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Abstract: Transforming growth factor β (TGFβ) is a secreted growth and differentiation factor that
influences vital cellular processes like proliferation, adhesion, motility, and apoptosis. Regulation of
the TGFβ signaling pathway is of key importance to maintain tissue homeostasis. Perturbation of
this signaling pathway has been implicated in a plethora of diseases, including cancer. The effect of
TGFβ is dependent on cellular context, and TGFβ can perform both anti- and pro-oncogenic roles.
TGFβ acts by binding to specific cell surface TGFβ type I and type II transmembrane receptors that
are endowed with serine/threonine kinase activity. Upon ligand-induced receptor phosphorylation,
SMAD proteins and other intracellular effectors become activated and mediate biological responses.
The levels, localization, and function of TGFβ signaling mediators, regulators, and effectors are
highly dynamic and regulated by a myriad of post-translational modifications. One such crucial
modification is ubiquitination. The ubiquitin modification is also a mechanism by which crosstalk
with other signaling pathways is achieved. Crucial effector components of the ubiquitination cascade
include the very diverse family of E3 ubiquitin ligases. This review summarizes the diverse roles
of E3 ligases that act on TGFβ receptor and intracellular signaling components. E3 ligases regulate
TGFβ signaling both positively and negatively by regulating degradation of receptors and various
signaling intermediates. We also highlight the function of E3 ligases in connection with TGFβ’s dual
role during tumorigenesis. We conclude with a perspective on the emerging possibility of defining E3
ligases as drug targets and how they may be used to selectively target TGFβ-induced pro-oncogenic
responses.
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1. Introduction

Transforming growth factor-beta (TGFβ) was discovered more than thirty years ago
as a secreted polypeptide from sarcoma virus-infected cells that promoted the soft agar
independent growth of normal rat kidney (NRK) cells [1,2]. This biological property was
associated with oncogenes, hence the name transforming growth factor. However, studies
shortly thereafter discovered that this effect of TGFβ (unlike the effect of oncogenes) was
reversible, and that TGFβ can have potent cell growth inhibitory effects [3]. Thirty-three
human genes encoding distinct but closely structurally and functionally related TGFβ
family members have been identified, which includes TGFβ1,-β2 and -β3, activins, inhibins,
bone morphogenetic proteins (BMPs), myostatin, nodal and the mullerian inhibitory
substance (MIS) [4–6]. The active TGFβ molecule is a dimer stabilized by hydrophobic
interactions and a disulfide bond [7]. Following the binding of TGFβ to its specific receptors
that are expressed on nearly all cell types, TGFβ regulates a plethora of biological processes,
ranging from cell proliferation and differentiation, embryogenesis, hormonal synthesis
and secretion, immunity to tissue remodeling and repair [6,8]. Because of its ability to
induce cell growth inhibition and apoptosis in normal and pre-malignant cells, TGFβ has
been described as a potent tumor suppressor [8,9]. In support of this notion, mutations
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in the components of the TGFβ signaling cascade have been identified in a number of
human cancers, including hereditary nonpolyposis colon cancer, hepatocellular carcinoma
(HCC), and pancreatic and ovarian cancer [10]. In contrast to this activity, TGFβ can also
function as a tumor promoter by promoting cancer cell proliferation, stimulating epithelial-
to-mesenchymal transition (EMT) and migration of cancer cells, and indirectly by acting
on the tumor microenvironment, promoting angiogenesis, and/or immune evasion in
advanced stages of tumor progression [8,9].

Active TGFβ induces the heteromeric complex formation of two single transmembrane
serine/threonine kinase family receptors, i.e., TGFβ type I and type II receptor (TβRI and
TβRII, respectively) [11,12]. Two molecules of TβRII associate with two TβRIs molecules
thereby forming a tetrameric receptor complex [13,14]. Upon ligand-induced complex for-
mation, the TβRII’s constitutively active kinase phosphorylates TβRI [also termed activin
receptor-like kinase-5 (ALK5)] on serine and threonine residues in the juxta membrane
glycine-serine residue-rich (GS) domain [15,16]. TβRI acts downstream of TβRII, and is
the main component of the receptor complex that triggers various downstream signaling
activities [17]. The signal is relayed from the receptors to the nucleus via cytoplasmic
effector molecules, a process called SMAD and non-SMAD signaling [18,19].

The action of TGFβ is highly context dependent and is subject to positive and neg-
ative regulation in each step of the signaling pathway [6,20]. This is needed to enable
spatio-temporal control and allow for crosstalk with other signaling pathways [21]. An
important mechanism by which the expression, localization, and activity of TGFβ signal-
ing components is controlled is by post-translational modification (PTMs). For example,
PTMs that occur in receptors and SMAD proteins include phosphorylation, ubiquitination,
sumoylation, ribosylation, and acetylation [22–29]. In particular, ubiquitination is emerging
as a key regulatory mechanism by which intracellular signaling intensity, duration, and
specificity is reversibly controlled through the action of multiple E3 ubiquitin ligases and
deubiquitinating enzymes [30–32]. A concept is emerging that disruption of the ubiqui-
tin modification and function of TGFβ pathway components may result in illicit protein
activity leading towards human diseases including cancer.

The structure of the review is as follows. We first provide an overview of TGFβ
intracellular signaling and describe how this is regulated after summarizing the biphasic
role of TGFβ in cancer progression, we describe how ubiquitination regulates protein
function and how TGFβ signaling is controlled by E3 Ubiquitin ligases. We specifically
focus on the roles of individual E3 ligases in relation to their involvement in (dys)regulating
TGFβ signaling in cancer progression. We provide a summary on strategies to selectively
regulate specific E3 ligases and their substrates, which in the future may contribute towards
a more effective and targeted treatment for TGFβ-induced cancer progression. Finally, we
provide perspectives on future prospects of harnessing the E3 ligase network to target
TGFβ signaling components. We do not discuss the role of deubiquitinating enzymes that
impact TGFβ signaling but do refer the reader to excellent reviews on that topic [32–34].

2. SMAD and Non-SMAD Signaling

In the canonical SMAD-dependent pathways, the activated TβRI recruits and phos-
phorylates regulatory (R)-SMADs, i.e., SMAD2 and SMAD3, on their two C-terminal
Serine residues (within the SxS motif) (Figure 1) [35,36]. Usually this TβRI-mediated
Smad2/3 phosphorylation peaks around 45–60 min following receptor activation. The
adapter protein named SMAD anchor for receptor activation (SARA) plays a role in the
recruitment of these R-SMADs to the activated TβRI. Other members of the TGFβ family,
such as the BMPs acting via BMP receptors, employ different R-SMADs as their effector
proteins (SMAD1, 5, and 8) [37]. Once phosphorylated, SMAD complexes detach from
their respective receptor and associate with the common partner SMAD4 also known as
co-SMAD [38–40] (Figure 1), and these heteromeric SMAD complexes then translocate to
the nucleus. Once inside the nucleus, these complexes can bind to specific promotors of
target genes cooperatively with other DNA binding transcription factors to act as DNA
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sequence-specific transcriptional regulators of target genes [41]. Transcription coactivators
also modulate nuclear SMAD complex transcription function. These type of co-activators
include well characterized proteins i.e., CREB binding protein (CRE)/p300, p300/CBP-
associated factor (P/CAF). SMAD3 and SMAD4, but not SMAD2 can directly recognize a
specific DNA sequence (5′-CAGAC-3′) in promoter regions, termed the SMAD binding
element (SBE) [42]. Inhibitory(I)-SMAD proteins, i.e., SMAD6 and SMAD7, are negative
feedback regulators of TGFβ/SMAD signaling [43–45]. They regulate the intensity and
duration of TGFβ family signaling responses. One mechanism by which SMAD7 inhibits
TGF-β/SMAD signaling is by functioning as an adaptor to recruit the E3 ubiquitin ligase,
SMAD ubiquitin regulatory factor 2 (SMURF2) to the activated TβRI, thereby targeting it
for proteasomal degradation [27]. Whereas SMAD7 negatively regulates TGFβ, activin or
BMP signaling, SMAD6 specifically inhibits BMP signaling. The stability of the interaction
between SMAD7 with TβR1 is increased in the presence of serine-threonine kinase receptor-
associated protein (STRAP), Yes-associated protein (YAP65), and atrophin 1-interacting
protein 4 (AIP4) [46–48]. Moreover, inhibitory SMADs are regulated in expression and
stability by other cues, and thereby enable cross talk with other signaling pathways [45].
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Figure 1. Overview of the transforming growth factor β (TGFβ) signaling pathway. Canonical and non-canonical signaling
are shown. TF corresponds to transcription factors. Signaling initiates with binding of TGFβ to the receptors and ends with
regulating transcription of target genes. I and II represent TβRI and TβRII, phosphorylation is depicted by P.

It is important to note that besides the TβRI-initiated SMAD signaling pathway [49],
non-SMAD (or SMAD independent) signaling mechanisms occur [50]. TGFβ can activate
stress-activated kinase pathways, i.e., p38 and Jun N-terminal kinase (JNK) mitogen ac-
tivated protein kinase (MAPK) pathways (Figure 1) [18]. These pathways when induced
by TGFβ ligands, can signal independently, or cooperate with or fine-tune, the canoni-
cal SMAD signaling to trigger biological responses, such as EMT and apoptosis [51–54].
Another non-canonical signaling pathway for TGFβ occurs via the extracellular-signal-
regulated kinases 1 and 2 (ERK1 and ERK2) MAPKs [55] (Figure 1). The rapid kinetics
(peaking at 5–10 min post stimulation) of activation of ERK1 or ERK2 by TGFβ or BMP
is similar to their activation by mitogenic growth factors. In addition, TGFβ has also
been shown to affect the mTOR/phosphoinositide 3-kinase (PI3K)/AKT pathway [52,56].
Moreover, TGFβ can also activate Rho GTPases in certain cells, both directly downstream
of TGFβ receptors or indirectly by inducing expression of exchange factors, and thereby
affect cytoskeleton reorganization and cell invasion [57–60].
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3. TGFβ as Tumor Suppressor and Tumor Promoter

In normal (healthy) and premalignant cells, the TGFβ signaling pathway prompts a
tumor suppressive role. However, in advanced metastatic tumors, this pathway can be
blunted or corrupted or even utilized by cancer cells to promote oncogenic functions [9,61]
(Figure 2).
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TGFβ induces cell cycle arrest in G1 phase by inducing the expression of cell cycle in-
hibitory proteins, like cyclin-dependent kinase inhibitors (CDKIs) p15INK4B and/or p21KIP1,
which in turn inhibit specific CDK functions [62,63]. TGFβ also represses the expression of
growth inducing factors such as the oncogene c-MYC, and the ID family of transcription
factors (ID1, ID2, and ID3), which also results in inhibition of cell proliferation [64–67].
Another anti-tumor function of TGFβ is its role in promoting apoptosis (Figure 2). In
hepatocytes and B-lymphocytes, TGFβ promotes SMAD and the p38 MAPK-dependent
transcriptional induction of the pro-apoptotic Bcl-2 family members BMF and BIM. These
in turn induce the pro-apoptotic factor BAX, which leads to mitochondrial release of Cy-
tochrome C and increase in caspase-dependent apoptosis [68,69]. Similarly, TGFβ signaling
is known to repress BCL-XL and anti-apoptotic BCL-2 family members leading to promo-
tion of apoptosis [70–72]. In liver, TGFβ promotes the expression of pro-apoptotic protein,
death-associated protein kinase (DAPK), in a SMAD dependent manner [73] (Figure 2).

In mice models, TGFβ has been found to regulate genomic stability [74–76] (Figure 2).
Knockout of TβR1inhibited the phosphorylation of ataxia-telangiectasia mutated (ATM),
p53, CHK2, and RAD17, which increased the radiation-sensitivity of cells derived from
knockout mice compared to normal mice [77]. Similarly, SMAD4 conditional knockout
mice with head and neck cancer, revealed a role for SMAD4 in the regulation of the
Fanconi anemia/BRCA DNA repair pathway, also suggesting an involvement in genomic
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stability [78]. The same study demonstrated a correlation of SMAD4 knockdown with the
downregulation of BRCA1 and RAD51 protein expression in head and neck squamous cell
carcinoma (HNSCC) as well as increased expression of TβR1 and phospho-SMAD3 [78].
The exact mechanism of this regulation remains to be determined.

Mutation or functional inactivation of TGFβ receptors or downstream SMAD pro-
teins have been associated with progression of malignancies [79], as it mitigates the
TGFβ/SMAD-induced cytostatic responses, and leads to cell hyperproliferation. In par-
ticular, TβRI, TβRII, SMAD2, and SMAD4 are frequently mutated, deleted, or attenuated
(gene/loss of heterozygosity/expression) in certain cancer subtypes. Inactivating mutations
or deletions of genes encoding TGFβ receptors and SMADs are common in esophageal,
colorectal, and pancreatic adenocarcinomas. SMAD4 inactivating mutations are common
in gastric, colorectal, and pancreatic adenocarcinomas, whereas up to 20% of head and
neck, bladder, cervical, and lung squamous carcinomas contain inactivating mutations in
TGFβ signaling components like SMAD2, SMAD3, SMAD4, TβR1, or TβRII [8].

In late stages of cancer, TGFβ signaling can switch towards a tumor promoting function
through diverse mechanisms (Figure 2). In the following section, we discuss the pro-oncogenic
role of TGFβ signaling with a few examples. The following roles are specifically true for cases
where SMADs or receptors are not functionally inactivated by mutations. The pro-oncogenic
responses of TGFβ can be broadly classified into three major groups.

3.1. Epithelial-to-Mesenchymal Transition (EMT) and Invasion

EMT is an important mechanism by which epithelial cells acquire fibroblast-like
properties. This is a characteristic feature in normal cells undergoing embryogenesis and
wound healing, but also occurs in pathological processes like fibrogenesis and tumorige-
nesis. TGFβ is a well-known inducer of EMT (Figure 3). Notably, cells that overexpress
SMAD7 or have reduced expression of SMAD3/4 show significantly decreased EMT in
response to TGFβ [80,81]. TGFβ was found to induce the expression of transcription factors
such as SNAIL, SLUG, TWIST, and FOXC3, which are of key importance to downregulate
epithelial genes such as E-CDH1 (encoding E-Cadherin) and mediating acquisition of
mesenchymal features by cancer cells [80,82]. Acquiring mesenchymal characteristics is a
prerequisite for the spread of cancer cells at secondary sites of the body and the process of
metastasis. During breast cancer progression, TGFβ induces single cell migration through
a SMAD-mediated pathway involving downstream activation of epidermal growth factor
receptor (EGFR), Jun and Rho signaling pathways, and connective tissue growth factor
(CTGF) [83,84]. TGFβ also stimulates the secretion of the parathyroid hormone related
protein (PTHrP), which in turn induces the expression of bone homing receptor C-X-C
chemokine receptor type 4 (CXCR4). CXCR4 promotes chemoattraction of the breast cancer
cells to the bone secondary sites during metastasis [85,86] (Figure 2).

3.2. Promoting Angiogenesis

Angiogenesis is the process in which new vasculature is formed from existing blood
vessels. This is central to the development of tumors as blood vessels provide a steady
supply of blood and associated metabolites, cytokines, and growth factors, which promotes
uncontrolled cell proliferation. TGFβ can promote angiogenesis through its effects on vari-
ous angiogenic factors such as vascular endothelial growth factor (VEGF) and CTGF [85,87]
(Figure 2). TGFβ also promotes the production and secretion of well-known angiogenesis
promoting matrix metalloproteases, MMP-2 and MMP-9 [76,88]. It has been also shown
that TβRI-mediated SMAD2/3 signaling promotes transcription of extracellular matrix
proteins such as fibronectin and plasminogen activator inhibitor type 1 (PAI1), which regu-
late angiogenesis by inducing vessel maturation [89]. Thus, TGFβ can promote angiogenesis
and cancer progression by promoting expression of a variety of angiogenic factors (Figure 2).
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3.3. Immunomodulatory Effects

TGFβ has a broad immunomodulatory effect resulting in mostly pro-tumorigenic
effects [90]. In short, the adaptive immune system, consisting of T and B cells, can eliminate
tumor cells upon recognition. Through its immunomodulating role, TGFβ signaling can
inhibit the function of antigen presenting cells, thereby decreasing T cell activation and
decreasing elimination of tumor cells [91]. In addition, TGFβ directly inhibits CD4+ and
CD8+ T cells, as well as natural killer (NK) cells. The effect of TGFβ on the innate immune
system, like neutrophils and macrophages, also mostly results in pro-tumorigenic effects as
it drives these cells from a type 1 differentiated cell into a most immature type 2 cell. This
modulation occurs in neutrophils, macrophages, and in the T cells leading to enhanced
release of TGFβ into the tumor microenvironment [74,92] (Figure 2).

Here we have discussed, with examples, the pro-tumorigenic effects of TGFβ though
it is noteworthy that there are other ways (e.g., regulating stemness, relapse of cancer,
etc.) through which this signaling can promote cancer. Overall, it can be concluded that
tightly controlled TGFβ signaling is critical for normal functioning of the cell and that
perturbations of this pathway can contribute to cancer progression.

4. Controlling Protein Function by Ubiquitination

The process of ubiquitination is required for controlling the stability, location, and func-
tion of proteins [93]. In this process, the target proteins are modified at lysine (K) residues
through the covalent attachment of a small protein ubiquitin (8 KDa) (Figure 3A) [94,95].
Based on the number of ubiquitin molecules attached to a particular position, the ubiqui-
tination can be either mono- or poly-ubiquitination. In the case of monoubiquitination,
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only a single ubiquitin molecule is attached to a particular lysine. Monoubiquitination
has been shown to regulate intracellular transport, protein sorting, chromatin regulation,
as well as rare cases of degradation [96–99]. Polyubiquitination is a crucial step for pro-
teasomal and autophagic degradation of proteins but can also regulate protein function,
for example by controlling DNA damage repair, intracellular signaling, and ribosomal
biogenesis [100–102]. An additional step of complexity results from the different topologies
of polyubiquitin chains conjugated through various lysine residues (e.g., K6, K11, K27, K29,
K33, K48, and K63) [101,103,104]. Different linkage patterns of ubiquitination can have
different functional effects on substrate proteins (Figure 3B). Moreover, ubiquitination is a
very dynamic and reversible process. A separate group of enzymes known as deubiquiti-
nases, deubiquitinating enzymes or DUBs, can reverse ubiquitination through enzymatic
cleavage of ubiquitin moieties from target substrates. [105,106].

