
influence the recruitment of either
transcriptional coactivators or
corepressors. Several hundred
genes are regulated by TGF-f3,
including Smad7. Smad7 plays a
negative regulatory role in the
TGF-3/Smads signaling pathway
by either inhibiting the activation
of Smad2/3 activation or blocking
the nuclear translocation of
Smad2/3
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nucleus, the transcriptional activity of NF-kB/p65, and
NF-kB-dependent inflammatory responses, suggesting a close
functional relationship between Smad7 and NF-kB [69, 95].
In fact, Smad7 can induce the expression of the nuclear factor
of kappa light polypeptide gene enhancer in B cell inhibitor
alpha (IkBx), an NF-«kB inhibitor. TGF-3 inhibits NF-kB
activation in an IkBx-dependent manner by inducing Smad7
[9, 51]. Inhibition of the NF-«kB signaling pathway activity
may be the key mechanism by which TGF-3/Smad7 is in-
volved in inflammatory diseases [72].

TGF-3 and Wnt signals undergo complex exchanges, in
which TGF-f is able to both promote and suppress Wnt sig-
naling [25, 39]. Smad?7 is required for the activation of glyco-
gen synthase kinase 33 (GSK3[3) and for the stabilization of
[3-catenin by TGF-{3. Moreover, Smad7 can associates with
[3-catenin and mediates the TGF-3-induced apoptosis in PC-
3U human prostate cancer and HaCaT cells [19]. 3-catenin is
also a key component of adherens junctions. In this context,
Smad7 has been shown to inhibit the activation of 3-catenin
and increase the expression of {3-catenin and E-cadherin in
breast cancer and hepatocellular carcinoma, respectively [98,
108]. In conclusion, Smad7 has different regulatory functions
in multiple diseases.

TGF-{3 and the bone morphogenetic proteins (BMPs) tran-
scriptionally induce Smad7; then Smad7 can negatively
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regulate the TGF-3 and BMP signaling pathways [99].
Overexpression of Smad7 in BMP-sensitive lymphoma cells
results in their conversion into BMP-resistant cells. Therefore,
the upregulation of Smad7 is necessary to prevent cancer cells
from adversely affecting BMPs [32]. TGF-f3 has been shown
to activate MAPKs, including ERK, JNK, and P38, in a cell-
specific manner, with Smad7 possibly playing an important
role in this process. Additionally, Smad7 can independently
activate JNK signaling and is essential for JNK-mediated ap-
optosis [64]. In prechondrogenic cells, downregulation of the
BMP-activated p38 MAPK pathway may be the mechanism
underlying Smad7-mediated inhibition of chondrocyte differ-
entiation [33]. These results indicate that Smad7 not only acts
as an antagonist of the TGF-3/BMP signaling pathway but
also has cross-regulatory effects on other signaling pathways.
In this article, we review the factors that regulate Smad7 ex-
pression and summarize its biological role in multiple
diseases.

Transcriptional regulation of Smad7
A number of factors regulate the expression and function of

Smad7 (Fig. 2). When von Gersdorff et al. [94] deleted
Smad2, Smad3, and Smad4 in different cells, they found that
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Fig. 2 Summary of factors

regulating the expression of
Smad7. Smad7 can be regulated
at both the transcriptional and
posttranscriptional levels. A
variety of transcription factors
(TFs) regulate the expression of
Smad?7 at the transcriptional level.
The regulation factor of Smad7

Transcriptional

Post-Transcriptional

post-transcription involves
ubiquitination, deubiquitylation,
acetylation, deacetylation,
methylation, miRNAs, and
IncRNAs

