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Abstract Epithelial to Mesenchymal Transition (EMT) in
cancer is a process that allows cancer cells to detach from
neighboring cells, become mobile and metastasize and
shares many signaling pathways with development. Several
molecular mechanisms which regulate oncogenic properties
in neoplastic cells such as proliferation, resistance to apo-
ptosis and angiogenesis through transcription factors or
other mediators are also regulators of EMT. These pathways
and downstream transcription factors are, in their turn, regu-
lated by ubiquitination and the Ubiquitin–Proteasome System
(UPS). Ubiquitination, the covalent link of the small 76-amino
acid protein ubiquitin to target proteins, serves as a signal for
protein degradation by the proteasome or for other outcomes
such as endocytosis, degradation by the lysosome or directing
these proteins to specific cellular compartments. This review
discusses aspects of the regulation of EMT by ubiquitination
and the UPS and underlines its complexity focusing on tran-
scription and transcription factors regulating EMT and are
being regulated by ubiquitination.
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Introduction

A process termed Epithelial to Mesenchymal Transition
(EMT) permits detachment of an epithelial cell belonging

to an epithelial membrane from its neighboring cells in order
to transverse the dissolving basement membrane and be-
come motile. Cell motility during EMT is facilitated by the
loss of critical adhesion molecules and junctional complexes
which provide adhesion between adjacent epithelial cells
[1]. Other changes happen concomitantly such as acquisi-
tion of a fibroblast-like shape, downregulation of epithelial
markers and upregulation of mesenchymal markers. The
reverse process, Mesenchymal to Epithelial transition
(MET), happens when the fibroblast-like cell regains epi-
thelial characteristics and establishes adhesions with adja-
cent cells. EMT and MET are processes that physiologically
take place during development or injury healing. Develop-
mental EMT gives rise to the three embryonal layers of
differentiation—ectoderm, mesoderm and endoderm—and
further to different tissues and cell types in complex but
ordered patterns and is an integral process of the differenti-
ation to the various cell types which are regulated in time
and space. An example of developmental EMT takes place
during gastrulation when the epiblast layer produces a mid-
line invagination called the primitive streak, from which
cells are mobilized by undergoing an EMT and produce
the mesoderm and endoderm [2]. Other examples can be
found in implantation and somitogenesis. In many instances,
two or more rounds of EMT/MET are necessary for the final
differentiation of specialized cells in developing organs.

A significant part of the phenotypic differences between
various cell types of a multicellular organism are due to
transcriptional and post-transcriptional differences in the
regulation of various cellular proteins as the genetic content
(DNA sequences) of each cell is the same for a given
individual. Post-translational modifications such as phos-
phorylation, hydroxylation, acetylation and ubiquitination
can regulate conformation, function, localization and turn-
over of cell proteins impacting on cell morphology, activity
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and cellular communication in the multicellular organism.
Ubiquitination is the covalent attachment of molecules of
the small 76-amino acid protein ubiquitin to a target protein
which is then marked for destruction by the proteasome or
the lysosome, transportation to specific compartments, en-
docytosis or participation in a range of processes [3, 4].
Ubiquitination, along with other post-translational modifi-
cations of proteins, is a regulated process where multiple
regulators cooperate for its execution. Many signal trans-
ducers and transcription factors involved in EMT are regu-
lated by ubiquitination and the Ubiquitin–Proteasome
System (UPS). In addition, ubiquitination and the UPS have
a general role on the execution of transcription signaling
through modification of histones [5] which also impacts
EMT. In this review, the role of ubiquitination and the
UPS in the regulation of transcription factors of EMT and
their transcription function will be discussed. Transduction
cascades involved in the regulation of these transcription
factors will not be discussed in detail.