Initially, ubiquitination was discovered as an essential process in quality control of
proteins, but lately, diverse processes like cell signaling, protein trafficking, and protein
localization were found to be associated with it [107,108]. Ubiquitination is carried out
by the sequential action of three different enzymes, (1) ubiquitin-activating enzyme (E1);
(2) ubiquitin-conjugating enzyme (E2); and (3) ubiquitin ligase (E3) [109,110] (Figure
3A). Ubiquitin is activated through an ATP-dependent mechanism by the E1 enzyme and
subsequently gets transferred through the above mentioned enzyme cascades (Figure 3A).
Ubiquitin forms a thioester intermediate with the enzymes before eventually forming a
covalent linkage on one or more lysine residues of its substrates. This process continues
forming a chain of ubiquitin (the polyubiquitin chain). Ubiquitin itself has seven lysine
residues and an N-terminal methionine residue on which other ubiquitin molecules can get
attached forming a wide range of typical or atypical ubiquitin chains [94,111]. Depending
on the chain topology and structure, different signaling outputs can exist (Figure 3B).
Frequently, after attachment of multiple ubiquitin molecules to the target protein, the
target substrate gets degraded by a multi-subunit catalytic complex called the proteasome
(Figure 3A) [112,113].

5. E3 Ligases and Their Involvement in TGFβ Signaling

E3 ubiquitin ligases are primarily responsible for linking the ubiquitin machinery to a
specific target substrate protein. Deregulation of E3 ubiquitin ligases has been linked to the
development of cancer [114,115]. The E3 ubiquitin ligases can be classified into four major
groups based on specific structural motifs. These are (i) HECT domain containing E3 ligase,
(ii) really interesting new gene (RING)-finger type, (iii) U-box type, and (iv) plant homeo
domain (PHD)-finger type proteins [116]. Distinct ligase domains can have particular ways
of ubiquitin transfer. For example, RING domain containing E3 ligases act as a scaffold
bringing together an E2 enzyme and its substrate and transfer of ubiquitin takes place
directly from E2 to the substrate without formation of an E3-ubiquitin intermediate. In
HECT domain containing E3 ligases, however, an E3-ubiquitin intermediate is formed
before ubiquitin transfer to its substrates [117].

5.1. Role of HECT E3 Ligases in TGFβ Signaling Pathway

Among HECT domain E3 ligases, SMAD ubiquitin regulatory factor 1 (SMURF1)
and SMURF2 were shown to have a negative effect on TGFβ/BMP signaling [27,118,119]
(Figure 4A). Initially, SMURF1 was identified as a factor that controls steady-state levels
of R-SMAD1/5 involved in BMP signaling. SMURF1 induces K-48 linked ubiquitination
followed by degradation of SMAD1/5 [118,119]. SMURF1 also negatively regulates BMP
signaling through the action of I-SMAD6/7 [120,121]. SMURF1 interacts with nuclear
resident SMAD7 and after ubiquitination, it is relocated to the cytoplasm. Additionally,
SMURF1 binds to TGF type I receptors (TβRI) in complex with SMAD7, ubiquitinating
the receptor followed by degradation of both the receptor and SMAD7 in a proteasome-
dependent manner [121]. Thus, ubiquitinated-SMAD7 functions as an adaptor molecule
during the degradation of TβRI by recruiting SMURF1 to the receptor (Figure 4A). SMAD4
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ubiquitination and stability is also affected by SMURF1, as SMURF1 can bind with SMAD4
in the presence of SMAD6 or SMAD7 and ubiquitinate SMAD4 in the cytoplasm [122,123]
(Figure 4B). Indeed, SMAD7 mutants incapable of binding with SMAD4 fail to induce
SMURF1-mediated degradation of SMAD4.

SMURF2 can interact with R-SMAD1, 2, and 3, thereby destabilizing TGFβ/BMP
signaling [27,124,125]. Its preferred target is SMAD2 as it exhibits higher binding affinity
for SMAD2. Although contrasting reports also suggests that in a Xenopus model, ectopic
SMURF2 specifically inhibits SMAD1 and downregulates BMP signaling [124]. SMURF2
interacts with SMAD2 through its WW domain and proline rich PPXY motif of target
SMADs. Like SMURF1, SMURF2 can also enhance the degradation of SMAD4 in complexes
with either SMAD7 or SMAD2 (Figure 4B) [122]. SMAD7 associates with SMURF2 in the
nucleus and induces export of the complex to activated TβRI. There, it induces K-48 linked
poly-ubiquitin chain-mediated degradation of the receptor complex and SMAD7 [122].
Interestingly, studies have shown that SMURF2 can be subjected to functional changes
through other post-translational modifications arising from signaling cross-talk with TGFβ
and other pathways. Recent studies have highlighted two c-Src kinase phosphorylation
sites on SMURF2, Y314 and Y434, which inhibit the interaction between SMURF2 and
SMAD7 [126]. Other ubiquitination sites on both SMURF2 and SMAD7 at the WW domain
and PPXY motifs have also been well studied [127,128].

Another HECT family member, NEDD4-2 is a well-established binding partner for
SMAD7, causing K-48-linked polyubiquitin-mediated degradation of the protein. It can
also interact with SMAD2 or SMAD3 and promote ubiquitin-mediated degradation of
SMAD2, but not SMAD3 [28]. Like SMURF1/2, Nedd4-2 can also bind to SMAD4 in
presence of SMAD7 and induce its ubiquitination and degradation [122] (Figure 4B).
Thus, high expression of NEDD4-2 causes transcriptional downregulation of TGFβ/BMP
target genes, whereas silencing NEDD4-2 activity elevates the signaling activity and target
gene response. Among other HECT ligases, WWP1 (WW domain-containing protein1)
or TGIF interacting ubiquitin ligase 1 (TIU1) is a regulator of SMAD7. It associates with
SMAD7 and induces its cytosolic localization and binding to TβRI, followed by the K-48
linked polyubiquitination and degradation of the active receptor [129]. Although this
affects localization of SMAD7, it does not affect the intracellular stability of SMAD7 [123].
WWP1 also mediates ubiquitination of SMAD4 when in complex with SMAD7, which
explains how activation of WWP1 results in diminishing of TGFβ-induced transcriptional
responses [122] (Figure 4B). Reports also suggest that WWP1 interacts with SMAD2 and
nuclear co-repressor TG interacting factor [TGIF] [130]. This interaction of WWP1 with
the nuclear pool of SMAD2 and TGIF leads to degradation of SMAD2, thereby mitigating
SMAD2-mediated responses. Thus, knockdown of WWP1 or TGIF leads to stabilization of
SMAD2 levels and enhances target gene expression. ITCH is another ligase in this family,
known to regulate TGFβ signaling but in a positive way. It facilitates complex formation
between SMAD2 and TβR1 and promotes TGFβ-induced transcriptional responses [131].
ITCH promotes SMAD2 phosphorylation, for which the E3 ligase activity of ITCH is needed
(Figure 5A). In mouse embryonic fibroblasts, Itch could activate SMAD2 phosphorylation
levels but it does not affect overall SMAD2 stability directly [131].
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Figure 4. Schematic representation of negative regulation of TGFβ signaling with major E3 ubiquitin ligases. (A) Direct
inhibition of TβRI by different E3 ligases. SMURF2, WWP1 interact with SMAD7 to inhibit TβRI but SMURF1 can combine
with either I-SMADs (SMAD6 or SMAD7) to inhibit TβRI. These E3 ligases induce K-48 mediated polyubiquitination of the
receptor, which ultimately induces degradation. (B) Inhibition of R-SMAD phosphorylation and stability by diverse E3
ligases. SMURF1 is specific for BMP SMADs (SMAD1/5). PRAJA and NEDD4-2 induce K-48 linked polyubiquitination
of SMAD3 and SMAD2, respectively. SMURF2 can ubiquitinate (K-48 linked) R-SMADs (SMAD 1/2 and SMAD3).
(C) Inhibition and degradation of co-SMAD by different E3 ligases and the role of I-SMADs in this process. SKP2 specifically
targets mutant co-SMAD for ubiquitination.
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regulator of TGFβ induced transcription SNoN. (B) Regulation of JNK/p38 signaling by TRAF4 or TRAF6 E3 ligases.

Taken together, it is evident that although a number of HECT E3 ligases affect TGFβ
signaling in a negative way, some ligases affect the pathway in a positive way (Figure 4A,B and
Figure 5A,B).

5.2. Role of RING E3 Ligases in the TGFβ Signaling Pathway

RING E3 ligases affect TGFβ signaling at various points. For simplicity, we will discuss
different RING E3 ligases in connection with their target locations in TGFβ signaling.

5.2.1. Targeting Receptors Directly

Tumor necrosis receptor-associated factor (TRAF)6 plays a role in TGFβ-mediated tran-
scriptional regulation during cancer progression. Upon binding of TGFβ with its receptor,
TRAF6 causes K-63-linked polyubiquitination of TβRI, which leads to cleavage and release
of the TβRI intracellular domain. The intracellular domain associates with transcriptional
coactivator p300 and transcriptionally activates tumor associated genes like SNAIL and
MMP2 [132] (Figure 5A). TRAF6 is also crucial for TGFβ-mediated activation of JNK and
p38 MAP kinase (Figure 5B). Interestingly, TGFβ induces K-63 linked (auto-)ubiquitination
of TRAF6 and promotes association between ubiquitinated TRAF6 and TGFβ activated
kinase (TAK)1 [133] (Figure 5B). Another TRAF family member, TRAF4 also plays a role in
regulating TGFβ signaling. Upon stimulation of cells with TGFβ, TRAF4 is recruited to a
TGFβ receptor complex where it recruits USP15, a deubiquitinating enzyme, to the receptor
leading to deubiquitination of the receptor and prolonged signaling [134] (Figure 5A). Un-
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like TRAF6, TRAF4 causes ubiquitination-mediated degradation of SMURF2 and SMURF1
(Figure 5A), which leads to malignancy in certain tumor types [135]. Like TRAF6, TRAF4
also interacts with TβRI, which leads to the K-63-linked polyubiquitination of TRAF4 and
activation of TAK1 (Figure 5B).

Cullin ring ligases (CRLs) are the largest family of E3 ligases which can be classified as
a subfamily of RING E3 ligases. CRLs function as part of the SCF multiprotein complexes
that contains Skp, Cullin, and F-boxes proteins. Recently one CRL, Von Hippel–Lindau
ligase (VHL), has been shown to ubiquitinate TβRI. The best-established function of VHL
is its role as an E3 ubiquitin ligase for hypoxia-inducible factors (HIFs). In normal oxygen
conditions, it ubiquitinates HIF, leading to its degradation. Studies have shown that TGFβ
signaling enhances expression of HIF-1α/2α and their target genes even under normoxic
conditions, which is dependent on the kinase activity of TβRI and the status of VHL [136]. It
was also shown that VHL could ubiquitinate TβRI in a K-48 dependent manner resulting in
degradation of the receptor.

5.2.2. Targeting R-SMADs

Among RING domain containing E3 ligases, Casitas B-lineage lymphoma (CBL-b) plays
an important role in positively regulating TGFβ signaling in T-cells. CBL-b enhances TGFβ-
mediated phosphorylation of SMAD2, increasing signaling output [137] (Figure 5A). Among
other RING ligases, Tripartite motif (TRIM)62 negatively regulates TGFβ signaling by binding
to MH2 domains of SMAD3, which promotes its ubiquitin-mediated degradation. This results
in a decrease in expression of SMAD3 target genes [138]. PRAJA is a RING domain containing
E3 ubiquitin ligase, which interacts with embryonic liver fodrin (ELF). ELFs are adapter
proteins associated with TGFβ signaling that help recruit SMAD3 to the receptor. PRAJA
facilitates ubiquitination of both ELF and SMAD3 and decreases the levels of these proteins,
leading to suppression of signaling in a TGFβ-dependent manner [139,140].

ROC1, a RING finger protein enhances degradation of SMAD3. ROC1 forms an SCF
ROC1–SCF–βTrCP1 complex consisting of ROC1, Skp1, Cullin1, and β-TrCP1 (also known
as Fbw1a) to induce ubiquitination of SMAD3. p300, a nuclear resident transcriptional
coactivator interacts with nuclear SMAD3 and facilitates the interaction with ROC1–SCF–
βTrCP1. This initiates its export from the nucleus to the cytoplasm for proteolysis [141].

Anaphase promoting complex (APC) has been shown to effectively ubiquitinate and
degrade SNoN. SNoN is a negative regulator of TGFβ target genes. TGFβ mediated
degradation of SNoN is elicited through APC, which is crucial for amplification of the
signal. In this process, SMAD2 and SMAD3 function as adapter proteins in recruiting
SNoN and APC in close proximity to each other for subsequent ubiquitination of SNoN by
APC [142,143]. RNF111/ARKADIA contains a RING-finger domain in its C-terminus. It
interacts with various negative regulators of TGFβ signaling, including c-SKI and SNoN
to upregulate TGFβ signaling [144,145]. Some binding partners of ARKADIA have been
reported to act as regulators of its function. Studies have shown that the four and a half
LIM-only protein 2 (FHL2) interacts with ARKADIA and synergistically cooperates to
activate SMAD3/SMAD4-dependent transcription [146]. In addition, FHL2 increases the
half-life of ARKADIA through inhibition of its K63 and K27-linked polyubiquitination.

5.2.3. Acting on Co-SMAD

Transcriptional intermediary factor 1 γ (TIF1γ), or TRIM33/RFG7/Ectodermin/PTC7, is
a RING family member E3 ubiquitin-ligase which can negatively regulate TGFβ signaling.
TIF1γ can induce monoubiquitination of SMAD4, resulting in inhibition of SMAD2/3 com-
plex formation with SMAD4 [147,148]. It can also physically compete with phosphorylated
SMAD2/3 for binding with SMAD4 and in this way negatively regulate TGFβ signaling [149].
Skp2, the F-box component of SCF–Skp2, can physically interact with SMAD4. SMAD4
mutants exhibit significantly increased binding affinity to Skp2, which in turn increases their
ubiquitination and proteolysis [150]. SCF–βTrCP1 is a critical regulator of SMAD4 stability.
Importantly, SCF–βTrCP1 interacts with SMAD4, but not with SMAD2. It also interacts
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weakly with SMAD3, but this interaction is dependent on SMAD4 (Figure 4B). Increased
expression of SCF–βTrCP1 induces the ubiquitination and degradation of SMAD4, while
knockdown of βTrCP1 increases SMAD4 expression. Cells that overexpress SCF–βTrCP1
have reduced TGFβ-signaling activity and an impaired cell cycle arrest [123,151].

5.2.4. Regulation of I-SMADs

CBL-b also targets SMAD7 through ubiquitination-mediated degradation, relieving path-
way inhibition. CBL-b and SMAD7 interact physically and genetically. It was shown that
SMAD7 inactivation restores the TGFβ signaling defect in CBL-b deficient T cells [152]. RNF111/
ARKADIA associates with SMAD7 to induce ubiquitination and proteasomal degradation of
SMAD7 [153] but it does not bind to TβRI in complex with SMAD7 and fails to induce the
degradation of the receptor. RNF12 is a RING domain containing E3 ubiquitin ligase which has
been documented to ubiquitinate and degrade SMAD7. Just like Arkadia, RNF12 can enhance
TGFβ signaling by specifically degrading an inhibitory SMAD7 [154]. Studies also hint at an
indirect mechanism of controlling TGFβ signaling by RNF12. It is documented that RNF12 can
interact with SMURF2, which enhances TGFβ responsiveness in U2OS osteosarcoma cells. The
dynamics and kinetics of this interaction is poorly understood [155].

All in all, both positive and negative control of the TGFβ pathway is carried out by
different RING E3 ligases. RING ligases not only regulate TGFβ signaling by regulating
receptor levels or SMAD signaling components, they also affect stability and functioning
of HECT E3 ligases like SMURF, or negative regulators of the TGFβ pathway.

5.3. Other E3 Ligases

Carboxy-terminus of Hsc70 interacting protein (CHIP) is a U-box-dependent E3 ubiq-
uitin ligase capable of interacting with SMAD1 [156]. Over-expression of CHIP results in
ubiquitin-mediated degradation of SMAD1 and SMAD4. Conversely, knockdown of CHIP
levels results in heightened BMP signaling [157]. CHIP also can mediate ubiquitination
and degradation of SMAD3 to regulate the basal level of SMAD3. Upon ectopic expression
of CHIP, SMAD3 is greatly decreased and TGFβ signaling is mitigated. Through quality
control of SMAD3, CHIP can modulate the sensitivity of the TGFβ signaling [158].

6. E3 Ubiquitin Ligases in Non-Canonical TGFβ Pathways

TGFβ-mediated non-canonical signaling pathways have been well-studied and docu-
mented in recent years. The non-canonical pathways are mediated by effector molecules other
than SMADs, such as the previously mentioned TAK1-mediated p38 and JNK MAPK pathways.
The E3 ubiquitin ligase TRAF6 binds to the receptor which causes its auto-ubiquitination-
mediated activation. The activated TRAF6 now binds to TAK1 and activates it in a ubiquitin-
dependent manner (Figure 5B). The activated TAK1 now relays the signaling through p38 and
JNK [159]. Apart from TGFβ/BMP signaling, TAK1 is able to perform its different biological
actions through several other signaling pathways, namely Wnt/Fz, JNK/p38, and nuclear
factor (NF)-κB pathways. According to biological context, TAK1 makes complexes with diverse
proteins e.g., TAK1-binding proteins (TABs) and TRAFs, which diversifies the role of TAK1.
TAK1 plays a crucial role in controlling the activity of IκB kinase (IKK), which in turn acti-
vates the transcription factors activator protein (AP)-1 in response to TGF-β/BMP and NF-κB
during inflammation [160]. Its noteworthy that SMAD6 can act as a negative regulator of the
non-canonical signaling pathway. SMAD6 has been shown to recruit A20, a de-ubiquitinating
enzyme that de-ubiquitinates and inactivates TRAF6 and thereby attenuates non-canonical
signaling [161]. SMURF1 has also been shown to function downstream of TGFβ as a regu-
lator of RhoA signaling. TGFβ is known to affect the RhoA pathway, and this is important
for TGFβ-induced EMT. PAR6 interacts with the TGFβ receptor and is a substrate of TβRII.
Phosphorylation of PAR6 is critical for TGFβ-dependent EMT in breast cancer models (Table 1).
TGFβ controls the interaction of polarity protein PAR6 with SMURF1. SMURF1, in turn, targets
the guanosine triphosphatase RhoA for degradation. Furthermore, SMURF1 was shown to be
phosphorylated, thereby switching its substrate specificity from PAR6 to RhoA.
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Table 1. List of E3 ubiquitin ligases and their involvement in TGFβ signaling in various cancers.