Multiple transcription
factors (Smad3/4, HItf,
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TGF-f3 induced the transcription of the human SMAD?7 gene
by promoting binding of the Smad3 and Smad4 transcription
factors to the SMAD?7 proximal promoters. However, Smad2
was not necessary for activating SMAD7. Byung-Chul Kim
[41] reported that Jun activation domain-binding protein 1
(Jab1)/CSNS, a constituent of the COP9 signalosome com-
plex, stimulates the translocation of Smad7 from the nucleus
to the cytoplasm and promotes the degradation of Smad7 to
enhance the TGF-B-induced transcriptional activity.
Denissova et al. [18] found that Ski inhibits the basal activity
of the SMAD?7 promoter in a Smad-binding element (SBE)-
dependent manner; mutations in the SBE abolished this inhi-
bition. As a bona fide transcription factor, helicase-like tran-
scription factor (HItf) plays an important role in DNA damage
repair and increases brain-cell apoptosis. It has been reported
that HItf reduces the availability of the SMAD?7 transcript in
the brain tissues [30]. Furthermore, TGF-{3 signaling is upreg-
ulated in hepatocellular carcinoma (HCC). Sun et al. [88]
demonstrated that the Kriippel-like factor 4 (KLF4) protein
physically interacts with the SMAD?7 promoter. Loss of
KLF4 expression in primary HCC was closely correlated with
decreased SMAD?7 expression and an exacerbated TGF-3 sig-
naling pathway during oncogenesis. On the other hand, the
overexpression of KLF4 suppressed TGF-f3 signaling during
oncogenesis by activating the transcription of SMAD?7. A de-
crease in the expression of YAP/TAZ or inhibition of its nu-
clear translocation can enhance the activity of the transcrip-
tional factor AP-1, upregulating Smad7 expression. Thus,
YAP/TAZ synergizes with the transcription factors AP-1

and Smad7 to regulate TGF-f3 signaling in human dermal
fibroblasts [76]. Upon TGF-f3 stimulation, Evi-1 and its core-
pressor CtBP are recruited to the SMAD7 promoter, where
they inhibit the transcription and expression of SMAD?7. This
recruitment of Evi-1 in the promoter region reduces TGF-[3-
induced histone acetylation, which is coincident with the re-
pression of SMAD7 gene expression [3].

The SMAD?7 promoter is regulated by NF-kB, a transcrip-
tion factor that plays an important role in inflammation and
immunity. Expression of the p65 subunit of NF-«kB has been
shown to inhibit the activity of the SMAD?7 promoter; more-
over, co-expression of the NF-kB inhibitor IkB can further
suppress the activity of the SMAD7 promoter [69]. The tran-
scriptional co-regulator p300 is an essential component of
Smad-dependent and TGF-3-induced biological functions.
NF-kB, in cooperation with p300, downregulates the activity
of the germ-line (GL) y2b promoter activity by increasing the
gene expression of Smad7 in B cells [82]. Treatment with
p300 siRNA reduced Smad7 mRNA and TGF-f3 activity in
neonatal cardiac fibroblasts [13]. IFN-y has been shown to
activate signal transducer and activator of transcription-1
(STAT-1) homodimerizes, translocating them to the nucleus
to increase the transcription of SMAD?7 in rat mammary epi-
thelial cells [85]. STAT-1 regulates Smad7 expression in se-
rous papillary endometrial cancer [40]. The muscle regulatory
factor (MyoD) binds to and transactivates the proximal pro-
moter region of SMAD?7. Interestingly, Smad7 also directly
interacts with MyoD to enhance the transcriptional activity
of MyoD, creating a positive feedback loop for inducing
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Smad7 expression and promoting MyoD-driven myogenesis
in skeletal muscle cells [21, 47].

Posttranscriptional regulation of Smad7

The regulatory factors involved in the posttranscriptional reg-
ulation of Smad7 include ubiquitination and deubiquitination,
acetylation and deacetylation, methylation, microRNAs
(miRNAs), and long noncoding RNAs (IncRNAs) (Fig. 2).

Ubiquitination and deubiquitination

Smad proteins are sumoylated. However, the functional im-
plications of this posttranslational modification remain unre-
solved. The Smad-induced expression of SMAD7 provides
negative feedback by recruiting SMURF (Smad
ubiquitination-related factor) to the TGF-3 and BMP recep-
tors for polyubiquitylation and degradative endocytosis [62].
Smad ubiquitination regulatory factor 2 (Smurf2), a ubiquitin
ligase for Smad, plays a key regulatory role in the TGF-f3
signaling pathway during renal fibrosis, which is mainly de-
pendent on the degradation of ubiquitinated Smad7 and
Smad?2 [74]. Many ubiquitin-protein ligases (E3s) target both
themselves and their substrates for degradation [97]. Smurf2 is
a part of this negative feedback loop and binds to Smad7 to
induce the export and enrichment of activated TGF-{3 recep-
tors, causing degradation of TGF-3 receptors and Smad7 via
the proteasomal and lysosomal pathways [38, 83].