EMT in cancer

Three processes are using EMT to enable cell movement. In
development, normal embryonal cells use EMT to position
themselves appropriately and to obtain different specific
morphologies and functions present in the multicellular
organism. In adult tissue injury repair, EMT mobilizes ad-
jacent epithelial cells to heal open wounds but may also lead
to fibrosis. Finally, EMT enables tissue invasion and meta-
statization of malignant epithelial cells. These three EMT
types have recently been termed types 1, 2 and 3, respec-
tively [6]. During cancer-associated EMT or type 3 EMT,
epithelial cancer cells acquire the ability to detach from their
initial site, pass through the dismantled basement membrane
into adjacent tissues and even metastasize to distant sites. In
vitro and in vivo criteria for EMT confirmation have been
established [7] and fall into two broad categories (Fig. 1).
On one hand, they include upregulation of specific mesen-
chymal proteins and downregulation of epithelial-associated
proteins. On the other hand, they describe general properties
of the transformed cell. Mesenchymal proteins induced in
EMT include S100A4 [also called FSP1 (Fibroblast-Specif-
ic Protein 1)], vimentin, type I collagen and its receptor
kinase DDR2 (Discoidin Domain Receptor tyrosine kinase
2), cadherin N and OB, transcription factors SNAIL1 and 2,
ZEB1 and 2 and TWIST, and nuclear localization of β-
catenin. Downregulated epithelial proteins include E-
cadherin, ZO-1 (Zona Occludens 1), cytokeratins, claudins,
occludins and basement membrane components collagen IV
and laminin 1 [7]. General cell properties induced by the
transition include a change in morphology with the acquisi-
tion of spindle shape, loss of epithelial cell polarity and

stress fiber redistribution, resistance to apoptosis induction
and enhanced migratory capability. Resistance to apoptosis
in neoplastic cells undergoing EMT is accompanied by the
acquisition of a stem cell phenotype [8] also associated with
drug resistance. For the in vivo experimental confirmation
of EMT, the introduction of a cell reporter construct in
epithelial cells that subsequently continues to be expressed
in resulting mesenchymal cells has been proposed. Despite
initial debate stemming largely from difficulty to define it in
vivo [9], EMT is increasingly accepted as a hallmark capa-
bility of cancer cells that promotes invasion and metastasis
[10]. Its acceptance has been helped by the realization that
EMT in a cancer cell may not be complete, and only part of
the EMT markers may be expressed in each instance [7]. An
example is collective migration during which cells detach
from the epithelial site, acquire mesenchymal properties but
move en block without losing adhesions between them [11].
Neoplastic cells that have undergone EMT retain the capabil-
ity to undergo Mesenchymal to Epithelial reverting Transition
(MErT) when in the appropriate environment in the metastatic
site, and this plasticity makes them elusive but may concom-
itantly constitute a significant advantage for their survival at
metastatic foci. The acceptance of EMT as intrinsic to the
malignant process has been further aided by the discovery
that beyond specific EMT-inducing factors a multitude of
general cancer-regulating pathways are also important EMT
regulators.

Disruption of intercellular adhesions is at the center stage
of the process of EMT. The main intercellular connecting
molecule at adherens junction is E-cadherin, which turnover
is regulated by ubiquitination. At adherens junctions, E-
cadherin molecules span the cytoplasmic membrane and
make homotypic contacts with E-cadherin molecules of
neighboring cells [12, 13]. Their cytoplasmic domain binds
together with α-catenin, p120 catenin and β-catenin with
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Fig. 1 EMT-induced changes are of two general categories. Expres-
sion of proteins associated with epithelial state is downregulated and
those associated with mesenchymal state are upregulated. In addition,
there are morphologic changes and changes of cell behavior
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the actin cytoskeleton. E-cadherin molecules are continu-
ously incorporated in adherens junctions and removed by
clathrin-mediated endocytosis, being in a dynamic equilib-
rium [14]. Endocytosis of E-cadherin is effectuated after
phosphorylation by c-src kinase followed by ubiquitination
with the aid of c-cbl family E3 ligase Hakai [15]. p120
catenin prevents E-cadherin endocytosis by masking Hakai
interaction sites in the juxtamembrane domain of E-
cadherin. In contrast, during EMT of cancer, E-cadherin is
downregulated through both transcriptional suppression of
its gene (see below) and increased degradation after endo-
cytosis. Growth factors and TGFβ signaling promote ubiq-
uitinated E-cadherin degradation by directing early
endosomes to late endosomes and lysosomes instead of
recycling to the cell surface [16, 17]. TGFβ signaling, in
addition to promoting EMT through the canonical SMAD
pathway, directly phosphorylates Partitioning defective 6
(PAR6) resulting in recruitment of E3 ligase Smurf1 and
ubiquitination followed by proteasome degradation of
GTPase RhoA and, finally, promoting tight junction disso-
lution and cell polarity loss [18]. Thus, signaling from the
cell surface leads concomitantly to a program of direct
junction dissolution and a program of transcriptional repres-
sion of junction components. Both programs contribute to
EMT phenotype characterized by motility and loss of cell
polarity [19]. The UPS is an integral part of both junction
dissolution programs regulation.