Broad Group
of Ligase Name Type of Effect Target Effect Associated Cancer References

HECT E3
Ligase

SMURF1 Negative

TβRI • Ubiquitination and degradation of receptor

pancreatic cancer, gastric cancer,
prostate cancer, ovarian cancer

colorectal cancer (CRC),renal cancer,
head and neck squamous cell

carcinoma (HNSCC), thyroid cancer

[120,121]

SMAD7

• Ubiquitin mediated degradation of SMAD7 [120,121,123]

• Ubiquitination assisted relocation of SMAD7 to
cytosol

SMAD1/5/8 • Ubiquitination and degradation of BMP SMADs [118,119]

SMAD4 • Turnover of SMAD4 with help of I-SMADs and
reducing its overall pool

[122]

SMURF2 Negative

TβRI/TβRII

• Ubiquitination and degradation of receptor
complex

• Ubiquitination assisted relocation and association
with TGFβ receptors

breast cancer,
hepatocellular carcinoma (HCC),
CRC, esophageal squamous cell

carcinoma, pancreatic cancer,
prostate cancer

[31]

SMAD7 • Degradation of SMAD7 [31,120,121,123]

SMAD2/3 • Induces turnover of SMAD2, thereby preventing
SMAD2/3 mediated responses

[124,125]

SMAD1 • Quality control of SMAD1 [124]

SMAD4 • Degradation of Smad4 in complex with I-SMADs [122]

SNoN • Ubiquitin mediated degradation of this
Transcriptional co-repressor

[162]
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Table 1. Cont.

Broad Group
of Ligase Name Type of Effect Target Effect Associated Cancer References

NEDD4-2 Negative

TβRI • Ubiquitination and degradation

lung cancer

[28]

SMAD2 • Ubiquitin mediated turnover of SMAD2 [28]

SMAD4 • Ubiquitination of SMAD4 after SMAD7 assisted
interaction

[122]

WWP1 Negative

TβRI • Downregulation of surface receptor expression
through ubiquitin mediated degradation

breast cancer, prostate cancer, HCC,
gastric cancer

[129]

SMAD7 • Translocation of SMAD7 to cytosol [129]

SMAD4 • Ubiquitination of SMAD4 when in complex with
SMAD7, leading to its turnover

[122]

SMAD2 • Degradation of nuclear pool of SMAD2 [130]

ITCH Positive SMAD2 • Facilitates complex formation between SMAD2 &
TβRI by activating SMAD2 phosphorylation

[131]

RING E3 Ligase

CBL-b Positive
SMAD2 • Enhances phosphorylation of SMAD2 [137]

SMAD7 • Ubiquitination and degradation of SMAD7 [152]

TRIM33 Negative

SMAD4 • Inhibition of complex formation with SMAD2/3
via mono-ubiquitination SMAD4

pancreatic cancer, HCC, breast cancer

[147,148]

SMAD2/3 • Bind with SMAD2/3 and reduce association with
SMAD4

[149]

TRIM62 Negative SMAD3 • Ubiquitination and degradation of SMAD3 [138]
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Table 1. Cont.

Broad Group
of Ligase Name Type of Effect Target Effect Associated Cancer References

TRIM59 Positive SMAD2/3 • Activate SMAD2/3 mediated signaling upon
TGFβ activation

gastric, lung, breast cancer, bladder
cancer [163,164]

TRAF4 Positive
TβRI/TβRII • Recruitment of USP15 to the receptor to

deubiquitinate the receptor breast cancer, prostate cancer
[134]

SMURF2 • Degradation of SMURF2 [165]

TRAF6 Positive TβRI • Site specific cleavage of receptor and
transcriptional activation of EMT marker genes

breast cancer, lung, prostate cancer [133]

PRAJA Negative
SMAD3 • Ubiquitination of SMAD3 and degradation

gastro-intestinal cancer, HCC
[139]

ELF • Turnover of ELF [139,140]

SCF–SKP2 Negative SMAD4 • Ubiquitin mediated degradation of cancer
derived point mutant SMAD4

[150]

SCF–βTrCP1 Negative SMAD4 • Ubiquitination and degradation of SMAD4 pancreatic cancer [123,151]

ROC1 Negative SMAD3
• Ubiquitination of SMAD3 with help from p300,

which ultimately leads to SMAD3 degradation in
cytosol

[141]

APC Positive SNoN • TGFβ mediated degradation of SNoN [142,143]

VHL Negative TβRI • Ubiquitination and degradation of TβRI renal cell carcinoma [136]

ARKADIA/RNF111 Positive

SMAD7 • Ubiquitin mediated turnover of SMAD7
lung cancer,

breast cancer

[153]

SNoN • Degrades SNoN and stabilizes TGFβ
responsive genes

[144,145]

RNF12 Positive SMAD7 • Ubiquitin mediated degradation of SMAD7 breast cancer [154]
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Table 1. Cont.

Broad Group
of Ligase Name Type of Effect Target Effect Associated Cancer References

Other E3
Ligases CHIP Negative

SMAD1 • Proteasomal degradation of SMAD1 [156]

SMAD3 • Degradation of SMAD3 [158]

SMAD4 • Turnover of SMAD4 [157]
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7. Role of E3 Ligases Associated with TGFβ Signaling in Mediating Tumorigenesis

To date, mutational analyses, and transcriptional and protein expression data strongly
point to a role for E3 ligases in tumorigenesis. Several E3 ubiquitin ligase mutations
are known to drive human cancers (e.g., 91% of cases of clear cell renal cell carcinoma
(ccRCC) show biallelic VHL inactivation, WWP1 mutation in prostate cancer, deletion in
gene enoding parkin RBR E3 ubiquitin protein ligase [PARK2] in ovarian, bladder, and
breast cancer) This section summarizes the roles of diverse E3 ligases in perturbing TGFβ
signaling activity, ultimately leading to cancer progression.

7.1. SMURF1 and SMURF2

The role of SMURF1 has been implicated in a variety of cancers. Genomic hybridiza-
tion suggests that SMURF1 is a determining factor for oncogenesis in pancreatic cancer
and gastric cancer [166,167]. SMURF1 levels are inversely corelated with survival rate in
patients with gastric cancer (GC), colorectal cancer, and ccRCC [168,169]. Knock down of
SMURF1 reduces tumorigenesis in a variety of cancer cell models such as of pancreatic,
prostate, and ovarian cancer [167,169–171]. In addition, SMURF1 is necessary for cancer
stem cell maintenance in HNSCC [172]. Elevated levels of SMURF1 were also documented
to be associated with thyroid tumor tissues [173]. It is important to mention that the above
mentioned roles of SMURF1 in cancer progression are not solely dependent on its effects
on TGFβ signaling, but rather due to its impact on diverse signaling events, explained
below [118]. PAR6 is a key protein that maintains cell polarity and tight-junction assembly
in epithelial cells. As mentioned before, TGFβ controls the interaction between PAR6 and
SMURF1, which targets RhoA for degradation, thereby leading to a loss of tight junctions,
a hallmark of a mesenchymal transition. SMURF1 is also implicated in bone metastasis in
breast cancer models by increasing TGFβ signaling.

SMURF2 acts as a ubiquitinating enzyme for SMURF1 and hence promotes degra-
dation of its sister protein in the early stages of breast cancer. By contrast, in aggressive
stages of cancer, for example, in triple negative breast cancer, the SMURF1 level was
shown to neutralize the SMURF2 inhibitory effect of tumorigenesis [174]. Although nu-
merous reports implicate the involvement of SMURF1 in cancer progression, very few
cases could be explained by its regulation of TGFβ signaling events. Like SMURF1,
SMURF2 is also associated with different types of human cancers. SMURF2 expression
is upregulated in several cancers like hepatocellular carcinomas (HCC) and colorectal
cancer (CRC) [175,176]. Depletion of SMURF2 reduces the migration and invasion of breast
carcinomas and CRC [118,177]. Conversely, increased expression of SMURF2 correlates
with heightened invasion and lymph node metastases and poor prognosis in some cancers.
An inverse correlation between SMURF2 expression and phosphor-SMAD2 levels has also
been observed in cancers. In esophageal squamous cell carcinoma, increased expression
levels of SMURF2 correlated with tumor development and a poor prognosis [178]. Similar
events are apparent in breast and prostate cancers also, suggesting that the repression of
TGFβ signaling by SMURF2 occurs during tumor progression [179]. Wu et al. demon-
strated the involvement of SMURF2 in progression of pancreatic cancer [180]. SMURF2 was
found to promote proliferation, migration, and invasion of pancreatic carcinoma (PANC-1)
cells via the TGFβ-induced non-canonical PI3P/AKT pathway [Table 1]. This activation of
PI3P signaling suppressed SMAD2/3/FOXO1/PUMA-mediated apoptosis. Upon down-
regulation of SMURF2, PANC-1 cell invasion and proliferation decreased substantially
and apoptosis was induced through FOXO1/PUMA. In lung cancer, SMURF2 was shown
to play a cancer-promoting role by ubiquitinating TβR1 [181]. Similar mechanisms and
actions of SMURF2 were found to be present in human breast cancer cell lines [182]. There,
TGFβ-mediated activation of non-canonical PIP3/AKT/FOXO3a was SMURF2-dependent;
upon SMURF2 inactivation, proliferation of breast cancer cells decreased. In summary,
mis-regulation of both SMURFs affect TGFβ mediated EMT, migration, and proliferation,
while simultaneously inhibiting apoptosis in various cancers.
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7.2. WWP1

WWP1 is encoded by the genomic locus, 8q21. A large percentage of breast and
prostate cancers show amplification of this locus. Hence, WWP1 is frequently overex-
pressed in breast and prostate cancers [183,184]. Nguyen Huu et al. found that expression
of WWP1 inhibited apoptosis in breast and prostate cancer cells via the inhibition of TGFβ-
mediated signaling [185]. In prostate cancer, a mutant of WWP1 was found to be correlate
with pathogenesis. The same mutant WWP1E798V displayed increased activity, which
ultimately disrupted the TGFβ-induced cytostatic response in the normal, human prostate
cell line RWPE [186]. In oral cancer also, WWP1 expression was found to be increased at
the mRNA level [187]. In HCC and gastric cancers, expression levels of WWP1 were also
found to be increased. Although these studies could not pinpoint the signaling cascade
responsible for the cancer-promoting effect, they suggest the mechanisms may involve a
negative regulation of TGFβ signaling by WWP1, which may promote cell cycle arrest and
induce apoptosis [188,189]. Overall, heightened expression and mutations of WWP1 are
the two main causes of their pro-oncogenic functions in various cancers.

7.3. NEDD4-2

NEDD4-2 was found to be highly expressed in human distal respiratory epithelium
and submucosal glands and ducts and functionally associated with lung cancer develop-
ment and alveolar fluid regulation [190]. However, it mainly functions through enhancing
epithelial sodium channel (EnaC) ubiquitination and cytoplasmic internalization via a
direct binding to a highly conserved proline-rich PY motif in the C-termini of αβγ-EnaC,
thereby resulting in sodium current decrease and lung edema. Compared with other E3
ubiquitin ligases, NEDD4-2 functions very specifically in the development of lung cancer,
whereas its role in promoting TGFβ-mediated effects in other cancer types remain elusive.

7.4. TRAFs

TRAF4 can promote both SMAD and non-SMAD signaling downstream of TβRI,
during breast cancer progression, and was found to play an important role in mediating
TGFβ-induced EMT and metastasis in breast cancer [134]. TRAF4 expression correlated
with phosphorylated SMAD2 and phosphorylated TGFβ activated kinase (TAK-1) and
poor prognosis in breast cancer patients. TRAF4 is also highly expressed in prostate cancers
but there it results in non-proteolytic ubiquitination of receptor tyrosine kinases (RTK’s),
which regulates the kinase function [191]. TRAF6 is shown to a play critical role in nuclear
accumulation of the intracellular domain of TβR1, which in turn is crucial in EMT and
invasion during breast and lung cancer evolution [132]. TRAF6 also plays a critical role
during TGFβ-mediated activation of P13K-AKT signaling in prostate cancer [192].

7.5. TRIMs

TRIM25 is highly expressed in colorectal and gastric cancer tissues. The ectopic ex-
pression of TRIM25 in gastric and colorectal cancer cells activates SMAD and promotes cell
migration and invasion [193,194]. TRIM28 facilitates TGFβ-mediated activation of EMT, cell
migration, and invasion of lung cancer cells [195]. TRIM59 overexpression has been implicated
in several human cancers, such as gastric, lung, and breast cancer [196–198]. It is also highly
expressed in bladder and breast cancer tissues. TRIM59 promotes the SMAD2/3-mediated
signaling response upon TGFβ activation [163,164]. In contrast to TRIM25, TRIM33 acts as
a tumor suppressor gene in different cancers. TRIM33 inhibits the invasion and metastasis
of both early- and advanced-stage HCC. The expression of TRIM33 is highly reduced in
HCC [199] and pancreatic and breast tumors [200,201]. Taken together, these studies show
that different TRIM proteins function either as tumor promoters or suppressors.

7.6. RNFs

As discussed earlier, RNF12 facilitates degradation of SMAD7, thereby promoting
TGFβ signaling activities [202]. RNF12 plays an important role in NR4A1-mediated breast



Int. J. Mol. Sci. 2021, 22, 476 19 of 29

cancer metastasis and invasion. Similar to RNF12, RNF111/ARKADIA, was shown to
promote cell migration and metastasis in breast cancer cells but also lung cancer cells [203].
Another TGFβ signaling promoter is RNF38. Expression of RNF38 was found to be
upregulated in HCC. RNF38 promoted TGFβ signaling by inducing ubiquitin-mediated
degradation of neuroblast differentiation-associated protein (AHNAK), a well-established
inhibitor of TGFβ signaling [204].

7.7. Other E3 Ligases

Among other E3 ligases, PRAJA was shown to be highly expressed in gastrointestinal
cancers [140]. Recent reports also suggested a role for PRAJA in HCC [205]. In pancreatic
cancer, SCF–βTrCP1 functions by ubiquitinating and degrading SMAD4 and thereby
diminishing TGFβ biological activity. A summary of the activities of different E3 ligases
is provided in Table 1. It provides a general overview of their role in TGFβ signaling and
progression of cancers.

8. E3 Ligases as Emerging Drug Targets

Considering the stimulatory role of TGFβ signaling in cancer progression, different
methods have been used to target this pathway to halt cancer cell invasion and metastasis
and restore immune responses. While many published reports regarding pre-clinical
studies have shown successful responses, the clinical translation towards approved drugs
and treatment has so far been unsuccessful [206,207]. The current methods adopted to
target TGFβ signaling molecules in clinical trials include antibodies or ligand traps that
interfere with ligand-receptor interactions, and small molecule kinase inhibitors. These
inhibitors are not selective and also inhibit anti-tumorigenic and homeostatic responses
of TGFβ in healthy cells. Systemic inhibition of such general TGFβ targeting agents
can elicit toxic side effects that do not outweigh the anti-cancer effects [208]. The dual
function of TGFβ in cancer as well as its role in maintaining tissue homeostasis makes it a
challenging pathway for drug targeting. As such, selective targeting of positive regulators
of pro-oncogenic responses may be an interesting therapeutic strategy to explore. Given
the importance of E3 ligases in TGFβ-induced cancer progression, targeting those that
are overly active, due to mutation or gene amplification (or overexpressed), in advanced
cancer, and those that promote TGFβ signaling in cancer, may work as an alternative, more
selective therapeutic strategy.

Various studies have tried to identify E3 ligase inhibitors, with varying degree of
success. Cell-based high throughput screening, namely, the ubiquitin reference technique
(URT), is one such method that has been used successfully to screen for potent SMURF1
inhibitors capable of blocking SMURF1-mediated degradation of SMAD1 [209], but fur-
ther studies with these molecules are necessary before they can enter clinical trials. In
addition, Chen et al. summarized a wide range of molecules that have been used in
various in silico or in vitro studies, with considerable success, against HECT E3 ligases
like SMURF1, NEDD4-2, ITCH [210]. It will be interesting to test these molecules in
cell-based assays and determine their effect on specific E3 ligases and on TGFβ signaling
outputs. Considering the elevated expression of SMURF1, SMURF2, NEDD4-2 in differ-
ent cancers (Sections 7.1 and 7.3), similar inhibitors of SMURF2 and NEDD4-2 could be
identified. Using a virtual screening tool, Chan et al. successfully identified an inhibitor of
the tumor-promoting E3 ligase, SKP2 [211], which plays a role in TGFβ signaling. Simi-
larly, a screening campaign for TRAF6 inhibitors identified molecules that are capable of
disrupting TRAF6-Ubc13 interactions and that impede NFκB activation in inflammatory
signaling pathways [212]. Mechanistically, the enzymatic pockets of E3 ligases families
share high similarity, the selective inhibition of their activities often being achieved by
targeting protein–protein interactions (PPIs), e.g., E2-E3 or E3-substrate interactions. The
PPIs are frequently mediated by comparatively large contact surface areas with various
kinds of interactions playing role. This makes drug development by interfering with PPIs
a daunting task [213]. Approaches such as targeted library screening, structure-based drug
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discovery, or fragment-based drug designing can be applied to target the PPIs surfaces of
E3 ligases [214–217]. Considering the vast array of E3 ligases that have been found to be
associated with different cancers, there is an opportunity to develop small molecules that
can selectively target E3 ligases and thereby abrogate TGFβ-induced oncogenic responses.