Itch is an E3 ubiquitin ligase that positively regulates
TGF- signaling and the subsequent epithelial-to-
mesenchymal transition (EMT)-related gene expression.
Itch is an important regulator of Smad7 activity that
mediates the ubiquitination and subsequent degradation
of Smad7 [75]. Arkadia is an E3 ubiquitin ligase that is
required for TGF-f3 signaling during EMT cell transi-
tion. It stimulates the transition of renal tubular epithe-
lial cells to mesenchymal cells by inducing degradation
of SMAD?7 protein (invariant mRNA levels) [58].
Arkadia is widely expressed in mammalian tissues and
interacts physiologically with Smad7, inducing its
polyubiquitination and degradation, thereby enhancing
the TGF- signaling pathway [46]. Aragon et al. [6]
found that WW-WW pairs in Smad regulators form
functional units that have evolved to recognize PY-
containing regions of variable lengths and complexity,
including composite PY/phospho-Ser/Thr motifs in R-
Smads and simple PY motifs in Smad7. These features
expand the functional versatility of E3 ubiquitin ligases
by facilitating need-based optimization of the interacting
surfaces. Smad7 and Smurfl/2 act as partners for
targeting TGF-3 receptors for ubiquitination. Axin is a
scaffold protein involved in TGF-f3 signaling that
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cooperates with Arkadia to promote Smad7
ubiquitination and enhances the degradation of Smad7.
Axin significantly decreases the half-life of Smad7 and
induces its nuclear export [57]. RNF12 specifically
binds to Smad7 and induces its polyubiquitination and
degradation [102].

The deubiquitinating enzyme USP26 is a newly discovered
member of the TGF-3 negative feedback loop. TGF-{3 rapidly
increases the expression of USP26 and stabilizes Smad7 by
mediating its deubiquitination. Rapid degradation of Smad7
after the knockdown of USP26 resulted in the stable expres-
sion of TGF-3 receptors and elevated levels of p-Smad?2 [43].
USP11 is a deubiquitinating enzyme that interacts with the
inhibitory Smads that enhance TGF-f3 signaling. Moreover,
USP11 interacts with deubiquitinates, the type I TGF-f3 recep-
tor (ALKY), and enhances TGF-3-induced gene transcription
[4]. OUT domain-containing protein 1 (OTUD1) was found to
inhibit breast cancer stem-cell traits and metastasis via
deubiquitination of Smad7 [103]. CYLD lysine-63
deubiquitinase, implicated in inherited cylindromatosis, is an en-
zyme that regulates TGF-f3 signaling in T cells and modulates
the development of Tregs via deubiquitination of Smad7 [104].

Acetylation and deacetylation

Histone deacetylases (HDACs) determine the acetylation
levels of core histones and modulate gene expression.
HDAC?2 plays a crucial role in the activation of hepatic stellate
cells (HSCs), possibly by suppressing the expression of
Smad7, which is a negative modulator of HSC activation
and liver fibrosis [55]. Simonsson et al. [84] demonstrated that
the interaction between specific histone deacetylases
(HDACs) and Smad7 is dependent on the C-terminal MH2
domain of Smad7. These HDACs can mediate Smad7
deacetylation, and HDAC1-mediated deacetylation of
Smad7 decreases the stability of Smad7 by enhancing its
ubiquitination. SIRT1, a class III histone deacetylase, directly
interacts with the N-terminus of Smad7 and promotes the
deacetylation of Smad7. SIRT1 can accelerate Smurfl-
mediated ubiquitination and Smad7 degradation, resulting in
Smad?7 instability. SIRT1 inhibits Smad7- and TGF-{3-
induced mesangial cell apoptosis by accelerating the degrada-
tion of Smad7 and inhibiting the activation of caspase-3 and
poly (ADP-ribose) polymerase (PARP) [49]. Prothymosin «
(ProT), a highly conserved acidic nuclear protein, binds to
Smad7 and enhances its acetylation by displacing HDAC1
from Smad7. ProT enhances Smad7 acetylation to stabilize
Smad7 and inhibit TGF-{3 signaling, thereby contributing to
the pathogenesis of emphysema [87]. In addition to the review
cited earlier, there are also studies proving that competition
between the ubiquitination and acetylation of overlapping ly-
sine residues constitutes a novel mechanism to regulate
Smad7 and related protein expression [24].
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Methylation