Ubiquitination and the Ubiquitin–Proteasome System
(UPS)

Ubiquitination refers to the attachment of the 76-amino acid
protein ubiquitin to a target protein. It is established through
an amide bond between the carboxylic acid of the terminal
glycine of an activated ubiquitin molecule and the ε-amine
of a lysine residue in the target protein. Ubiquitination takes
place with a series of enzymatic reactions executed by three
types of enzymes. The first step involves E1 or ubiquitin-
activating enzyme which loads an ubiquitin molecule in an
ATP-dependent manner onto a second enzyme, ubiquitin-
conjugating enzyme or E2. E2-linked ubiquitin is subsequently
transferred to a target protein by a third type of enzymes called
ubiquitin ligases or E3 [20]. Human genome encodes for two
E1 enzymes (UBA1 and UBA6), about 30 to 40 E2 enzymes
and probably about 600 E3 ligases [21, 22].

E3 ligases belong to two families characterized by spe-
cific domains, RING (Really Interesting New Gene) family
and HECT (Homologous to Human Papilloma Virus E6
Carboxyterminal domain) family which differ in their cata-
lytic mode but both execute ubiquitin ligation to the target
protein. A third type of E3s, U-box ligases, can be consid-
ered a subfamily of RING E3 ligases, U-box domain being

an atypical RING domain. RING domains of E3 ligases
constitute the interactive surface with the ubiquitin-
conjugating enzyme E2 bound to ubiquitin. Some E3s are
single polypeptides that possess both the RING E2-binding
domain and the substrate-binding domain, while other E3s
represent complexes of several distinct proteins, one of
which is the RING domain E2-binding protein. Another
binds the target (substrate) protein to be ubiquitinated, while
often, a third peptide serves as a linker between them [23].
HECT ligases are constituted by various amino terminal
domains, while their carboxy-terminus is occupied by a
HECT domain first identified and named after E3 ligase
E6-AP (Human Papilloma Virus E6-Associated Protein).
HECT domain has two subdomains, one of which binds
the E2 ubiquitin-conjugating enzyme and the other binds
the substrate protein.

RING type E3s comprise about 95% of human E3s,
while HECT type E3s are less abundant and count 28
members in human genome [24]. Similar to other post-
translational modifications, ubiquitination is reversible, and
there exist five families of deubiquitinizing enzymes that
perform this reaction and preserve cellular ubiquitin
reserves and reverse inappropriate ubiquitination [25]. Deu-
biquitinases attack the isopeptide bond between the carboxy
terminal glycine of ubiquitin and the ε-amino group of a
lysine of another ubiquitin molecule or of a target protein. In
some instances such as in transcription, it is the sequence of
ubiquitination/deubiquitination that is necessary for normal
function.

Ubiquitin molecule has seven lysine residues at positions
6, 11 27, 29, 33, 48 and 63. Ubiquitination of each of these
lysine residues has signaling potential. The number of ubiq-
uitin molecules attached also encodes for different outcomes
[26]. A target protein may become monoubiquitinated (a
single ubiquitin molecule attached), multiubiquitinated
(one ubiquitin molecule attached in several different lysine
residues) or polyubiquitinated (a chain of ubiquitins at-
tached in the same lysine residue). Lysine 48 ubiquitin
chains of at least four molecules are the trigger for recogni-
tion of the target protein by the proteasome and subsequent
degradation [26]. Occasionally, lysine 6- and 11-mediated
ubiquitin chains have been observed to signal for target
protein proteasome degradation. Lysine 63-mediated ubiq-
uitin attachment leads less often to proteasome degradation
but serves mostly as a signal for autophagy-mediated prote-
olysis. Moreover, it serves nonproteolytic functions includ-
ing DNA repair and receptor kinases endocytosis. Other
processes requiring ubiquitination are DNA transcription
and DNA damage tolerance.