9. Emerging Roles of PROTACs and Molecular Glues

In this section, we will focus on two recent therapeutic strategies that can be used for
selective targeting of E3 ligases in the future. Both PROTAC (proteolysis targeting chimeras)
and molecular glue are novel strategies to target E3 ligases. PROTACs are bi-functional
molecules that recruit so-called undruggable targets to their respective E3 ligases. This leads
to their accelerated proteolysis and downregulation [218,219]. Some of the PROTACs are
presently in clinical trials, potentially highlighting the relevance of this strategy. However,
if PROTACs use E3 ligases to degrade other proteins, then how can this strategy be used
to inhibit or degrade E3s themselves? The answer lies in numerous reports showing that
E3 ligases are capable of auto-ubiquitination, leading to their own degradation. In this
regard, a recent study described a new homo-bivalent PROTAC (homo-PROTAC) that
simultaneously binds two CRL2VHL molecules and induces their auto-degradation [220]. It
should be noted that the role of VHL E3 ligases have been recently linked to TGFβ signaling
in a renal cancer model [136]. The highly potent homo-PROTAC CM11 consists of two
molecules of the previously described VH298 compound connected via a polyethylene
glycol linker [221,222]. The same concept can be applied to other E3 ligases to induce
auto-degradation. Similarly, VHL-based PROTACs have been successfully used to degrade
SMAD3 proteins in renal carcinoma and renal fibroblast cells [223]. A recent study reported
PROTACs, which could degrade TβR1 and inhibit EMT in cancer cells [224]. Another
approach developed recently is known as hetero-PROTACs, in which two ligand handles
of two PROTACs [VHL and cereblon (CRBN)] were linked together via a linker molecule
and tested for the potency of the compound to induce degradation of both ligases. The
results showed that VHL could induce degradation of CRBN, but the reverse of this was
not observed [225]. Considering the role of different E3 ligases in inducing the degradation
of one another, hetero-PROTACs, can be tried against E3 ligases that are implemented in
regulating TGFβ signaling.

Molecular glues originally emerged as small molecules that function by inducing
gain-of-function interactions between two proteins. Molecular-glue degrons are a subclass
of molecule, which facilitate interactions between target proteins and components of the
ubiquitin proteasome system to accelerate targeted protein degradation. This strategy
holds promise as a unique method for therapeutic molecule discovery for relatively inert
protein surfaces that are currently regarded as undruggable. In this context, it can be stated
that different E3 ligases are substrates of a competing E3 ligase. For example, βTRCP
functions as a ubiquitin ligase for NEDD4, or TRAF4 is ubiquitinated by SMURF1 [226,227].
Therefore, targeting one E3 ligase with another E3 ligase using molecular glue could be an
avenue worth exploring.

In vitro screening techniques are relatively easy to design for novel PROTACs and
molecular glues, however cell or tissue-based functional assays of the same PROTACs or
molecular glues are much harder to design. Solving this is where the challenges lie [212,228].
In the future, identification of diverse chemical moieties with different modes of action for
targeting a E3 ligase may serve as a more selective way of inhibiting the tumor promoting
activities of TGFβ.

10. Conclusions and Perspectives

In this review, we discussed the importance of different E3 ligases in regulating TGFβ
signaling. Although the substrate and function of different E3 ligases appear at first glance
to be redundant and overlapping, a closer look at the data suggests that is there is a degree
of specificity. First, overlapping E3 ligases vary in their cellular distribution and tissue
specific expression and secondly the substrates, in some cases, require adaptor proteins for
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their recruitment of respective E3 ligases. These adapter proteins are critical in recruiting
a target protein to diverse E3 ligases. In addition, post-translational modifications play
selective roles in recruitment of E3 ligases. In this review, we focused on specific E3 ligases
that control TGFβ signaling and whose mis-regulation is correlated with cancer patho-
genesis. In diverse cancer databases, correlations exists between genetic driver mutations
or transcriptional and translational profiles of E3 ligases, and pathogenesis of different
cancers, however, further studies will be needed to precisely delineate the mechanism of
action of E3 ligases during pathogenesis. In time, new insights could implicate additional
E3 ligases, and layers of complexity, in the regulation of TGFβ canonical and non-canonical
signaling. Some E3 ligases have been classified as poor prognosis markers in different
cancer models. Hence, targeting those E3s may serve as the path forward in treatment.
Considering newer strategies of drug targeting that can specifically target traditionally
undruggable proteins, targeting E3 ligases as cancer therapy is potentially within reach.

Author Contributions: A.S. wrote the first draft, figures and tables, which was thereafter commented
upon and edited by P.V.I. and P.t.D. P.t.D. coordinated the writing of the manuscript. All authors
have read and agreed to the published version of the manuscript.

Funding: We acknowledge the support of Cancer Genomics Centre Netherlands (CGC.NL).

Acknowledgments: We will like to thank David Baker, Laila Ritsma, Marten Hornsveld and Sijia Liu
for carefully reading the manuscript and suggesting modifications to improve it.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Twardzik, D.R.; Brown, J.P.; Ranchalis, J.E.; Todaro, G.J.; Moss, B. Vaccinia virus-infected cells release a novel polypeptide

functionally related to transforming and epidermal growth factors. Proc. Natl. Acad. Sci. USA 1985, 82, 5300–5304. [CrossRef]
[PubMed]

2. Roberts, A.B.; Anzano, M.A.; Meyers, C.A.; Wideman, J.; Blacher, R.; Pan, Y.C.; Stein, S.; Lehrman, S.R.; Smith, J.M.; Lamb, L.C.; et al.
Purification and properties of a type beta transforming growth factor from bovine kidney. Biochemistry 1983, 22, 5692–5698.
[CrossRef] [PubMed]

3. Inagaki, M.; Moustakas, A.; Lin, H.Y.; Lodish, H.F.; Carr, B.I. Growth inhibition by transforming growth factor beta (TGF-β) type
I is restored in TGF-β-resistant hepatoma cells after expression of TGF-beta receptor type II cDNA. Proc. Natl. Acad. Sci. USA
1993, 90, 5359–5363. [CrossRef] [PubMed]

4. Massague, J. The transforming growth factor-β family. Annu. Rev. Cell Biol. 1990, 6, 597–641. [CrossRef] [PubMed]
5. 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. [CrossRef] [PubMed]
6. Derynck, R.; Budi, E.H. Specificity, versatility, and control of TGF-β family signaling. Sci. Signal. 2019, 12. [CrossRef] [PubMed]
7. Sun, P.D.; Davies, D.R. The cystine-knot growth-factor superfamily. Annu. Rev. Biophys. Biomol. Struct. 1995, 24, 269–291.

[CrossRef]
8. Batlle, E.; Massague, J. Transforming Growth Factor-β Signaling in Immunity and Cancer. Immunity 2019, 50, 924–940. [CrossRef]
9. Hao, Y.; Baker, D.; Ten Dijke, P. TGF-β-Mediated Epithelial-Mesenchymal Transition and Cancer Metastasis. Int. J. Mol. Sci. 2019,

20, 2767. [CrossRef]
10. Levy, L.; Hill, C.S. Alterations in components of the TGF-β superfamily signaling pathways in human cancer. Cytokine Growth

Factor Rev. 2006, 17, 41–58. [CrossRef]
11. Massague, J. TGF-β signal transduction. Annu. Rev. Biochem. 1998, 67, 753–791. [CrossRef] [PubMed]
12. Lebrun, J.J.; Vale, W.W. Activin and inhibin have antagonistic effects on ligand-dependent heteromerization of the type I and type

II activin receptors and human erythroid differentiation. Mol. Cell. Biol. 1997, 17, 1682–1691. [CrossRef] [PubMed]
13. Yamashita, H.; ten Dijke, P.; Franzen, P.; Miyazono, K.; Heldin, C.H. Formation of hetero-oligomeric complexes of type I and type

II receptors for transforming growth factor-β. J. Biol. Chem. 1994, 269, 20172–20178. [CrossRef]
14. Weis-Garcia, F.; Massague, J. Complementation between kinase-defective and activation-defective TGF-β receptors reveals a

novel form of receptor cooperativity essential for signaling. EMBO J. 1996, 15, 276–289. [CrossRef]
15. Wrana, J.L.; Attisano, L.; Wieser, R.; Ventura, F.; Massague, J. Mechanism of activation of the TGF-β receptor. Nature 1994, 370, 341–347.

[CrossRef]
16. Wieser, R.; Wrana, J.L.; Massague, J. GS domain mutations that constitutively activate TβR-I, the downstream signaling component

in the TGF-β receptor complex. EMBO J. 1995, 14, 2199–2208. [CrossRef] [PubMed]
17. Heldin, C.H.; Moustakas, A. Signaling Receptors for TGF-β Family Members. Cold Spring Harb. Perspect. Biol. 2016, 8. [CrossRef]
18. Zhang, Y.E. Non-Smad Signaling Pathways of the TGF-beta Family. Cold Spring Harb. Perspect. Biol. 2017, 9. [CrossRef]

http://doi.org/10.1073/pnas.82.16.5300
http://www.ncbi.nlm.nih.gov/pubmed/3875097
http://doi.org/10.1021/bi00294a002
http://www.ncbi.nlm.nih.gov/pubmed/6607069
http://doi.org/10.1073/pnas.90.11.5359
http://www.ncbi.nlm.nih.gov/pubmed/8389483
http://doi.org/10.1146/annurev.cb.06.110190.003121
http://www.ncbi.nlm.nih.gov/pubmed/2177343
http://doi.org/10.1101/cshperspect.a021873
http://www.ncbi.nlm.nih.gov/pubmed/27141051
http://doi.org/10.1126/scisignal.aav5183
http://www.ncbi.nlm.nih.gov/pubmed/30808818
http://doi.org/10.1146/annurev.bb.24.060195.001413
http://doi.org/10.1016/j.immuni.2019.03.024
http://doi.org/10.3390/ijms20112767
http://doi.org/10.1016/j.cytogfr.2005.09.009
http://doi.org/10.1146/annurev.biochem.67.1.753
http://www.ncbi.nlm.nih.gov/pubmed/9759503
http://doi.org/10.1128/MCB.17.3.1682
http://www.ncbi.nlm.nih.gov/pubmed/9032295
http://doi.org/10.1016/S0021-9258(17)42126-0
http://doi.org/10.1002/j.1460-2075.1996.tb00358.x
http://doi.org/10.1038/370341a0
http://doi.org/10.1002/j.1460-2075.1995.tb07214.x
http://www.ncbi.nlm.nih.gov/pubmed/7774578
http://doi.org/10.1101/cshperspect.a022053
http://doi.org/10.1101/cshperspect.a022129


Int. J. Mol. Sci. 2021, 22, 476 22 of 29

19. Hata, A.; Chen, Y.G. TGF-β Signaling from Receptors to Smads. Cold Spring Harb. Perspect. Biol. 2016, 8. [CrossRef]
20. David, C.J.; Massague, J. Contextual determinants of TGFβ action in development, immunity and cancer. Nat. Rev. Mol. Cell Biol.

2018, 19, 419–435. [CrossRef]
21. Luo, K. Signaling Cross Talk between TGF-β/Smad and Other Signaling Pathways. Cold Spring Harb. Perspect. Biol. 2017, 9.

[CrossRef]
22. Xu, P.; Liu, J.; Derynck, R. Post-translational regulation of TGF-β receptor and Smad signaling. FEBS Lett. 2012, 586, 1871–1884.

[CrossRef] [PubMed]
23. Iyengar, P.V. Regulation of Ubiquitin Enzymes in the TGF-β Pathway. Int. J. Mol. Sci. 2017, 18, 877. [CrossRef] [PubMed]
24. Tu, A.W.; Luo, K. Acetylation of Smad2 by the co-activator p300 regulates activin and transforming growth factor beta response.

J. Biol. Chem. 2007, 282, 21187–21196. [CrossRef] [PubMed]
25. Simonsson, M.; Kanduri, M.; Gronroos, E.; Heldin, C.H.; Ericsson, J. The DNA binding activities of Smad2 and Smad3 are

regulated by coactivator-mediated acetylation. J. Biol. Chem. 2006, 281, 39870–39880. [CrossRef] [PubMed]
26. Kang, J.S.; Saunier, E.F.; Akhurst, R.J.; Derynck, R. The type I TGF-β receptor is covalently modified and regulated by sumoylation.

Nat. Cell Biol. 2008, 10, 654–664. [CrossRef]
27. Kavsak, P.; Rasmussen, R.K.; Causing, C.G.; Bonni, S.; Zhu, H.; Thomsen, G.H.; Wrana, J.L. Smad7 binds to Smurf2 to form an E3

ubiquitin ligase that targets the TGFβ receptor for degradation. Mol. Cell 2000, 6, 1365–1375. [CrossRef]
28. Kuratomi, G.; Komuro, A.; Goto, K.; Shinozaki, M.; Miyazawa, K.; Miyazono, K.; Imamura, T. NEDD4-2 (neural precursor cell

expressed, developmentally down-regulated 4-2) negatively regulates TGF-β (transforming growth factor-beta) signalling by
inducing ubiquitin-mediated degradation of Smad2 and TGF-β type I receptor. Biochem. J. 2005, 386, 461–470. [CrossRef]

29. Wicks, S.J.; Haros, K.; Maillard, M.; Song, L.; Cohen, R.E.; Dijke, P.T.; Chantry, A. The deubiquitinating enzyme UCH37 interacts
with Smads and regulates TGF-β signalling. Oncogene 2005, 24, 8080–8084. [CrossRef]

30. De Boeck, M.; Ten Dijke, P. Key role for ubiquitin protein modification in TGFβ signal transduction. Ups. J. Med. Sci. 2012, 117,
153–165. [CrossRef]

31. Imamura, T.; Oshima, Y.; Hikita, A. Regulation of TGF-β family signalling by ubiquitination and deubiquitination. J. Biochem.
2013, 154, 481–489. [CrossRef] [PubMed]

32. Liu, S.; de Boeck, M.; van Dam, H.; Ten Dijke, P. Regulation of the TGF-β pathway by deubiquitinases in cancer. Int. J. Biochem.
Cell Biol. 2016, 76, 135–145. [CrossRef] [PubMed]

33. Herhaus, L.; Sapkota, G.P. The emerging roles of deubiquitylating enzymes (DUBs) in the TGFβ and BMP pathways. Cell. Signal.
2014, 26, 2186–2192. [CrossRef] [PubMed]

34. Kim, S.Y.; Baek, K.H. TGF-β signaling pathway mediated by deubiquitinating enzymes. Cell. Mol. Life Sci. 2019, 76, 653–665.
[CrossRef]

35. Abdollah, S.; Macias-Silva, M.; Tsukazaki, T.; Hayashi, H.; Attisano, L.; Wrana, J.L. TβRI phosphorylation of Smad2 on Ser465
and Ser467 is required for Smad2-Smad4 complex formation and signaling. J. Biol. Chem. 1997, 272, 27678–27685. [CrossRef]

36. Souchelnytskyi, S.; Tamaki, K.; Engstrom, U.; Wernstedt, C.; ten Dijke, P.; Heldin, C.H. Phosphorylation of Ser465 and Ser467 in
the C terminus of Smad2 mediates interaction with Smad4 and is required for transforming growth factor-β signaling. J. Biol.
Chem. 1997, 272, 28107–28115. [CrossRef]

37. Sanchez-Duffhues, G.; Williams, E.; Goumans, M.J.; Heldin, C.H.; Ten Dijke, P. Bone morphogenetic protein receptors: Structure,
function and targeting by selective small molecule kinase inhibitors. Bone 2020, 138, 115472. [CrossRef]

38. Lagna, G.; Hata, A.; Hemmati-Brivanlou, A.; Massague, J. Partnership between DPC4 and SMAD proteins in TGF-β signalling
pathways. Nature 1996, 383, 832–836. [CrossRef]

39. Wu, R.Y.; Zhang, Y.; Feng, X.H.; Derynck, R. Heteromeric and homomeric interactions correlate with signaling activity and
functional cooperativity of Smad3 and Smad4/DPC4. Mol. Cell. Biol. 1997, 17, 2521–2528. [CrossRef]

40. Nakao, A.; Imamura, T.; Souchelnytskyi, S.; Kawabata, M.; Ishisaki, A.; Oeda, E.; Tamaki, K.; Hanai, J.; Heldin, C.H.; Miyazono,
K.; et al. TGF-β receptor-mediated signalling through Smad2, Smad3 and Smad4. EMBO J. 1997, 16, 5353–5362. [CrossRef]

41. Hill, C.S. Transcriptional Control by the SMADs. Cold Spring Harb. Perspect. Biol. 2016, 8. [CrossRef] [PubMed]
42. Dennler, S.; Itoh, S.; Vivien, D.; ten Dijke, P.; Huet, S.; Gauthier, J.M. Direct binding of Smad3 and Smad4 to critical TGFβ-inducible

elements in the promoter of human plasminogen activator inhibitor-type 1 gene. EMBO J. 1998, 17, 3091–3100. [CrossRef]
[PubMed]

43. Itoh, S.; ten Dijke, P. Negative regulation of TGF-β receptor/Smad signal transduction. Curr. Opin. Cell Biol. 2007, 19, 176–184.
[CrossRef] [PubMed]

44. Miyazawa, K.; Miyazono, K. Regulation of TGF-β Family Signaling by Inhibitory Smads. Cold Spring Harb. Perspect. Biol. 2017, 9.
[CrossRef] [PubMed]

45. de Ceuninck van Capelle, C.; Spit, M.; Ten Dijke, P. Current perspectives on inhibitory SMAD7 in health and disease. Crit. Rev.
Biochem. Mol. Biol. 2020, 55, 691–715. [CrossRef] [PubMed]

46. Datta, P.K.; Moses, H.L. STRAP and Smad7 synergize in the inhibition of transforming growth factor β signaling. Mol. Cell. Biol.
2000, 20, 3157–3167. [CrossRef] [PubMed]