The enhancer of zeste homolog 2 (EZH?2) is a methyltransfer-
ase that induces histone H3 lysine 27 trimethylation
(H3K27me3). It plays an important role in mediating renal
fibrosis by enhancing Smad7 degradation, Smad3 phosphor-
ylation, and TGF-f3 receptor 1 expression [105]. Jumonji AT-
rich interactive domain 1 B (JARIDIB) is a histone
demethylase and a member of the JmjC domain-containing
(JMIJD) family. It synergizes with TGF-f3-inducible early
gene-1 (TIEG1) to repress the SMAD7 promoter. JARID1B
and TIEGI inhibit SMAD?7 transcriptional activity and antag-
onize skin cancer development [42]. SET domain bifurcated 1
(SETDBI) is a histone methyltransferase that regulates the
expression of Smad7 in breast cancer (BRC) cells. Gene net-
work analysis and cell experiments revealed that SETDBI1
knockdown promoted the upregulation of SMAD7 in
BRC. SETDBI regulates the methylation of the H3K9
histone in the SMAD7 promoter region, resulting in al-
tered SMAD?7 expression, which may be a major mech-
anism. However, the mechanism by which SETDB1 di-
rectly regulates SMAD7 expression remains to be eluci-
dated and requires further study [79].

MicroRNA

miRNA-21 can inhibit the expression of Smad7 and promote
the differentiation of T helper 17 (Th17) cells, thereby medi-
ating the development of experimental autoimmune encepha-
lomyelitis [68]. miIRNA-21-5p is highly expressed in the non-
small cell lung cancer (NSCLC) cells, in which it promotes
disease progression by directly targeting and promoting the
SMAD?7 expression. Carboplatin suppresses NSCLC invasive-
ness by suppressing miRNA-21 expression and upregulating
SMAD7 expression [53, 56]. miRNA-367 promotes the inva-
siveness and metastasis of human pancreatic cancer cells by
directly targeting the 3-untranslated region (3-UTR) of
SMAD7, downregulating its expression of Smad7, and en-
hancing the TGF-f3/Smad signaling pathway[107].
Similarly, miRNA-590-5p can directly target the 3'UTR of
SMAD?7 and reduce its expression, thereby indirectly
protecting and stabilizing Runt-related transcription factor 2
protein and promoting osteoblast differentiation [93].
miRNA-182 potentiates TGF-{3-induced EMT and cancer cell
metastasis by inhibiting SMAD7 expression [101]. miRNA-
497 acts as a direct negative regulator of SMAD?7 expression,
inhibiting breast cancer cell growth and invasiveness [59].

Long noncoding RNA
Feng et al. [20] reported that Erbb4-IR is a novel IncRNA that

plays a key role in TGF-3/Smad3 signaling-mediated renal
fibrosis. A binding site for Erbb4-IR was found on the

SMAD?7 gene 3-UTR, which targeted and suppressed
SMAD?7 reporter activity. Erbb4-IR correlates negatively with
SMAD?7 expression and either inhibits or promotes TGF-3/
Smad3-mediated renal fibrosis in vivo and in vitro. The
IncRNA psoriasis susceptibility-related RNA gene induced
by stress (PRINS) is significantly upregulated in patients with
diabetes compared to that in healthy controls and is associated
with the development of kidney disease. In addition, since the
expression of PRINS correlates positively with SMAD7 ex-
pression, it is likely that PRINS exerts its biological function
by upregulating SMAD?7 expression [35].

Smad?7 in autoimmune disease

The TGF-{3 signaling pathway is involved in multiple biolog-
ical processes. As a member of the I-Smad family, Smad7
regulates TGF-f3 signaling either in the cytoplasm or in the
nucleus. Smad?7 is also involved in multiple biological pro-
cesses, including cell proliferation, differentiation, apoptosis,
adhesion, and migration. The role of Smad7 in immune dis-
eases has been studied extensively in the past few years due to
the scientific advancements in the field.

Experimental autoimmune encephalomyelitis (EAE)

Kleiter et al. [44] found that the SMAD?7 protein is
overexpressed in the spinal cords of the SJL/J mouse and
DA rat models of EAE. The in vivo abrogation of Smad7
expression using specific antisense oligonucleotides (ODN)
inhibits EAE development, as TGF-f3 signaling is enhanced
in the peripheral immune system, and presumably in the cen-
tral nervous system (CNS). Nanduri et al. [70] confirmed that
Smad7 is overexpressed in the CD4+ T cells in a murine
model of active EAE. In vitro, studies in the mouse EL-4 cell
line research showed the 1,25(OH),D3-mediated repression of
SMAD7 via formation of a vitamin D receptor (VDR)-Smad3-
HDAC?2 regulatory complex on its promoter, which contrib-
utes to the differentiation of an inflammatory T helper cell
subset in the CNS. Smad7 plays a key role in the pathogenesis
process of EAE. Lukas et al. [60] found that deleting Smad?7
specifically in dendritic cells (DCs) prevented the develop-
ment of EAE in a murine model. The primary pathological
outcome of Smad?7 deletion is an increase in the number of
protective regulatory T cells (Tregs) and a reduction in the
number of encephalitogenic effector T cells in the CNS.
Kleiter et al. [45] confirmed that Smad7 is overexpressed in
peripheral-blood CD4+ T cells of patients with multiple scle-
rosis during a relapse but not remission; furthermore, this
overexpression was strongly associated with T-bet, a T helper
1 (Thl) response transcription factor. They also found that
transgenic mice overexpressing Smad7 had more severe
EAE pathology, with enhanced infiltration of inflammatory
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cells and Th1 responses in the CNS. In contrast, silencing of
Smad7-specific T cells can inhibit disease and inflammation
in the CNS of mice. De Andres et al. [17] first performed an
in vivo transcriptome analysis of CD4+ T lymphocytes after
treatment with intravenous methylprednisolone (IVMP) in pa-
tients with multiple sclerosis. Microarray analysis revealed
that the change in Smad7 expression following treatment with
IVMP, in relapsing—remitting in patients with multiple sclero-
sis (in vivo), was significantly lower than that in CD4+ T cells
from healthy donors (in vitro). Similarly, Abarca-Zabalia et al.
[1] confirmed that Smad7 expression was decreased in the
peripheral blood CD4+ T lymphocytes of patients with remit-
tent recurrent multiple sclerosis during both acute relapses and
in remission phases. Asano et al. [8] found that the impaired
Smad7-Smurf-mediated negative regulation of TGF-{ signal-
ing might contribute to the pathogenesis of scleroderma in
human dermal fibroblasts.

Rheumatic diseases

In an in vitro experiment, Chen et al. [15] found that express-
ing high levels of acetylated Smad7 expression in synovial
cells was associated with a low activation state. They used
lentiviral vector-mediated Smad7 overexpression and intra-
articular injection to treat collagen-induced arthritis in mice
and showed that it alleviated the pathology of rheumatoid
arthritis. Smad7 knockdown in CD-1 mice increases their sen-
sitivity to collagen-induced arthritis. Loss of Smad7 activates
the TGF-f3/Smad3-IL-6 and NF-kB pathways and, in turn,
induces Th1/Th17 differentiation and synovial inflammation.
This may be a major pathogenic mechanism of rheumatoid
arthritis [106].

Ultraviolet A1 phototherapy can decrease SMAD7 gene
expression in localized scleroderma, indicating that Smad7
plays an important role in its pathology [48]. Autoimmune
disorders are the main mechanisms of multiple sclerosis. In
intestinal biopsies from patients with multiple sclerosis,
Smad7 was found to favor the expansion of intestinal CD4+
T cells toward an inflammatory phenotype and promote the
migration of intestinal CD4+ T cells to the CNS [29]. Yang
et al. [100] found that expression of Smad7 was decreased in
patients with systemic lupus erythematosus (SLE) patients
compared to healthy controls, suggesting that Smad7 may be
involved in the progression of SLE.

Smad?7 in inflammatory diseases

The mechanisms underlying the actions of inflammatory path-
ways are an important subject of research and provide thera-
peutic targets for diseases such as inflammatory bowel disease
(IBD). TGF-f31 is produced by both immune and nonimmune
intestinal cells and has immunomodulatory properties that
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play a key role in the pathogenesis of IBD. Smad7 overex-
pression significantly reduced the activity of TGF-31 activity.
However, inhibiting Smad7 expression using the Smad7 spe-
cific antisense oligonucleotide mongersen activated TGF-31
[7]. Garo et al. [23] found that Smad7 mediates intestinal
inflammation by limiting the PDL2/1-PD1 axis in DCs and
CD4+ T cells in mice. Smad7 depletion in DCs and T cells can
enhance the expression and signaling transmission of TGF-3
and PDL2/1-PD1, thereby inducing Treg cell polarization and
attenuating inflammation. Tang et al. [90] reported T cell in-
filtration occurs in the lamina propria of patients with CD. In
addition, expression of the short splice form of CYLD
(sCYLD) and Smad7 was reported to be higher than in con-
trols. Transgenic expression of SCYLD and Smad7 in mice
inhibits the differentiation of Treg cells and Th17 cells and
increases Thl cell differentiation in T cells. The sCYLD-
Smad7 complex inhibits TGF- in T cells and recruits
Smad7 to the nucleus, thereby inhibiting Smad3/4 activity.
These effects prevent normal immune regulation mechanisms
and lead to colitis in mice. TGF-(31/Smad3 signaling can be
restored by treatment with a specific antisense oligonucleotide
that specifically knocks down SMAD?7 expression and inhibits
the production of inflammatory cytokines, attenuating colitis
in mice [67]. According to a recent in-depth study on Smad7,
the specific inhibitor Mongersen (GED-0301; Celgene) repre-
sents a class of new drugs that exerted the expected therapeu-
tic effect in the clinical trials of Crohn’s disease; thus, it has a
potential drug for the treatment of IBD [71, 96].
Unfortunately, the study could not be completed because the
Mongersen phase III clinical trial was unable to obtain satis-
factory results. However, it is likely that further novel drugs
targeting Smad7 will be developed in the future.