47. Ferrigno, O.; Lallemand, F.; Verrecchia, F.; L’Hoste, S.; Camonis, J.; Atfi, A.; Mauviel, A. Yes-associated protein (YAP65) interacts
with Smad7 and potentiates its inhibitory activity against TGF-β/Smad signaling. Oncogene 2002, 21, 4879–4884. [CrossRef]

http://doi.org/10.1101/cshperspect.a022061
http://doi.org/10.1038/s41580-018-0007-0
http://doi.org/10.1101/cshperspect.a022137
http://doi.org/10.1016/j.febslet.2012.05.010
http://www.ncbi.nlm.nih.gov/pubmed/22617150
http://doi.org/10.3390/ijms18040877
http://www.ncbi.nlm.nih.gov/pubmed/28425962
http://doi.org/10.1074/jbc.M700085200
http://www.ncbi.nlm.nih.gov/pubmed/17478422
http://doi.org/10.1074/jbc.M607868200
http://www.ncbi.nlm.nih.gov/pubmed/17074756
http://doi.org/10.1038/ncb1728
http://doi.org/10.1016/S1097-2765(00)00134-9
http://doi.org/10.1042/BJ20040738
http://doi.org/10.1038/sj.onc.1208944
http://doi.org/10.3109/03009734.2012.654858
http://doi.org/10.1093/jb/mvt097
http://www.ncbi.nlm.nih.gov/pubmed/24165200
http://doi.org/10.1016/j.biocel.2016.05.001
http://www.ncbi.nlm.nih.gov/pubmed/27155333
http://doi.org/10.1016/j.cellsig.2014.06.012
http://www.ncbi.nlm.nih.gov/pubmed/25007997
http://doi.org/10.1007/s00018-018-2949-y
http://doi.org/10.1074/jbc.272.44.27678
http://doi.org/10.1074/jbc.272.44.28107
http://doi.org/10.1016/j.bone.2020.115472
http://doi.org/10.1038/383832a0
http://doi.org/10.1128/MCB.17.5.2521
http://doi.org/10.1093/emboj/16.17.5353
http://doi.org/10.1101/cshperspect.a022079
http://www.ncbi.nlm.nih.gov/pubmed/27449814
http://doi.org/10.1093/emboj/17.11.3091
http://www.ncbi.nlm.nih.gov/pubmed/9606191
http://doi.org/10.1016/j.ceb.2007.02.015
http://www.ncbi.nlm.nih.gov/pubmed/17317136
http://doi.org/10.1101/cshperspect.a022095
http://www.ncbi.nlm.nih.gov/pubmed/27920040
http://doi.org/10.1080/10409238.2020.1828260
http://www.ncbi.nlm.nih.gov/pubmed/33081543
http://doi.org/10.1128/MCB.20.9.3157-3167.2000
http://www.ncbi.nlm.nih.gov/pubmed/10757800
http://doi.org/10.1038/sj.onc.1205623


Int. J. Mol. Sci. 2021, 22, 476 23 of 29

48. Lallemand, F.; Seo, S.R.; Ferrand, N.; Pessah, M.; L’Hoste, S.; Rawadi, G.; Roman-Roman, S.; Camonis, J.; Atfi, A. AIP4 restricts
transforming growth factor-β signaling through a ubiquitination-independent mechanism. J. Biol. Chem. 2005, 280, 27645–27653.
[CrossRef]

49. Shi, Y.; Massague, J. Mechanisms of TGF-β signaling from cell membrane to the nucleus. Cell 2003, 113, 685–700. [CrossRef]
50. Moustakas, A.; Heldin, C.H. Non-Smad TGF-β signals. J. Cell Sci. 2005, 118, 3573–3584. [CrossRef]
51. Hanafusa, H.; Ninomiya-Tsuji, J.; Masuyama, N.; Nishita, M.; Fujisawa, J.; Shibuya, H.; Matsumoto, K.; Nishida, E. Involvement

of the p38 mitogen-activated protein kinase pathway in transforming growth factor-β-induced gene expression. J. Biol. Chem.
1999, 274, 27161–27167. [CrossRef] [PubMed]

52. Bakin, A.V.; Rinehart, C.; Tomlinson, A.K.; Arteaga, C.L. p38 mitogen-activated protein kinase is required for TGFβ-mediated
fibroblastic transdifferentiation and cell migration. J. Cell. Sci. 2002, 115, 3193–3206. [PubMed]

53. Yu, L.; Hebert, M.C.; Zhang, Y.E. TGF-β receptor-activated p38 MAP kinase mediates Smad-independent TGF-β responses.
EMBO J. 2002, 21, 3749–3759. [CrossRef] [PubMed]

54. Sano, Y.; Harada, J.; Tashiro, S.; Gotoh-Mandeville, R.; Maekawa, T.; Ishii, S. ATF-2 is a common nuclear target of Smad and TAK1
pathways in transforming growth factor-β signaling. J. Biol. Chem. 1999, 274, 8949–8957. [CrossRef] [PubMed]

55. Lee, M.K.; Pardoux, C.; Hall, M.C.; Lee, P.S.; Warburton, D.; Qing, J.; Smith, S.M.; Derynck, R. TGF-β activates Erk MAP kinase
signalling through direct phosphorylation of ShcA. EMBO J. 2007, 26, 3957–3967. [CrossRef]

56. Zhang, L.; Zhou, F.; ten Dijke, P. Signaling interplay between transforming growth factor-β receptor and PI3K/AKT pathways in
cancer. Trends Biochem. Sci. 2013, 38, 612–620. [CrossRef]

57. Edlund, S.; Landstrom, M.; Heldin, C.H.; Aspenstrom, P. Transforming growth factor-β-induced mobilization of actin cytoskeleton
requires signaling by small GTPases Cdc42 and RhoA. Mol. Biol. Cell 2002, 13, 902–914. [CrossRef]

58. Bhowmick, N.A.; Ghiassi, M.; Bakin, A.; Aakre, M.; Lundquist, C.A.; Engel, M.E.; Arteaga, C.L.; Moses, H.L. Transforming
growth factor-β1 mediates epithelial to mesenchymal transdifferentiation through a RhoA-dependent mechanism. Mol. Biol. Cell
2001, 12, 27–36. [CrossRef]

59. Shen, X.; Li, J.; Hu, P.P.; Waddell, D.; Zhang, J.; Wang, X.F. The activity of guanine exchange factor NET1 is essential for
transforming growth factor-β-mediated stress fiber formation. J. Biol. Chem. 2001, 276, 15362–15368. [CrossRef]

60. Papadimitriou, E.; Kardassis, D.; Moustakas, A.; Stournaras, C. TGFβ-induced early activation of the small GTPase RhoA is Smad2/3-
independent and involves Src and the guanine nucleotide exchange factor Vav2. Cell. Physiol. Biochem. 2011, 28, 229–238. [CrossRef]

61. Kim, S.J.; Im, Y.H.; Markowitz, S.D.; Bang, Y.J. Molecular mechanisms of inactivation of TGF-β receptors during carcinogenesis. Cytokine
Growth Factor Rev. 2000, 11, 159–168. [CrossRef]

62. Li, J.M.; Nichols, M.A.; Chandrasekharan, S.; Xiong, Y.; Wang, X.F. Transforming growth factor β activates the promoter of
cyclin-dependent kinase inhibitor p15INK4B through an Sp1 consensus site. J. Biol. Chem. 1995, 270, 26750–26753. [CrossRef]
[PubMed]

63. Datto, M.B.; Li, Y.; Panus, J.F.; Howe, D.J.; Xiong, Y.; Wang, X.F. Transforming growth factor β induces the cyclin-dependent
kinase inhibitor p21 through a p53-independent mechanism. Proc. Natl. Acad. Sci. USA 1995, 92, 5545–5549. [CrossRef] [PubMed]

64. Coffey, R.J., Jr.; Bascom, C.C.; Sipes, N.J.; Graves-Deal, R.; Weissman, B.E.; Moses, H.L. Selective inhibition of growth-related gene
expression in murine keratinocytes by transforming growth factor β. Mol. Cell. Biol. 1988, 8, 3088–3093. [CrossRef]

65. Ho, J.; Cocolakis, E.; Dumas, V.M.; Posner, B.I.; Laporte, S.A.; Lebrun, J.J. The G protein-coupled receptor kinase-2 is a TGFβ-
inducible antagonist of TGFβ signal transduction. EMBO J. 2005, 24, 3247–3258. [CrossRef]

66. Kang, Y.; Chen, C.R.; Massague, J. A self-enabling TGFbeta response coupled to stress signaling: Smad engages stress response
factor ATF3 for Id1 repression in epithelial cells. Mol. Cell 2003, 11, 915–926. [CrossRef]

67. Kowanetz, M.; Valcourt, U.; Bergstrom, R.; Heldin, C.H.; Moustakas, A. Id2 and Id3 define the potency of cell proliferation and
differentiation responses to transforming growth factor β and bone morphogenetic protein. Mol. Cell. Biol. 2004, 24, 4241–4254.
[CrossRef]

68. Ohgushi, M.; Kuroki, S.; Fukamachi, H.; O’Reilly, L.A.; Kuida, K.; Strasser, A.; Yonehara, S. Transforming growth factor β-
dependent sequential activation of Smad, Bim, and caspase-9 mediates physiological apoptosis in gastric epithelial cells. Mol.
Cell. Biol. 2005, 25, 10017–10028. [CrossRef]

69. Wildey, G.M.; Patil, S.; Howe, P.H. Smad3 potentiates transforming growth factor beta (TGFβ)-induced apoptosis and expression
of the BH3-only protein Bim in WEHI 231 B lymphocytes. J. Biol. Chem. 2003, 278, 18069–18077. [CrossRef]

70. Francis, J.M.; Heyworth, C.M.; Spooncer, E.; Pierce, A.; Dexter, T.M.; Whetton, A.D. Transforming growth factor-β1 induces
apoptosis independently of p53 and selectively reduces expression of Bcl-2 in multipotent hematopoietic cells. J. Biol. Chem. 2000,
275, 39137–39145. [CrossRef]

71. Saltzman, A.; Munro, R.; Searfoss, G.; Franks, C.; Jaye, M.; Ivashchenko, Y. Transforming growth factor-β-mediated apoptosis in the
Ramos B-lymphoma cell line is accompanied by caspase activation and Bcl-XL downregulation. Exp. Cell Res. 1998, 242, 244–254.
[CrossRef] [PubMed]

72. Chipuk, J.E.; Bhat, M.; Hsing, A.Y.; Ma, J.; Danielpour, D. Bcl-xL blocks transforming growth factor-β1-induced apoptosis by
inhibiting cytochrome c release and not by directly antagonizing Apaf-1-dependent caspase activation in prostate epithelial cells.
J. Biol. Chem. 2001, 276, 26614–26621. [CrossRef] [PubMed]

73. Jang, C.W.; Chen, C.H.; Chen, C.C.; Chen, J.Y.; Su, Y.H.; Chen, R.H. TGF-β induces apoptosis through Smad-mediated expression
of DAP-kinase. Nat. Cell Biol. 2002, 4, 51–58. [CrossRef] [PubMed]

http://doi.org/10.1074/jbc.M500188200
http://doi.org/10.1016/S0092-8674(03)00432-X
http://doi.org/10.1242/jcs.02554
http://doi.org/10.1074/jbc.274.38.27161
http://www.ncbi.nlm.nih.gov/pubmed/10480932
http://www.ncbi.nlm.nih.gov/pubmed/12118074
http://doi.org/10.1093/emboj/cdf366
http://www.ncbi.nlm.nih.gov/pubmed/12110587
http://doi.org/10.1074/jbc.274.13.8949
http://www.ncbi.nlm.nih.gov/pubmed/10085140
http://doi.org/10.1038/sj.emboj.7601818
http://doi.org/10.1016/j.tibs.2013.10.001
http://doi.org/10.1091/mbc.01-08-0398
http://doi.org/10.1091/mbc.12.1.27
http://doi.org/10.1074/jbc.M009534200
http://doi.org/10.1159/000331734
http://doi.org/10.1016/S1359-6101(99)00039-8
http://doi.org/10.1074/jbc.270.45.26750
http://www.ncbi.nlm.nih.gov/pubmed/7592908
http://doi.org/10.1073/pnas.92.12.5545
http://www.ncbi.nlm.nih.gov/pubmed/7777546
http://doi.org/10.1128/MCB.8.8.3088
http://doi.org/10.1038/sj.emboj.7600794
http://doi.org/10.1016/S1097-2765(03)00109-6
http://doi.org/10.1128/MCB.24.10.4241-4254.2004
http://doi.org/10.1128/MCB.25.22.10017-10028.2005
http://doi.org/10.1074/jbc.M211958200
http://doi.org/10.1074/jbc.M007212200
http://doi.org/10.1006/excr.1998.4096
http://www.ncbi.nlm.nih.gov/pubmed/9665822
http://doi.org/10.1074/jbc.M100913200
http://www.ncbi.nlm.nih.gov/pubmed/11320089
http://doi.org/10.1038/ncb731
http://www.ncbi.nlm.nih.gov/pubmed/11740493


Int. J. Mol. Sci. 2021, 22, 476 24 of 29

74. Connolly, E.C.; Freimuth, J.; Akhurst, R.J. Complexities of TGF-β targeted cancer therapy. Int. J. Biol. Sci. 2012, 8, 964–978.
[CrossRef]

75. Glick, A.B.; Weinberg, W.C.; Wu, I.H.; Quan, W.; Yuspa, S.H. Transforming growth factor β1 suppresses genomic instability
independent of a G1 arrest, p53, and Rb. Cancer Res. 1996, 56, 3645–3650.

76. Katz, L.H.; Li, Y.; Chen, J.S.; Munoz, N.M.; Majumdar, A.; Chen, J.; Mishra, L. Targeting TGF-β signaling in cancer. Expert Opin.
Ther. Targets 2013, 17, 743–760. [CrossRef]

77. Kirshner, J.; Jobling, M.F.; Pajares, M.J.; Ravani, S.A.; Glick, A.B.; Lavin, M.J.; Koslov, S.; Shiloh, Y.; Barcellos-Hoff, M.H. Inhibition
of transforming growth factor-β1 signaling attenuates ataxia telangiectasia mutated activity in response to genotoxic stress.
Cancer Res. 2006, 66, 10861–10869. [CrossRef]

78. Bornstein, S.; White, R.; Malkoski, S.; Oka, M.; Han, G.; Cleaver, T.; Reh, D.; Andersen, P.; Gross, N.; Olson, S.; et al. Smad4 loss in mice
causes spontaneous head and neck cancer with increased genomic instability and inflammation. J. Clin. Investig. 2009, 119, 3408–3419.
[CrossRef]

79. Kubiczkova, L.; Sedlarikova, L.; Hajek, R.; Sevcikova, S. TGF-β—An excellent servant but a bad master. J. Transl. Med. 2012, 10, 183.
[CrossRef]

80. Valcourt, U.; Kowanetz, M.; Niimi, H.; Heldin, C.H.; Moustakas, A. TGF-β and the Smad signaling pathway support transcrip-
tomic reprogramming during epithelial-mesenchymal cell transition. Mol. Biol. Cell 2005, 16, 1987–2002. [CrossRef]

81. Meulmeester, E.; Ten Dijke, P. The dynamic roles of TGF-β in cancer. J. Pathol. 2011, 223, 205–218. [CrossRef] [PubMed]
82. Moustakas, A.; Heldin, C.H. Signaling networks guiding epithelial-mesenchymal transitions during embryogenesis and cancer

progression. Cancer Sci. 2007, 98, 1512–1520. [CrossRef] [PubMed]
83. Huang, J.J.; Blobe, G.C. Dichotomous roles of TGF-β in human cancer. Biochem. Soc. Trans. 2016, 44, 1441–1454. [CrossRef]

[PubMed]
84. Giampieri, S.; Manning, C.; Hooper, S.; Jones, L.; Hill, C.S.; Sahai, E. Localized and reversible TGFβ signalling switches breast

cancer cells from cohesive to single cell motility. Nat. Cell Biol. 2009, 11, 1287–1296. [CrossRef]
85. Kang, Y.; Siegel, P.M.; Shu, W.; Drobnjak, M.; Kakonen, S.M.; Cordon-Cardo, C.; Guise, T.A.; Massague, J. A multigenic program

mediating breast cancer metastasis to bone. Cancer Cell 2003, 3, 537–549. [CrossRef]
86. Yin, J.J.; Selander, K.; Chirgwin, J.M.; Dallas, M.; Grubbs, B.G.; Wieser, R.; Massague, J.; Mundy, G.R.; Guise, T.A. TGF-β signaling

blockade inhibits PTHrP secretion by breast cancer cells and bone metastases development. J. Clin. Investig. 1999, 103, 197–206.
[CrossRef]

87. Sanchez-Elsner, T.; Botella, L.M.; Velasco, B.; Corbi, A.; Attisano, L.; Bernabeu, C. Synergistic cooperation between hypoxia and
transforming growth factor-β pathways on human vascular endothelial growth factor gene expression. J. Biol. Chem. 2001, 276,
38527–38535. [CrossRef]

88. Derynck, R.; Akhurst, R.J.; Balmain, A. TGF-β signaling in tumor suppression and cancer progression. Nat. Genet. 2001, 29,
117–129. [CrossRef]

89. Rossant, J.; Howard, L. Signaling pathways in vascular development. Annu. Rev. Cell Dev. Biol. 2002, 18, 541–573. [CrossRef]
90. Yang, L.; Pang, Y.; Moses, H.L. TGF-β and immune cells: An important regulatory axis in the tumor microenvironment and

progression. Trends Immunol. 2010, 31, 220–227. [CrossRef]
91. Arteaga, C.L.; Hurd, S.D.; Winnier, A.R.; Johnson, M.D.; Fendly, B.M.; Forbes, J.T. Anti-transforming growth factor (TGF)- β

antibodies inhibit breast cancer cell tumorigenicity and increase mouse spleen natural killer cell activity. Implications for a
possible role of tumor cell/host TGF-β interactions in human breast cancer progression. J. Clin. Investig. 1993, 92, 2569–2576.
[CrossRef] [PubMed]

92. Flavell, R.A.; Sanjabi, S.; Wrzesinski, S.H.; Licona-Limon, P. The polarization of immune cells in the tumour environment by
TGFβ. Nat. Rev. Immunol. 2010, 10, 554–567. [CrossRef] [PubMed]

93. Xu, G.; Jaffrey, S.R. The new landscape of protein ubiquitination. Nat. Biotechnol. 2011, 29, 1098–1100. [CrossRef] [PubMed]
94. Deol, K.K.; Lorenz, S.; Strieter, E.R. Enzymatic Logic of Ubiquitin Chain Assembly. Front. Physiol. 2019, 10, 835. [CrossRef]

[PubMed]
95. Pickart, C.M. Mechanisms underlying ubiquitination. Annu. Rev. Biochem. 2001, 70, 503–533. [CrossRef] [PubMed]
96. Husnjak, K.; Dikic, I. Ubiquitin-binding proteins: Decoders of ubiquitin-mediated cellular functions. Annu. Rev. Biochem. 2012,

81, 291–322. [CrossRef]
97. Kwon, Y.T.; Ciechanover, A. The Ubiquitin Code in the Ubiquitin-Proteasome System and Autophagy. Trends Biochem. Sci. 2017,

42, 873–886. [CrossRef]
98. Finley, D. Recognition and processing of ubiquitin-protein conjugates by the proteasome. Annu. Rev. Biochem. 2009, 78, 477–513.

[CrossRef]
99. Braten, O.; Livneh, I.; Ziv, T.; Admon, A.; Kehat, I.; Caspi, L.H.; Gonen, H.; Bercovich, B.; Godzik, A.; Jahandideh, S.; et al.

Numerous proteins with unique characteristics are degraded by the 26S proteasome following monoubiquitination. Proc. Natl.
Acad. Sci. USA 2016, 113, E4639–E4647. [CrossRef]

100. Kerscher, O.; Felberbaum, R.; Hochstrasser, M. Modification of proteins by ubiquitin and ubiquitin-like proteins. Annu. Rev. Cell
Dev. Biol. 2006, 22, 159–180. [CrossRef]

101. Li, W.; Ye, Y. Polyubiquitin chains: Functions, structures, and mechanisms. Cell. Mol. Life Sci. 2008, 65, 2397–2406. [CrossRef]
[PubMed]

http://doi.org/10.7150/ijbs.4564
http://doi.org/10.1517/14728222.2013.782287
http://doi.org/10.1158/0008-5472.CAN-06-2565
http://doi.org/10.1172/JCI38854
http://doi.org/10.1186/1479-5876-10-183
http://doi.org/10.1091/mbc.e04-08-0658
http://doi.org/10.1002/path.2785
http://www.ncbi.nlm.nih.gov/pubmed/20957627
http://doi.org/10.1111/j.1349-7006.2007.00550.x
http://www.ncbi.nlm.nih.gov/pubmed/17645776
http://doi.org/10.1042/BST20160065
http://www.ncbi.nlm.nih.gov/pubmed/27911726
http://doi.org/10.1038/ncb1973
http://doi.org/10.1016/S1535-6108(03)00132-6
http://doi.org/10.1172/JCI3523
http://doi.org/10.1074/jbc.M104536200
http://doi.org/10.1038/ng1001-117
http://doi.org/10.1146/annurev.cellbio.18.012502.105825
http://doi.org/10.1016/j.it.2010.04.002
http://doi.org/10.1172/JCI116871
http://www.ncbi.nlm.nih.gov/pubmed/7504687
http://doi.org/10.1038/nri2808
http://www.ncbi.nlm.nih.gov/pubmed/20616810
http://doi.org/10.1038/nbt.2061
http://www.ncbi.nlm.nih.gov/pubmed/22158364
http://doi.org/10.3389/fphys.2019.00835
http://www.ncbi.nlm.nih.gov/pubmed/31333493
http://doi.org/10.1146/annurev.biochem.70.1.503
http://www.ncbi.nlm.nih.gov/pubmed/11395416
http://doi.org/10.1146/annurev-biochem-051810-094654
http://doi.org/10.1016/j.tibs.2017.09.002
http://doi.org/10.1146/annurev.biochem.78.081507.101607
http://doi.org/10.1073/pnas.1608644113
http://doi.org/10.1146/annurev.cellbio.22.010605.093503
http://doi.org/10.1007/s00018-008-8090-6
http://www.ncbi.nlm.nih.gov/pubmed/18438605


Int. J. Mol. Sci. 2021, 22, 476 25 of 29

102. Mukhopadhyay, D.; Riezman, H. Proteasome-independent functions of ubiquitin in endocytosis and signaling. Science 2007, 315,
201–205. [CrossRef] [PubMed]

103. Akutsu, M.; Dikic, I.; Bremm, A. Ubiquitin chain diversity at a glance. J. Cell Sci. 2016, 129, 875–880. [CrossRef]
104. Ohtake, F.; Tsuchiya, H. The emerging complexity of ubiquitin architecture. J. Biochem. 2017, 161, 125–133. [CrossRef]
105. Mevissen, T.E.T.; Komander, D. Mechanisms of Deubiquitinase Specificity and Regulation. Annu. Rev. Biochem. 2017, 86, 159–192.

[CrossRef] [PubMed]
106. Lai, K.P.; Chen, J.; Tse, W.K.F. Role of Deubiquitinases in Human Cancers: Potential Targeted Therapy. Int. J. Mol. Sci. 2020, 21, 2548.

[CrossRef]
107. Ciechanover, A. The unravelling of the ubiquitin system. Nat. Rev. Mol. Cell Biol. 2015, 16, 322–324. [CrossRef]
108. Kliza, K.; Husnjak, K. Resolving the Complexity of Ubiquitin Networks. Front. Mol. Biosci. 2020, 7, 21. [CrossRef]
109. Hershko, A.; Ciechanover, A. The ubiquitin system. Annu. Rev. Biochem. 1998, 67, 425–479. [CrossRef]
110. Oh, E.; Akopian, D.; Rape, M. Principles of Ubiquitin-Dependent Signaling. Annu. Rev. Cell Dev. Biol. 2018, 34, 137–162.

[CrossRef]
111. Komander, D.; Rape, M. The ubiquitin code. Annu. Rev. Biochem. 2012, 81, 203–229. [CrossRef] [PubMed]
112. Tanaka, K. The proteasome: Overview of structure and functions. Proc. Jpn. Acad. Ser. B Phys. Biol. Sci. 2009, 85, 12–36. [CrossRef]

[PubMed]
113. Budenholzer, L.; Cheng, C.L.; Li, Y.; Hochstrasser, M. Proteasome Structure and Assembly. J. Mol. Biol. 2017, 429, 3500–3524.

[CrossRef] [PubMed]
114. Satija, Y.K.; Bhardwaj, A.; Das, S. A portrayal of E3 ubiquitin ligases and deubiquitylases in cancer. Int. J. Cancer 2013, 133,

2759–2768. [CrossRef] [PubMed]
115. Senft, D.; Qi, J.; Ronai, Z.A. Ubiquitin ligases in oncogenic transformation and cancer therapy. Nat. Rev. Cancer 2018, 18, 69–88.

[CrossRef]
116. Nakayama, K.I.; Nakayama, K. Ubiquitin ligases: Cell-cycle control and cancer. Nat. Rev. Cancer 2006, 6, 369–381. [CrossRef]
117. Metzger, M.B.; Hristova, V.A.; Weissman, A.M. HECT and RING finger families of E3 ubiquitin ligases at a glance. J. Cell Sci.

2012, 125, 531–537. [CrossRef]
118. Fu, L.; Cui, C.P.; Zhang, X.; Zhang, L. The functions and regulation of Smurfs in cancers. Semin. Cancer Biol. 2019. [CrossRef]
119. Zhu, H.; Kavsak, P.; Abdollah, S.; Wrana, J.L.; Thomsen, G.H. A SMAD ubiquitin ligase targets the BMP pathway and affects

embryonic pattern formation. Nature 1999, 400, 687–693. [CrossRef]
120. Murakami, G.; Watabe, T.; Takaoka, K.; Miyazono, K.; Imamura, T. Cooperative inhibition of bone morphogenetic protein

signaling by Smurf1 and inhibitory Smads. Mol. Biol. Cell 2003, 14, 2809–2817. [CrossRef]
121. Ebisawa, T.; Fukuchi, M.; Murakami, G.; Chiba, T.; Tanaka, K.; Imamura, T.; Miyazono, K. Smurf1 interacts with transforming

growth factor-β type I receptor through Smad7 and induces receptor degradation. J. Biol. Chem. 2001, 276, 12477–12480. [CrossRef]
[PubMed]

122. Moren, A.; Imamura, T.; Miyazono, K.; Heldin, C.H.; Moustakas, A. Degradation of the tumor suppressor Smad4 by WW and
HECT domain ubiquitin ligases. J. Biol. Chem. 2005, 280, 22115–22123. [CrossRef] [PubMed]

123. Glasgow, E.; Mishra, L. Transforming growth factor-β signaling and ubiquitinators in cancer. Endocr. Relat. Cancer 2008, 15, 59–72.
[CrossRef]

124. Zhang, Y.; Chang, C.; Gehling, D.J.; Hemmati-Brivanlou, A.; Derynck, R. Regulation of Smad degradation and activity by Smurf2,
an E3 ubiquitin ligase. Proc. Natl. Acad. Sci. USA 2001, 98, 974–979. [CrossRef] [PubMed]

125. Tang, L.Y.; Yamashita, M.; Coussens, N.P.; Tang, Y.; Wang, X.; Li, C.; Deng, C.X.; Cheng, S.Y.; Zhang, Y.E. Ablation of Smurf2 reveals
an inhibition in TGF-β signalling through multiple mono-ubiquitination of Smad3. EMBO J. 2011, 30, 4777–4789. [CrossRef]

126. Sim, W.J.; Iyengar, P.V.; Lama, D.; Lui, S.K.L.; Ng, H.C.; Haviv-Shapira, L.; Domany, E.; Kappei, D.; Tan, T.Z.; Saei, A.; et al. c-Met
activation leads to the establishment of a TGFβ-receptor regulatory network in bladder cancer progression. Nat. Commun. 2019,
10, 4349. [CrossRef] [PubMed]

127. Iyengar, P.V.; Jaynes, P.; Rodon, L.; Lama, D.; Law, K.P.; Lim, Y.P.; Verma, C.; Seoane, J.; Eichhorn, P.J. USP15 regulates SMURF2
kinetics through C-lobe mediated deubiquitination. Sci. Rep. 2015, 5, 14733. [CrossRef] [PubMed]

128. Zhang, Z.; Fan, Y.; Xie, F.; Zhou, H.; Jin, K.; Shao, L.; Shi, W.; Fang, P.; Yang, B.; van Dam, H.; et al. Breast cancer metastasis
suppressor OTUD1 deubiquitinates SMAD7. Nat. Commun. 2017, 8, 2116. [CrossRef]

129. Komuro, A.; Imamura, T.; Saitoh, M.; Yoshida, Y.; Yamori, T.; Miyazono, K.; Miyazawa, K. Negative regulation of transforming
growth factor-beta (TGF-β) signaling by WW domain-containing protein 1 (WWP1). Oncogene 2004, 23, 6914–6923. [CrossRef]

130. Seo, S.R.; Lallemand, F.; Ferrand, N.; Pessah, M.; L’Hoste, S.; Camonis, J.; Atfi, A. The novel E3 ubiquitin ligase Tiul1 associates
with TGIF to target Smad2 for degradation. EMBO J. 2004, 23, 3780–3792. [CrossRef]

131. Bai, Y.; Yang, C.; Hu, K.; Elly, C.; Liu, Y.C. Itch E3 ligase-mediated regulation of TGF-β signaling by modulating smad2
phosphorylation. Mol. Cell 2004, 15, 825–831. [CrossRef] [PubMed]

132. Mu, Y.; Sundar, R.; Thakur, N.; Ekman, M.; Gudey, S.K.; Yakymovych, M.; Hermansson, A.; Dimitriou, H.; Bengoechea-Alonso,
M.T.; Ericsson, J.; et al. TRAF6 ubiquitinates TGFβ type I receptor to promote its cleavage and nuclear translocation in cancer.
Nat. Commun. 2011, 2, 330. [CrossRef] [PubMed]

133. Yamashita, M.; Fatyol, K.; Jin, C.; Wang, X.; Liu, Z.; Zhang, Y.E. TRAF6 mediates Smad-independent activation of JNK and p38 by
TGF-β. Mol. Cell 2008, 31, 918–924. [CrossRef] [PubMed]

http://doi.org/10.1126/science.1127085
http://www.ncbi.nlm.nih.gov/pubmed/17218518
http://doi.org/10.1242/jcs.183954
http://doi.org/10.1093/jb/mvw088
http://doi.org/10.1146/annurev-biochem-061516-044916
http://www.ncbi.nlm.nih.gov/pubmed/28498721
http://doi.org/10.3390/ijms21072548
http://doi.org/10.1038/nrm3982
http://doi.org/10.3389/fmolb.2020.00021
http://doi.org/10.1146/annurev.biochem.67.1.425
http://doi.org/10.1146/annurev-cellbio-100617-062802
http://doi.org/10.1146/annurev-biochem-060310-170328
http://www.ncbi.nlm.nih.gov/pubmed/22524316
http://doi.org/10.2183/pjab.85.12
http://www.ncbi.nlm.nih.gov/pubmed/19145068
http://doi.org/10.1016/j.jmb.2017.05.027
http://www.ncbi.nlm.nih.gov/pubmed/28583440
http://doi.org/10.1002/ijc.28129
http://www.ncbi.nlm.nih.gov/pubmed/23436247
http://doi.org/10.1038/nrc.2017.105
http://doi.org/10.1038/nrc1881
http://doi.org/10.1242/jcs.091777
http://doi.org/10.1016/j.semcancer.2019.12.023
http://doi.org/10.1038/23293
http://doi.org/10.1091/mbc.e02-07-0441
http://doi.org/10.1074/jbc.C100008200
http://www.ncbi.nlm.nih.gov/pubmed/11278251
http://doi.org/10.1074/jbc.M414027200
http://www.ncbi.nlm.nih.gov/pubmed/15817471
http://doi.org/10.1677/ERC-07-0168
http://doi.org/10.1073/pnas.98.3.974
http://www.ncbi.nlm.nih.gov/pubmed/11158580
http://doi.org/10.1038/emboj.2011.393
http://doi.org/10.1038/s41467-019-12241-2
http://www.ncbi.nlm.nih.gov/pubmed/31554791
http://doi.org/10.1038/srep14733
http://www.ncbi.nlm.nih.gov/pubmed/26435193
http://doi.org/10.1038/s41467-017-02029-7
http://doi.org/10.1038/sj.onc.1207885
http://doi.org/10.1038/sj.emboj.7600398
http://doi.org/10.1016/j.molcel.2004.07.021
http://www.ncbi.nlm.nih.gov/pubmed/15350225
http://doi.org/10.1038/ncomms1332
http://www.ncbi.nlm.nih.gov/pubmed/21629263
http://doi.org/10.1016/j.molcel.2008.09.002
http://www.ncbi.nlm.nih.gov/pubmed/18922473


Int. J. Mol. Sci. 2021, 22, 476 26 of 29

134. Zhang, L.; Zhou, F.; Garcia de Vinuesa, A.; de Kruijf, E.M.; Mesker, W.E.; Hui, L.; Drabsch, Y.; Li, Y.; Bauer, A.; Rousseau, A.; et al.
TRAF4 promotes TGF-β receptor signaling and drives breast cancer metastasis. Mol. Cell 2013, 51, 559–572. [CrossRef] [PubMed]

135. Iyengar, P.V.; Marvin, D.L.; Lama, D.; Tan, T.Z.; Suriyamurthy, S.; Xie, F.; van Dinther, M.; Mei, H.; Verma, C.S.; Zhang, L.; et al.
TRAF4 inhibits bladder cancer progression by promoting BMP/SMAD signalling pathway. bioRxiv 2020. [CrossRef]

136. Mallikarjuna, P. The Role of Transforming Growth Factor-β Signaling and Hypoxia-Inducible Factors in Renal Cell Carcinoma; Umeå
University: Umea, Sweden, 2019.

137. Wohlfert, E.A.; Gorelik, L.; Mittler, R.; Flavell, R.A.; Clark, R.B. Cutting edge: Deficiency in the E3 ubiquitin ligase Cbl-b results in
a multifunctional defect in T cell TGF-β sensitivity in vitro and in vivo. J. Immunol. 2006, 176, 1316–1320. [CrossRef] [PubMed]

138. Chen, N.; Balasenthil, S.; Reuther, J.; Frayna, A.; Wang, Y.; Chandler, D.S.; Abruzzo, L.V.; Rashid, A.; Rodriguez, J.; Lozano, G.;
et al. DEAR1 is a chromosome 1p35 tumor suppressor and master regulator of TGF-β-driven epithelial-mesenchymal transition.
Cancer Discov. 2013, 3, 1172–1189. [CrossRef]

139. Mishra, L.; Katuri, V.; Evans, S. The role of PRAJA and ELF in TGF-β signaling and gastric cancer. Cancer Biol. Ther. 2005, 4,
694–699. [CrossRef]

140. Saha, T.; Vardhini, D.; Tang, Y.; Katuri, V.; Jogunoori, W.; Volpe, E.A.; Haines, D.; Sidawy, A.; Zhou, X.; Gallicano, I.; et al. RING
finger-dependent ubiquitination by PRAJA is dependent on TGF-β and potentially defines the functional status of the tumor
suppressor ELF. Oncogene 2006, 25, 693–705. [CrossRef]

141. Fukuchi, M.; Imamura, T.; Chiba, T.; Ebisawa, T.; Kawabata, M.; Tanaka, K.; Miyazono, K. Ligand-dependent degradation of
Smad3 by a ubiquitin ligase complex of ROC1 and associated proteins. Mol. Biol. Cell 2001, 12, 1431–1443. [CrossRef]

142. Wan, Y.; Liu, X.; Kirschner, M.W. The anaphase-promoting complex mediates TGF-β signaling by targeting SnoN for destruction.
Mol. Cell 2001, 8, 1027–1039. [CrossRef]

143. Stroschein, S.L.; Wang, W.; Zhou, S.; Zhou, Q.; Luo, K. Negative feedback regulation of TGF-β signaling by the SnoN oncoprotein.
Science 1999, 286, 771–774. [CrossRef] [PubMed]

144. Nagano, Y.; Mavrakis, K.J.; Lee, K.L.; Fujii, T.; Koinuma, D.; Sase, H.; Yuki, K.; Isogaya, K.; Saitoh, M.; Imamura, T.; et al. Arkadia
induces degradation of SnoN and c-Ski to enhance transforming growth factor-β signaling. J. Biol. Chem. 2007, 282, 20492–20501.
[CrossRef] [PubMed]

145. Levy, L.; Howell, M.; Das, D.; Harkin, S.; Episkopou, V.; Hill, C.S. Arkadia activates Smad3/Smad4-dependent transcription by
triggering signal-induced SnoN degradation. Mol. Cell. Biol. 2007, 27, 6068–6083. [CrossRef]