Smad7 also plays several key functions in oral mucositis;
for instance, Smad7 negatively regulates both TGF-f3 and
NF-kB signaling, thereby inhibiting inflammation and pro-
inflammatory cytokines so as to reduce mucositis formation.
Similarly, the overexpression of Smad7 promotes wound
healing by inducing epithelial cell proliferation and inhibiting
apoptosis. As a member of the Rho family of GTPases, Rac 1
is necessary for oral wound healing and keratinocyte migra-
tion. Smad7 acts as an agonist and promotes Rac 1 production
and activity [10]. In oral mucositis, Smad7 can directly reduce
DNA damage or promote DNA repair, using local short-term
Tat-Smad7 to inhibit TGF-{3-mediated growth arrest and ap-
optosis and TGF-3/NF-kB-mediated inflammation. However,
this effect primarily relieves radiation-induced oral mucositis
without affecting the process that kills radiation-induced ad-
jacent oral cancer [61]. Smad?7 is a critical mediator of TGF-[3
signaling that blocks proinflammatory TNF signals in MCF7
cells [31]. Smad7 plays important role in the regulation of
ovarian function. It is the main mediator of TGF-3-induced
apoptosis in ovarian granulosa cells in vitro. In mouse ovary
cells, it acts as a negative regulator of TGF-31 and controls
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TGF-f3 superfamily signaling, which is necessary for signal
transduction in ovarian granulosa cells. Smad7 also negatively
regulates growth differentiation factor 9 (GDF9) signaling in
mouse ovarian cells, and GDF acts as a key oocyte-derived
factor that regulates oocyte—granule cell interaction, follicular
development, and ovulation [52].

Smad7 in cancer

Smad7 modulates TGF-[3 signaling during tumorigenesis.
While TGF-f3 inhibits early tumor development by inducing
cell cycle arrest, apoptosis, or differentiation, it facilitates the
advancement of tumors by promoting EMT, migration, inva-
sion, and metastasis. Monteleone et al. [66] demonstrated that
blocking SMAD?7 expression with antisense oligonucleotides
restored TGF-f31 signaling and inhibited the expression of
interferon-y and T-bet in Helicobacter pylori (H. pylori)-col-
onized gastric biopsy specimens. In H. pylori-infected gastric
mucosa, interferon-y-induced Smad7 production prevented
endogenous TGF-f31 from downregulating the ongoing
tissue-damaging Th1 response. Boulay et al. [11] found that
patients with colorectal cancer (CRC) with defects in Smad7
had a significantly better prognosis than did the patients with
two copies of the gene. Deletion of Smad7 can enhance tumor
sensitivity and inhibit TGF-f3 activity. Consistent with this,
the amplification of Smad7 may have adverse effects.
Overexpression of Smad7 in colonic adenocarcinoma (FET)
cells induces tumorigenesis, principally by limiting TGF-
induced growth inhibition and apoptosis. Stable expression
of Smad7 in colon cancer induces liver metastasis by nega-
tively regulating the TGF-3/Smad pathway [27]. To elabo-
rate, analysis of human colon specimens demonstrated that
Smad7 was downregulated in the CD4+ T cells in the lamina
propria of patients with complicated IBD relative to those in
patients with uncomplicated IBD. To assess its effect on the
sensitivity of colitis-associated colorectal cancer (CAC),
Smad7 was overexpressed in T cells in a transgenic mouse
model. It was reported that in comparison to the nontransgenic
control mice, Smad7 overexpression increased the severity of
colitis and reduced the incidence of tumors. This protection
was associated with the overexpression of Smad7, which in
turn promoted the expression of [FN-y and the accumulation
of cytotoxic CD8+ T cells and natural killer T cells in tumors
and in tissues adjacent to the tumors [77, 92]. In colon cancer
transplantation experiments, the development of tumors in T
cell-specific Smad?7 transgenic mice was inhibited relative to
that in wild-type (WT) mice, with the resistance dependent on
CD4+ T cells. The expression of Smad7 in T cells led to an
increase in the number of tumor-infiltrating T-bet/RORy-t
double-positive CD4+ T cells while decreasing the expression
of IL-17A in CD+ T cells. The low expression of IL17A
caused by the Smad7 expression in tumor-infiltrating CD4(+

) T cells enabled the TNF-x-mediated killing of cancer cells
both in vitro and in vivo [78].

Broderick et al. [12] identified genetic variants associated
with increased CRC risk, studying correlations among the
three SNPs (rs4939827, rs12953717, and rs4464148) of
SMAD?7 with CRC. They reported a highly significant differ-
ence between rs4939827 and CRC. Furthermore, the three
common variants of SMAD7 (rs4464148, rs4939827, and
rs12953717) were confirmed in two recent genome-wide as-
sociation studies (GWAS). These variants were associated
with moderate susceptibility to colorectal cancer. Another
study that evaluated the association of rs4464148 with colon
cancer using stratified analysis of the study showed that this
association was limited to women. Preliminary evidence has
also indicated that the association of rs4939827 and
rs12953717 with colon cancer is found in women only [2,
91]. Blocking the TGF-3/Smad pathway while stably express-
ing Smad7 in colon cancer cells induced liver metastasis, in-
dicating that the Smad signaling pathway plays an important
role in inhibiting the metastasis of colon cancer [27].

The metastasis-associated 1 (MTA1) gene assists metasta-
sis, as a part of the nucleosome remodeling and HDAC com-
plexes, by modulating several molecular targets that are in-
volved in transcriptional regulation. MTA1 regulates Smad7
expression by enriching the SMAD?7 promoter and is involved
in the tumorigenesis and metastasis of breast cancer [80].
Similarly, OUT domain-containing protein 1 (OTUDI) in-
hibits breast cancer metastasis by modulating Smad?7
deubiquitylation, attenuating the TGF-3-induced oncogene
response [103]. The transcription of SMAD? is upregulated
in chemically induced skin tumors and TGF-[3-treated normal
keratinocytes. Smad7 acts as a promoter of chemically in-
duced skin cancers. The primary mechanism involves regula-
tion of the survival of cells exposed to DNA damage and an
increase in EGFR signaling as an upstream regulator of
EGFR-mediated skin tumorigenesis [26].

Kaczorowski et al. [37] measured the expression of Smad7
in 205 patients with skin melanoma and found that expression
was closely related to invasive tumor phenotypes, such as
ulcerated tumors and tumors with a higher thickness and mi-
totic rates. However, no regional or distant metastases were
observed. Thus, Smad7 can be used as a marker of aggressive
tumor behavior and adverse clinical in patients with melano-
ma. Furthermore, stable Smad7expression and blocking of the
TGF-f signaling may provide effective treatment alternatives
for melanoma and bone metastasis [34]. The function of
Smad7 in different types of tumors is complicated by the fact
that it exerts variable effects. For example, it plays an antitu-
mor role in melanoma and breast cancer but promotes malig-
nant tumors, particularly those in the skin, colon, pancreas,
and endometrium. Thus, in general, the type of tumor cell
seems to determine whether Smad7 acts as a promoter or
suppressor [89].
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Smad7 in kidney disease