146. Xia, T.; Levy, L.; Levillayer, F.; Jia, B.; Li, G.; Neuveut, C.; Buendia, M.A.; Lan, K.; Wei, Y. The four and a half LIM-only protein 2
(FHL2) activates transforming growth factor beta (TGF-β) signaling by regulating ubiquitination of the E3 ligase Arkadia. J. Biol.
Chem. 2013, 288, 1785–1794. [CrossRef]

147. Dupont, S.; Mamidi, A.; Cordenonsi, M.; Montagner, M.; Zacchigna, L.; Adorno, M.; Martello, G.; Stinchfield, M.J.; Soligo, S.;
Morsut, L.; et al. FAM/USP9x, a deubiquitinating enzyme essential for TGFβ signaling, controls Smad4 monoubiquitination. Cell
2009, 136, 123–135. [CrossRef]

148. Dupont, S.; Zacchigna, L.; Cordenonsi, M.; Soligo, S.; Adorno, M.; Rugge, M.; Piccolo, S. Germ-layer specification and control of
cell growth by Ectodermin, a Smad4 ubiquitin ligase. Cell 2005, 121, 87–99. [CrossRef]

149. He, W.; Dorn, D.C.; Erdjument-Bromage, H.; Tempst, P.; Moore, M.A.; Massague, J. Hematopoiesis controlled by distinct TIF1γ
and Smad4 branches of the TGFβ pathway. Cell 2006, 125, 929–941. [CrossRef]

150. Liang, M.; Liang, Y.Y.; Wrighton, K.; Ungermannova, D.; Wang, X.P.; Brunicardi, F.C.; Liu, X.; Feng, X.H.; Lin, X. Ubiquitination
and proteolysis of cancer-derived Smad4 mutants by SCFSkp2. Mol. Cell. Biol. 2004, 24, 7524–7537. [CrossRef]

151. Wan, M.; Tang, Y.; Tytler, E.M.; Lu, C.; Jin, B.; Vickers, S.M.; Yang, L.; Shi, X.; Cao, X. Smad4 protein stability is regulated by
ubiquitin ligase SCFβ-TrCP1. J. Biol. Chem. 2004, 279, 14484–14487. [CrossRef]

152. Gruber, T.; Hinterleitner, R.; Hermann-Kleiter, N.; Meisel, M.; Kleiter, I.; Wang, C.M.; Viola, A.; Pfeifhofer-Obermair, C.; Baier,
G. Cbl-b mediates TGFβ sensitivity by downregulating inhibitory SMAD7 in primary T cells. J. Mol. Cell Biol. 2013, 5, 358–368.
[CrossRef] [PubMed]

153. Koinuma, D.; Shinozaki, M.; Komuro, A.; Goto, K.; Saitoh, M.; Hanyu, A.; Ebina, M.; Nukiwa, T.; Miyazawa, K.; Imamura, T.;
et al. Arkadia amplifies TGF-β superfamily signalling through degradation of Smad7. EMBO J. 2003, 22, 6458–6470. [CrossRef]
[PubMed]

154. Zhang, L.; Huang, H.; Zhou, F.; Schimmel, J.; Pardo, C.G.; Zhang, T.; Barakat, T.S.; Sheppard, K.A.; Mickanin, C.; Porter, J.A.; et al.
RNF12 controls embryonic stem cell fate and morphogenesis in zebrafish embryos by targeting Smad7 for degradation. Mol. Cell
2012, 46, 650–661. [CrossRef] [PubMed]

155. Huang, Y.; Yang, Y.; Gao, R.; Yang, X.; Yan, X.; Wang, C.; Jiang, S.; Yu, L. RLIM interacts with Smurf2 and promotes TGF-β
induced U2OS cell migration. Biochem. Biophys. Res. Commun. 2011, 414, 181–185. [CrossRef]

156. Li, R.F.; Zhang, F.; Lu, Y.J.; Sui, S.F. Specific interaction between Smad1 and CHIP: A surface plasmon resonance study. Colloids
Surf. B Biointerfaces 2005, 40, 133–136. [CrossRef]

157. Li, L.; Xin, H.; Xu, X.; Huang, M.; Zhang, X.; Chen, Y.; Zhang, S.; Fu, X.Y.; Chang, Z. CHIP mediates degradation of Smad proteins
and potentially regulates Smad-induced transcription. Mol. Cell. Biol. 2004, 24, 856–864. [CrossRef]

158. Xin, H.; Xu, X.; Li, L.; Ning, H.; Rong, Y.; Shang, Y.; Wang, Y.; Fu, X.Y.; Chang, Z. CHIP controls the sensitivity of transforming
growth factor-β signaling by modulating the basal level of Smad3 through ubiquitin-mediated degradation. J. Biol. Chem. 2005,
280, 20842–20850. [CrossRef]

http://doi.org/10.1016/j.molcel.2013.07.014
http://www.ncbi.nlm.nih.gov/pubmed/23973329
http://doi.org/10.1101/2020.10.12.335588
http://doi.org/10.4049/jimmunol.176.3.1316
http://www.ncbi.nlm.nih.gov/pubmed/16424156
http://doi.org/10.1158/2159-8290.CD-12-0499
http://doi.org/10.4161/cbt.4.7.2015
http://doi.org/10.1038/sj.onc.1209123
http://doi.org/10.1091/mbc.12.5.1431
http://doi.org/10.1016/S1097-2765(01)00382-3
http://doi.org/10.1126/science.286.5440.771
http://www.ncbi.nlm.nih.gov/pubmed/10531062
http://doi.org/10.1074/jbc.M701294200
http://www.ncbi.nlm.nih.gov/pubmed/17510063
http://doi.org/10.1128/MCB.00664-07
http://doi.org/10.1074/jbc.M112.439760
http://doi.org/10.1016/j.cell.2008.10.051
http://doi.org/10.1016/j.cell.2005.01.033
http://doi.org/10.1016/j.cell.2006.03.045
http://doi.org/10.1128/MCB.24.17.7524-7537.2004
http://doi.org/10.1074/jbc.C400005200
http://doi.org/10.1093/jmcb/mjt017
http://www.ncbi.nlm.nih.gov/pubmed/23709694
http://doi.org/10.1093/emboj/cdg632
http://www.ncbi.nlm.nih.gov/pubmed/14657019
http://doi.org/10.1016/j.molcel.2012.04.003
http://www.ncbi.nlm.nih.gov/pubmed/22560923
http://doi.org/10.1016/j.bbrc.2011.09.053
http://doi.org/10.1016/j.colsurfb.2004.10.013
http://doi.org/10.1128/MCB.24.2.856-864.2004
http://doi.org/10.1074/jbc.M412275200


Int. J. Mol. Sci. 2021, 22, 476 27 of 29

159. Sorrentino, A.; Thakur, N.; Grimsby, S.; Marcusson, A.; von Bulow, V.; Schuster, N.; Zhang, S.; Heldin, C.H.; Landstrom, M.
The type I TGF-β receptor engages TRAF6 to activate TAK1 in a receptor kinase-independent manner. Nat. Cell Biol. 2008, 10,
1199–1207. [CrossRef]

160. Delaney, J.R.; Mlodzik, M. TGF-β activated kinase-1: New insights into the diverse roles of TAK1 in development and immunity.
Cell Cycle 2006, 5, 2852–2855. [CrossRef]

161. Jung, S.M.; Lee, J.H.; Park, J.; Oh, Y.S.; Lee, S.K.; Park, J.S.; Lee, Y.S.; Kim, J.H.; Lee, J.Y.; Bae, Y.S.; et al. Smad6 inhibits
non-canonical TGF-β1 signalling by recruiting the deubiquitinase A20 to TRAF6. Nat. Commun. 2013, 4, 2562. [CrossRef]

162. Bonni, S.; Wang, H.R.; Causing, C.G.; Kavsak, P.; Stroschein, S.L.; Luo, K.; Wrana, J.L. TGF-β induces assembly of a Smad2-Smurf2
ubiquitin ligase complex that targets SnoN for degradation. Nat. Cell Biol. 2001, 3, 587–595. [CrossRef] [PubMed]

163. Chen, W.; Zhao, K.; Miao, C.; Xu, A.; Zhang, J.; Zhu, J.; Su, S.; Wang, Z. Silencing Trim59 inhibits invasion/migration and
epithelial-to-mesenchymal transition via TGF-β/Smad2/3 signaling pathway in bladder cancer cells. OncoTargets Ther. 2017, 10,
1503–1512. [CrossRef] [PubMed]

164. Zhang, Y.; Yang, W.B. Down-regulation of tripartite motif protein 59 inhibits proliferation, migration and invasion in breast cancer
cells. Biomed. Pharmacother. 2017, 89, 462–467. [CrossRef] [PubMed]

165. Li, J.; Wang, P.; Xie, Z.; Wang, S.; Cen, S.; Li, M.; Liu, W.; Tang, S.; Ye, G.; Zheng, G.; et al. TRAF4 positively regulates the
osteogenic differentiation of mesenchymal stem cells by acting as an E3 ubiquitin ligase to degrade Smurf2. Cell Death Differ.
2019, 26, 2652–2666. [CrossRef] [PubMed]

166. Bashyam, M.D.; Bair, R.; Kim, Y.H.; Wang, P.; Hernandez-Boussard, T.; Karikari, C.A.; Tibshirani, R.; Maitra, A.; Pollack, J.R.
Array-based comparative genomic hybridization identifies localized DNA amplifications and homozygous deletions in pancreatic
cancer. Neoplasia 2005, 7, 556–562. [CrossRef] [PubMed]

167. van Dekken, H.; Tilanus, H.W.; Hop, W.C.; Dinjens, W.N.; Wink, J.C.; Vissers, K.J.; van Marion, R. Array comparative genomic
hybridization, expression array, and protein analysis of critical regions on chromosome arms 1q, 7q, and 8p in adenocarcinomas
of the gastroesophageal junction. Cancer Genet. Cytogenet. 2009, 189, 37–42. [CrossRef]

168. Ke, M.; Mo, L.; Li, W.; Zhang, X.; Li, F.; Yu, H. Ubiquitin ligase SMURF1 functions as a prognostic marker and promotes growth
and metastasis of clear cell renal cell carcinoma. FEBS Open Bio. 2017, 7, 577–586. [CrossRef]

169. Tao, Y.; Sun, C.; Zhang, T.; Song, Y. SMURF1 promotes the proliferation, migration and invasion of gastric cancer cells. Oncol. Rep.
2017, 38, 1806–1814. [CrossRef]

170. Gang, X.; Wang, G.; Huang, H. Androgens regulate SMAD ubiquitination regulatory factor-1 expression and prostate cancer cell
invasion. Prostate 2015, 75, 561–572. [CrossRef]

171. Wang, W.; Ren, F.; Wu, Q.; Jiang, D.; Li, H.; Peng, Z.; Wang, J.; Shi, H. MicroRNA-497 inhibition of ovarian cancer cell migration
and invasion through targeting of SMAD specific E3 ubiquitin protein ligase 1. Biochem. Biophys. Res. Commun. 2014, 449, 432–437.
[CrossRef]

172. Khammanivong, A.; Gopalakrishnan, R.; Dickerson, E.B. SMURF1 silencing diminishes a CD44-high cancer stem cell-like
population in head and neck squamous cell carcinoma. Mol. Cancer 2014, 13, 260. [CrossRef] [PubMed]

173. Yan, C.; Su, H.; Song, X.; Cao, H.; Kong, L.; Cui, W. Smad Ubiquitination Regulatory Factor 1 (Smurf1) Promotes Thyroid Cancer
Cell Proliferation and Migration via Ubiquitin-Dependent Degradation of Kisspeptin-1. Cell. Physiol. Biochem. 2018, 49, 2047–2059.
[CrossRef] [PubMed]

174. Fukunaga, E.; Inoue, Y.; Komiya, S.; Horiguchi, K.; Goto, K.; Saitoh, M.; Miyazawa, K.; Koinuma, D.; Hanyu, A.; Imamura, T.
Smurf2 induces ubiquitin-dependent degradation of Smurf1 to prevent migration of breast cancer cells. J. Biol. Chem. 2008, 283,
35660–35667. [CrossRef] [PubMed]

175. Wang, S.M.; Ooi, L.L.; Hui, K.M. Identification and validation of a novel gene signature associated with the recurrence of human
hepatocellular carcinoma. Clin. Cancer Res. 2007, 13, 6275–6283. [CrossRef] [PubMed]

176. Klupp, F.; Giese, C.; Halama, N.; Franz, C.; Lasitschka, F.; Warth, A.; Schmidt, T.; Kloor, M.; Ulrich, A.; Schneider, M. E3 ubiquitin
ligase Smurf2: A prognostic factor in microsatellite stable colorectal cancer. Cancer Manag. Res. 2019, 11, 1795–1803. [CrossRef]

177. Jin, C.; Yang, Y.A.; Anver, M.R.; Morris, N.; Wang, X.; Zhang, Y.E. Smad ubiquitination regulatory factor 2 promotes metastasis of
breast cancer cells by enhancing migration and invasiveness. Cancer Res. 2009, 69, 735–740. [CrossRef]

178. Fukuchi, M.; Fukai, Y.; Masuda, N.; Miyazaki, T.; Nakajima, M.; Sohda, M.; Manda, R.; Tsukada, K.; Kato, H.; Kuwano, H.
High-level expression of the Smad ubiquitin ligase Smurf2 correlates with poor prognosis in patients with esophageal squamous
cell carcinoma. Cancer Res. 2002, 62, 7162–7165.

179. Emanuelli, A.; Manikoth Ayyathan, D.; Koganti, P.; Shah, P.A.; Apel-Sarid, L.; Paolini, B.; Detroja, R.; Frenkel-Morgenstern, M.;
Blank, M. Altered Expression and Localization of Tumor Suppressive E3 Ubiquitin Ligase SMURF2 in Human Prostate and Breast
Cancer. Cancers 2019, 11, 556. [CrossRef]

180. Wu, B.; Guo, B.; Kang, J.; Deng, X.; Fan, Y.; Zhang, X.; Ai, K. Downregulation of Smurf2 ubiquitin ligase in pancreatic cancer cells
reversed TGF-β-induced tumor formation. Tumour Biol. 2016. [CrossRef]

181. Chae, D.K.; Park, J.; Cho, M.; Ban, E.; Jang, M.; Yoo, Y.S.; Kim, E.E.; Baik, J.H.; Song, E.J. MiR-195 and miR-497 suppress
tumorigenesis in lung cancer by inhibiting SMURF2-induced TGF-β receptor I ubiquitination. Mol. Oncol. 2019, 13, 2663–2678.
[CrossRef]

182. David, D.; Jagadeeshan, S.; Hariharan, R.; Nair, A.S.; Pillai, R.M. Smurf2 E3 ubiquitin ligase modulates proliferation and
invasiveness of breast cancer cells in a CNKSR2 dependent manner. Cell. Div. 2014, 9, 2. [CrossRef] [PubMed]

http://doi.org/10.1038/ncb1780
http://doi.org/10.4161/cc.5.24.3558
http://doi.org/10.1038/ncomms3562
http://doi.org/10.1038/35078562
http://www.ncbi.nlm.nih.gov/pubmed/11389444
http://doi.org/10.2147/OTT.S130139
http://www.ncbi.nlm.nih.gov/pubmed/28331343
http://doi.org/10.1016/j.biopha.2017.02.039
http://www.ncbi.nlm.nih.gov/pubmed/28249247
http://doi.org/10.1038/s41418-019-0328-3
http://www.ncbi.nlm.nih.gov/pubmed/31076633
http://doi.org/10.1593/neo.04586
http://www.ncbi.nlm.nih.gov/pubmed/16036106
http://doi.org/10.1016/j.cancergencyto.2008.08.018
http://doi.org/10.1002/2211-5463.12204
http://doi.org/10.3892/or.2017.5825
http://doi.org/10.1002/pros.22935
http://doi.org/10.1016/j.bbrc.2014.05.053
http://doi.org/10.1186/1476-4598-13-260
http://www.ncbi.nlm.nih.gov/pubmed/25471937
http://doi.org/10.1159/000493715
http://www.ncbi.nlm.nih.gov/pubmed/30244247
http://doi.org/10.1074/jbc.M710496200
http://www.ncbi.nlm.nih.gov/pubmed/18927080
http://doi.org/10.1158/1078-0432.CCR-06-2236
http://www.ncbi.nlm.nih.gov/pubmed/17975138
http://doi.org/10.2147/CMAR.S178111
http://doi.org/10.1158/0008-5472.CAN-08-1463
http://doi.org/10.3390/cancers11040556
http://doi.org/10.1007/s13277-016-5432-0
http://doi.org/10.1002/1878-0261.12581
http://doi.org/10.1186/1747-1028-9-2
http://www.ncbi.nlm.nih.gov/pubmed/25191523


Int. J. Mol. Sci. 2021, 22, 476 28 of 29

183. Chen, C.; Sun, X.; Guo, P.; Dong, X.Y.; Sethi, P.; Zhou, W.; Zhou, Z.; Petros, J.; Frierson, H.F., Jr.; Vessella, R.L.; et al. Ubiquitin E3
ligase WWP1 as an oncogenic factor in human prostate cancer. Oncogene 2007, 26, 2386–2394. [CrossRef] [PubMed]

184. Chen, C.; Zhou, Z.; Ross, J.S.; Zhou, W.; Dong, J.T. The amplified WWP1 gene is a potential molecular target in breast cancer. Int.
J. Cancer 2007, 121, 80–87. [CrossRef] [PubMed]

185. Nguyen Huu, N.S.; Ryder, W.D.; Zeps, N.; Flasza, M.; Chiu, M.; Hanby, A.M.; Poulsom, R.; Clarke, R.B.; Baron, M. Tumour-promoting
activity of altered WWP1 expression in breast cancer and its utility as a prognostic indicator. J. Pathol. 2008, 216, 93–102. [CrossRef]
[PubMed]

186. Courivaud, T.; Ferrand, N.; Elkhattouti, A.; Kumar, S.; Levy, L.; Ferrigno, O.; Atfi, A.; Prunier, C. Functional Characterization of a
WWP1/Tiul1 Tumor-derived Mutant Reveals a Paradigm of Its Constitutive Activation in Human Cancer. J. Biol. Chem. 2015, 290,
21007–21018. [CrossRef] [PubMed]

187. Lin, J.H.; Hsieh, S.C.; Chen, J.N.; Tsai, M.H.; Chang, C.C. WWP1 gene is a potential molecular target of human oral cancer. Oral
Surg. Oral Med. Oral Pathol. Oral Radiol. 2013, 116, 221–231. [CrossRef]

188. Zhang, L.; Wu, Z.; Ma, Z.; Liu, H.; Wu, Y.; Zhang, Q. WWP1 as a potential tumor oncogene regulates PTEN-Akt signaling
pathway in human gastric carcinoma. Tumor Biol. 2015, 36, 787–798. [CrossRef]

189. Zhang, X.F.; Chao, J.; Pan, Q.Z.; Pan, K.; Weng, D.S.; Wang, Q.J.; Zhao, J.J.; He, J.; Liu, Q.; Jiang, S.S.; et al. Overexpression of
WWP1 promotes tumorigenesis and predicts unfavorable prognosis in patients with hepatocellular carcinoma. Oncotarget 2015, 6,
40920–40933. [CrossRef]

190. He, H.; Huang, C.; Chen, Z.; Huang, H.; Wang, X.; Chen, J. An outlined review for the role of Nedd4-1 and Nedd4-2 in lung
disorders. Biomed. Pharmacother. 2020, 125, 109983. [CrossRef]

191. Singh, R.; Karri, D.; Shen, H.; Shao, J.; Dasgupta, S.; Huang, S.; Edwards, D.P.; Ittmann, M.M.; O’Malley, B.W.; Yi, P. TRAF4-
mediated ubiquitination of NGF receptor TrkA regulates prostate cancer metastasis. J. Clin. Investig. 2018, 128, 3129–3143.
[CrossRef]

192. Song, J.; Landstrom, M. TGFβ activates PI3K-AKT signaling via TRAF6. Oncotarget 2017, 8, 99205–99206. [CrossRef] [PubMed]
193. Sun, N.; Xue, Y.; Dai, T.; Li, X.; Zheng, N. Tripartite motif containing 25 promotes proliferation and invasion of colorectal cancer

cells through TGF-β signaling. Biosci. Rep. 2017, 37. [CrossRef] [PubMed]
194. Zhu, Z.; Wang, Y.; Zhang, C.; Yu, S.; Zhu, Q.; Hou, K.; Yan, B. TRIM25 blockade by RNA interference inhibited migration and

invasion of gastric cancer cells through TGF-β signaling. Sci. Rep. 2016, 6, 19070. [CrossRef] [PubMed]
195. Chen, L.; Munoz-Antonia, T.; Cress, W.D. Trim28 contributes to EMT via regulation of E-cadherin and N-cadherin in lung cancer

cell lines. PLoS ONE 2014, 9, e101040. [CrossRef] [PubMed]
196. Liu, Y.; Dong, Y.; Zhao, L.; Su, L.; Diao, K.; Mi, X. TRIM59 overexpression correlates with poor prognosis and contributes to breast

cancer progression through AKT signaling pathway. Mol. Carcinog. 2018, 57, 1792–1802. [CrossRef]
197. Zhan, W.; Han, T.; Zhang, C.; Xie, C.; Gan, M.; Deng, K.; Fu, M.; Wang, J.B. TRIM59 Promotes the Proliferation and Migration of

Non-Small Cell Lung Cancer Cells by Upregulating Cell Cycle Related Proteins. PLoS ONE 2015, 10, e0142596. [CrossRef]
198. Lee, H.J. The Role of Tripartite Motif Family Proteins in TGF-β Signaling Pathway and Cancer. J. Cancer Prev. 2018, 23, 162–169.

[CrossRef]
199. Ding, Z.Y.; Jin, G.N.; Wang, W.; Chen, W.X.; Wu, Y.H.; Ai, X.; Chen, L.; Zhang, W.G.; Liang, H.F.; Laurence, A.; et al. Reduced

expression of transcriptional intermediary factor 1γ promotes metastasis and indicates poor prognosis of hepatocellular carcinoma.
Hepatology 2014, 60, 1620–1636. [CrossRef]

200. Xue, J.; Lin, X.; Chiu, W.T.; Chen, Y.H.; Yu, G.; Liu, M.; Feng, X.H.; Sawaya, R.; Medema, R.H.; Hung, M.C.; et al. Sustained
activation of SMAD3/SMAD4 by FOXM1 promotes TGF-β-dependent cancer metastasis. J. Clin. Investig. 2014, 124, 564–579.
[CrossRef]

201. Ligr, M.; Wu, X.; Daniels, G.; Zhang, D.; Wang, H.; Hajdu, C.; Wang, J.; Pan, R.; Pei, Z.; Zhang, L.; et al. Imbalanced expression of
Tif1γ inhibits pancreatic ductal epithelial cell growth. Am. J. Cancer Res. 2014, 4, 196–210.

202. Zhou, F.; Drabsch, Y.; Dekker, T.J.; de Vinuesa, A.G.; Li, Y.; Hawinkels, L.J.; Sheppard, K.A.; Goumans, M.J.; Luwor, R.B.; de Vries,
C.J.; et al. Nuclear receptor NR4A1 promotes breast cancer invasion and metastasis by activating TGF-β signalling. Nat. Commun.
2014, 5, 3388. [CrossRef] [PubMed]

203. Briones-Orta, M.A.; Levy, L.; Madsen, C.D.; Das, D.; Erker, Y.; Sahai, E.; Hill, C.S. Arkadia regulates tumor metastasis by
modulation of the TGF-β pathway. Cancer Res. 2013, 73, 1800–1810. [CrossRef]

204. Peng, R.; Zhang, P.F.; Yang, X.; Wei, C.Y.; Huang, X.Y.; Cai, J.B.; Lu, J.C.; Gao, C.; Sun, H.X.; Gao, Q.; et al. Overexpression of
RNF38 facilitates TGF-β signaling by Ubiquitinating and degrading AHNAK in hepatocellular carcinoma. J. Exp. Clin. Cancer
Res. 2019, 38, 113. [CrossRef]

205. Ohshiro, K.; Chen, J.; Jogunoori, W.; Deng, C.X.; Mishra, B.; Li, S.; Mishra, L. Targeting E3 ligase PJA1 via TGF-β pathway in
hepatocellular carcinoma. Cancer Res. 2019, 79, 4443.

206. Teixeira, A.F.; Ten Dijke, P.; Zhu, H.J. On-Target Anti-TGF-β Therapies Are Not Succeeding in Clinical Cancer Treatments: What
Are Remaining Challenges? Front. Cell Dev. Biol. 2020, 8, 605. [CrossRef] [PubMed]

207. Colak, S.; Ten Dijke, P. Targeting TGF-β Signaling in Cancer. Trends Cancer 2017, 3, 56–71. [CrossRef] [PubMed]
208. Huynh, L.K.; Hipolito, C.J.; Ten Dijke, P. A Perspective on the Development of TGF-β Inhibitors for Cancer Treatment. Biomolecules

2019, 9, 743. [CrossRef]

http://doi.org/10.1038/sj.onc.1210021
http://www.ncbi.nlm.nih.gov/pubmed/17016436
http://doi.org/10.1002/ijc.22653
http://www.ncbi.nlm.nih.gov/pubmed/17330240
http://doi.org/10.1002/path.2385
http://www.ncbi.nlm.nih.gov/pubmed/18604872
http://doi.org/10.1074/jbc.M115.642314
http://www.ncbi.nlm.nih.gov/pubmed/26152726
http://doi.org/10.1016/j.oooo.2013.05.006
http://doi.org/10.1007/s13277-014-2696-0
http://doi.org/10.18632/oncotarget.5712
http://doi.org/10.1016/j.biopha.2020.109983
http://doi.org/10.1172/JCI96060
http://doi.org/10.18632/oncotarget.22275
http://www.ncbi.nlm.nih.gov/pubmed/29245887
http://doi.org/10.1042/BSR20170805
http://www.ncbi.nlm.nih.gov/pubmed/28620119
http://doi.org/10.1038/srep19070
http://www.ncbi.nlm.nih.gov/pubmed/26754079
http://doi.org/10.1371/journal.pone.0101040
http://www.ncbi.nlm.nih.gov/pubmed/24983967
http://doi.org/10.1002/mc.22897
http://doi.org/10.1371/journal.pone.0142596
http://doi.org/10.15430/JCP.2018.23.4.162
http://doi.org/10.1002/hep.27273
http://doi.org/10.1172/JCI71104
http://doi.org/10.1038/ncomms4388
http://www.ncbi.nlm.nih.gov/pubmed/24584437
http://doi.org/10.1158/0008-5472.CAN-12-1916
http://doi.org/10.1186/s13046-019-1113-3
http://doi.org/10.3389/fcell.2020.00605
http://www.ncbi.nlm.nih.gov/pubmed/32733895
http://doi.org/10.1016/j.trecan.2016.11.008
http://www.ncbi.nlm.nih.gov/pubmed/28718426
http://doi.org/10.3390/biom9110743


Int. J. Mol. Sci. 2021, 22, 476 29 of 29

209. Tian, M.; Zeng, T.; Liu, M.; Han, S.; Lin, H.; Lin, Q.; Li, L.; Jiang, T.; Li, G.; Lin, H.; et al. A cell-based high-throughput screening
method based on a ubiquitin-reference technique for identifying modulators of E3 ligases. J. Biol. Chem. 2019, 294, 2880–2891.
[CrossRef]

210. Chen, D.; Gehringer, M.; Lorenz, S. Developing Small-Molecule Inhibitors of HECT-Type Ubiquitin Ligases for Therapeutic
Applications: Challenges and Opportunities. Chembiochem 2018, 19, 2123–2135. [CrossRef]

211. Chan, C.H.; Morrow, J.K.; Li, C.F.; Gao, Y.; Jin, G.; Moten, A.; Stagg, L.J.; Ladbury, J.E.; Cai, Z.; Xu, D.; et al. Pharmacological
inactivation of Skp2 SCF ubiquitin ligase restricts cancer stem cell traits and cancer progression. Cell 2013, 154, 556–568. [CrossRef]

212. Brenke, J.K.; Popowicz, G.M.; Schorpp, K.; Rothenaigner, I.; Roesner, M.; Meininger, I.; Kalinski, C.; Ringelstetter, L.; R’Kyek, O.;
Jurjens, G.; et al. Targeting TRAF6 E3 ligase activity with a small-molecule inhibitor combats autoimmunity. J. Biol. Chem. 2018,
293, 13191–13203. [CrossRef]

213. Wells, J.A.; McClendon, C.L. Reaching for high-hanging fruit in drug discovery at protein-protein interfaces. Nature 2007, 450,
1001–1009. [CrossRef]

214. Galdeano, C. Drugging the undruggable: Targeting challenging E3 ligases for personalized medicine. Future Med. Chem. 2017, 9, 347–350.
[CrossRef]

215. Skaar, J.R.; Pagan, J.K.; Pagano, M. SCF ubiquitin ligase-targeted therapies. Nat. Rev. Drug Discov. 2014, 13, 889–903. [CrossRef]
[PubMed]

216. Buckley, D.L.; Van Molle, I.; Gareiss, P.C.; Tae, H.S.; Michel, J.; Noblin, D.J.; Jorgensen, W.L.; Ciulli, A.; Crews, C.M. Targeting the
von Hippel-Lindau E3 ubiquitin ligase using small molecules to disrupt the VHL/HIF-1α interaction. J. Am. Chem. Soc. 2012, 134,
4465–4468. [CrossRef]

217. Erlanson, D.A.; Fesik, S.W.; Hubbard, R.E.; Jahnke, W.; Jhoti, H. Twenty years on: The impact of fragments on drug discovery.
Nat. Rev. Drug Discov. 2016, 15, 605–619. [CrossRef] [PubMed]

218. An, S.; Fu, L. Small-molecule PROTACs: An emerging and promising approach for the development of targeted therapy drugs.
EBioMedicine 2018, 36, 553–562. [CrossRef] [PubMed]

219. Gao, H.; Sun, X.; Rao, Y. PROTAC Technology: Opportunities and Challenges. ACS Med. Chem. Lett. 2020, 11, 237–240. [CrossRef]
[PubMed]

220. Maniaci, C.; Hughes, S.J.; Testa, A.; Chen, W.; Lamont, D.J.; Rocha, S.; Alessi, D.R.; Romeo, R.; Ciulli, A. Homo-PROTACs: Bivalent
small-molecule dimerizers of the VHL E3 ubiquitin ligase to induce self-degradation. Nat. Commun. 2017, 8, 830. [CrossRef]
[PubMed]

221. Frost, J.; Galdeano, C.; Soares, P.; Gadd, M.S.; Grzes, K.M.; Ellis, L.; Epemolu, O.; Shimamura, S.; Bantscheff, M.; Grandi, P.; et al.
Potent and selective chemical probe of hypoxic signalling downstream of HIF-α hydroxylation via VHL inhibition. Nat. Commun.
2016, 7, 13312. [CrossRef]

222. Soares, P.; Gadd, M.S.; Frost, J.; Galdeano, C.; Ellis, L.; Epemolu, O.; Rocha, S.; Read, K.D.; Ciulli, A. Group-Based Optimization
of Potent and Cell-Active Inhibitors of the von Hippel-Lindau (VHL) E3 Ubiquitin Ligase: Structure-Activity Relationships
Leading to the Chemical Probe (2S,4R)-1-((S)-2-(1-Cyanocyclopropanecarboxamido)-3,3-dimethylbutanoyl)-4-hydroxy -N-(4-(4-
methylthiazol-5-yl)benzyl)pyrrolidine-2-carboxamide (VH298). J. Med. Chem. 2018, 61, 599–618. [CrossRef] [PubMed]

223. Wang, X.; Feng, S.; Fan, J.; Li, X.; Wen, Q.; Luo, N. New strategy for renal fibrosis: Targeting Smad3 proteins for ubiquitination
and degradation. Biochem. Pharmacol. 2016, 116, 200–209. [CrossRef] [PubMed]

224. Feng, Y.; Su, H.; Li, Y.; Luo, C.; Xu, H.; Wang, Y.; Sun, H.; Wan, G.; Zhou, B.; Bu, X. Degradation of intracellular TGF-β1 by
PROTACs efficiently reverses M2 macrophage induced malignant pathological events. Chem. Commun. 2020, 56, 2881–2884.
[CrossRef] [PubMed]

225. Girardini, M.; Maniaci, C.; Hughes, S.J.; Testa, A.; Ciulli, A. Cereblon versus VHL: Hijacking E3 ligases against each other using
PROTACs. Bioorg. Med. Chem. 2019, 27, 2466–2479. [CrossRef] [PubMed]

226. Liu, J.; Wan, L.; Liu, P.; Inuzuka, H.; Liu, J.; Wang, Z.; Wei, W. SCF(β-TRCP)-mediated degradation of NEDD4 inhibits
tumorigenesis through modulating the PTEN/Akt signaling pathway. Oncotarget 2014, 5, 1026–1037. [CrossRef]

227. Wang, X.; Jin, C.; Tang, Y.; Tang, L.Y.; Zhang, Y.E. Ubiquitination of tumor necrosis factor receptor-associated factor 4 (TRAF4) by
Smad ubiquitination regulatory factor 1 (Smurf1) regulates motility of breast epithelial and cancer cells. J. Biol. Chem. 2013, 288,
21784–21792. [CrossRef]

228. Maculins, T.; Carter, N.; Dorval, T.; Hudson, K.; Nissink, J.W.; Hay, R.T.; Alwan, H. A Generic Platform for Cellular Screening
Against Ubiquitin Ligases. Sci. Rep. 2016, 6, 18940. [CrossRef]

http://doi.org/10.1074/jbc.RA118.003822
http://doi.org/10.1002/cbic.201800321
http://doi.org/10.1016/j.cell.2013.06.048
http://doi.org/10.1074/jbc.RA118.002649
http://doi.org/10.1038/nature06526
http://doi.org/10.4155/fmc-2017-0009
http://doi.org/10.1038/nrd4432
http://www.ncbi.nlm.nih.gov/pubmed/25394868
http://doi.org/10.1021/ja209924v
http://doi.org/10.1038/nrd.2016.109
http://www.ncbi.nlm.nih.gov/pubmed/27417849
http://doi.org/10.1016/j.ebiom.2018.09.005
http://www.ncbi.nlm.nih.gov/pubmed/30224312
http://doi.org/10.1021/acsmedchemlett.9b00597
http://www.ncbi.nlm.nih.gov/pubmed/32184950
http://doi.org/10.1038/s41467-017-00954-1
http://www.ncbi.nlm.nih.gov/pubmed/29018234
http://doi.org/10.1038/ncomms13312
http://doi.org/10.1021/acs.jmedchem.7b00675
http://www.ncbi.nlm.nih.gov/pubmed/28853884
http://doi.org/10.1016/j.bcp.2016.07.017
http://www.ncbi.nlm.nih.gov/pubmed/27473774
http://doi.org/10.1039/C9CC08391J
http://www.ncbi.nlm.nih.gov/pubmed/32037404
http://doi.org/10.1016/j.bmc.2019.02.048
http://www.ncbi.nlm.nih.gov/pubmed/30826187
http://doi.org/10.18632/oncotarget.1675
http://doi.org/10.1074/jbc.M113.472704
http://doi.org/10.1038/srep18940

	Introduction 
	SMAD and Non-SMAD Signaling 
	TGF as Tumor Suppressor and Tumor Promoter 
	Epithelial-to-Mesenchymal Transition (EMT) and Invasion 
	Promoting Angiogenesis 
	Immunomodulatory Effects 

	Controlling Protein Function by Ubiquitination 
	E3 Ligases and Their Involvement in TGF Signaling 
	Role of HECT E3 Ligases in TGF Signaling Pathway 
	Role of RING E3 Ligases in the TGF Signaling Pathway 
	Targeting Receptors Directly 
	Targeting R-SMADs 
	Acting on Co-SMAD 
	Regulation of I-SMADs 

	Other E3 Ligases 

	E3 Ubiquitin Ligases in Non-Canonical TGF Pathways 
	Role of E3 Ligases Associated with TGF Signaling in Mediating Tumorigenesis 
	SMURF1 and SMURF2 
	WWP1 
	NEDD4-2 
	TRAFs 
	TRIMs 
	RNFs 
	Other E3 Ligases 

	E3 Ligases as Emerging Drug Targets 
	Emerging Roles of PROTACs and Molecular Glues 
	Conclusions and Perspectives 
	References