The activation of Smad7 in the rat kidney tubular epithelial
cell (TEC) line (NRKS52E) is known to contribute to TGF-
mediated renal fibrosis. Doxycycline-induced overexpression
of Smad7 prevents collagen synthesis and myofibroblastic
transformation by inhibiting TGF-3-induced Smad2 activa-
tion. Therefore, Smad7 plays an important role in the pathol-
ogy of renal fibrosis [54]. Nine et al. [73] demonstrated that
the TGF-[3/Smad signaling pathway plays an important role in
the regulation of peritoneal fibrosis. They used ultrasound
microbubble systems to mediate the overexpression of
Smad7 in a rat model of peritoneal dialysis (PD). They found
that ultrasound-mediated gene transfer of Smad7 could, in
fact, regulate TGF-3/Smad signaling and improve peritoneal
fibrosis by inhibiting Smad2/3 activation. Although the over-
expression of TGF-f3 plays an important role in the develop-
ment of renal fibrosis, the levels of SMAD?7 protein had de-
creased in unilateral ureteral obstruction kidneys compared to
placebo-surgery control kidneys in mouse models. The
ubiquitin-dependent degradation of Smad7 plays a pathogenic
role in the progression of tubulointerstitial fibrosis [22].
Wang et al. [95] found that latent TGF-{31 could prevent
renal inflammation in a murine model of obstructive kidney
disease. The primary mechanism involves the overexpression
of Smad7, which upregulates the expression of IkBx and
inhibits NF-kB activation. This result suggests that the inter-
action between the TGF-3 and NF-«kB signaling pathways
plays an important role in the in vivo regulation of renal
inflammation. Smad7 overexpression can improve renal fibro-
sis by increasing the expression of miRNA-29 and inhibiting
the levels of miRNA-192 and miRNA-21 in obstructive ne-
phropathy kidney cells. The primary mechanism underlying
the protection that Smad7 provides to the kidneys against
fibrosis is the regulation of TGF-3/Smad3 signaling, which
mediates the production of these miRNAs [16].
Overexpression of Smad7 inhibited TGF-{3 signaling and
had therapeutic effects in a mouse model of autoimmune cres-
centic glomerulonephritis. Similarly, the overexpression of
Smad?7 provides protection against diabetic renal injury and
may serve as a therapeutic target for diabetic kidney compli-
cations. Thus, Smad?7 plays an important protective role in the
pathogenesis of autoimmune kidney diseases [14, 36].

Smad7 in other diseases

Smad7 is expressed in T cells and functions as an intracellular
inhibitor of TGF-f3 signaling. Infection with
Heligmosomoides polygyrus bakeri decreases Smad7 expres-
sion in intestinal CD4+ T cells and promotes the production of
the cytokines TGF-f3 and IL-10 in the gut. TGF-3 prevents
colitis by inducing Tregs [28]. The expression levels of the

@ Springer

SMAD?7 protein in both epithelial and lamina propria cells
were found to be elevated in patients with active refractory
coeliac disease (RCD). This phenomenon was associated with
defects in TGF-f3 signaling and is primarily characterized by
decreased levels of p-Smad2/3 and increased Smad7 expres-
sion. Furthermore, the expression levels of IL-6 and TNF-«
were reduced in the RCD mucosa biopsy sample when Smad?7
expression was knocked down [81].

Summary and conclusions

The studies reviewed earlier indicate that Smad7 acts as a
negative regulator of the TGF-f3 pathway that modulates the
occurrence and progression of many diseases. Furthermore,
they indicate that depending on the disease pathogenesis,
Smad7 can play different roles in disease regulation.
Therefore, differences in Smad7 levels can be used as a mark-
er in the diagnosis of multiple diseases. It also has therapeutic
potential since it is known to exert immunomodulatory func-
tions in immune diseases. Smad7 has both prophylactic and
therapeutic effects on collagen-induced arthritis in mice and
targets multiple pathological processes implicated in inflam-
matory diseases, cancer, kidney disease, and other diseases,
particularly through its effects on the proliferation, apoptosis,
migration, fibrosis, and inflammation in multiple cells, tissues,
and organs. Smad7 participates in the differentiation of T cells
and promotes activation of immune cells such as B cells and
DCs by negatively regulating the TGF-3 pathway and may
thereby mediate the progression of immune diseases. In addi-
tion, Smad?7 inhibits both NF-kB and TGF-f3 activation and
thus plays a pivotal role in inflammatory diseases. Smad7 is
known as an inhibitory Smad or a protective Smad that neg-
atively mediates Smad3-induced fibrogenesis. Therefore,
based on its mechanism of action in different diseases,
Smad7 is an attractive therapeutic target. As the number of
studies on Smad7 continues to increase, the role of Smad7 in
disease diagnosis and treatment, as well as the molecular
mechanisms underlying its action, is likely to become clearer.

Advances in our understanding of the regulation of Smad7
expression and its function in diseases have improved our
understanding of the molecular mechanisms of Smad7 in mul-
tiple pathologies. Smad7 attenuates growth inhibition, fibro-
sis, apoptosis, inflammation, and inflammatory T cell differ-
entiation and also promotes epithelial cells migration and dis-
ease development. Understanding which factors regulate
Smad7 is useful for exploring and developing Smad7 as a
therapeutic target. Given the safety considerations, developing
Smad7 as a drug target may be a long-term process. However,
the advancements in research methods suggest that modula-
tion of Smad7 activity may have promising clinical
applications.
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