The proteasome is a hollow cylinder multiprotein struc-
ture of 2.5 MDa comprised of a core particle (CP or 20S
proteasome) covered in one or both sides by a regulatory
particle (RP or 19S proteasome). RP is comprised of a lid
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and a base subcomplex and functions in ubiquitinated pro-
tein recognition, unfolding of the proteins, deubiquitination
which allows ubiquitin molecules to be recycled and deliv-
ery of the target proteins to the CP [20]. The different
subunits of RP possess specific activities to accomplish all
these functions. Three subunits of the base subcomplex
possess ubiquitin recognition domains that allow them to
recognize polyubiquitin chains. Subunit Rpn11 (S13 in
mammals) of the lid subcomplex is a deubiquitinase and
recycles ubiquitin from proteins that had been recognized.
The 19S base subcomplex is made up of six ATPases and
three other peptides. ATPases belong to the AAA (ATPases
Associated with various cellular Activities) family and are
able to hydrolyze all four nucleotide triphosphates and to
alter the conformation of proteasome substrate protein, pre-
venting their aggregation before they enter the CP to be
degraded [20].

CP is made of four rings of seven-member proteins each
that are stacked one on top of the other. The two identical
peripheral rings are called α rings (with subunits α1 to 7),
and also, the two identical central rings are called β rings
(with subunits β1 to 7) [27]. The proteasome possesses
three enzymatic activities, a trypsin-like (postbasic residues
cleavage) activity, a chymotrypsin-like (posthydrophobic
residues cleavage) activity and a postglutamyl (caspase-like
or postacidic residues cleavage) activity that resides in sub-
units β1, β2 and β5, respectively, and degrade target pro-
teins producing fragments of four to 14 amino acids.

EMT transcription network and the UPS

Receiving cues not only from the environment but also
through self-sufficient signals, neoplastic cells acquire
EMT through activation of several oncogenic transcription
factors (that will be referred to as intermediate transcription
factors) and, in their turn, regulate and are regulated by
transcription factors of the core EMT machinery such as
SNAIL family regulators, ZEB and TWIST. A discussion of
these transcription factors with emphasis on the interception
with the UPS follows. Ubiquitin-like proteins such as SUMO
(Small Ubiquitin-like Modifier) and NEDD8 (Neural precur-
sor cell Expressed and Developmentally Downregulated pro-
tein 8) also regulate many of these transcription factors but
they will not be discussed.

Intermediate transcription factors

NF-κB represents a family of five transcription factors that
are important for both inflammation/immunity and carcino-
genesis [28]. NF-κB has been associated with chemotherapy
resistance in various cancers. It is a downstream target of
several signal pathways among which is AKT kinase, an

EMT inducer and drug resistance mediator that phosphor-
ylates NF-κB-activating kinase IKK. IKK phosphorylates
the NF-κB inhibitor I-κB which is then ubiquitinated by E3
ligase βTrCP for proteasome degradation. NF-κB is activat-
ed by several other pathways including TNFα [29, 30]. In
addition to inducing genes that inhibit apoptosis (e.g., BCL-
2, BCL-XL and A1) and promote proliferation (e.g., Cyclin
D1 and C-myc), NF-κB induces genes of the core EMT
program such as SNAIL and SLUG, TWIST and ZEB [31,
32]. SNAIL contributes to EMT by suppressing transcrip-
tion of adhesion proteins E-cadherin, claudins and occludins
as well as tumor suppressor RKIP (Raf kinase inhibitory
protein) which is an inhibitor of NF-κB (Fig. 2). In this way,
a feed-forward loop is established in which NF-κB induces
SNAIL which suppresses RKIP preventing it from inhibit-
ing NF-κB [33]. SNAIL is also upregulated by NF-κB in a
post-translational manner, in which NF-κB inhibits SNAIL
phosphorylation by GSK3β, thus, preventing its subsequent
ubiquitination by E3 ligase βTRCP and proteasome degra-
dation [34]. SLUG (also known as SNAIL2) suppresses
expression of E-cadherin, claudins and occludins, while
ZEB proteins suppress expression of E-cadherin and zona
occludens protein ZO-1. NF-κB is a critical regulator of
bHLH (basic helix-loop-helix) transcription factor TWIST
which regulates several hundred genes. A feed-forward loop
is present in this case, too, as TWIST activates transcription
of kinase AKT2, a NF-κB activator [35, 36].

In addition to the points outlined above, signal transduc-
tion pathways culminating in NF-κB activation are regulat-
ed by ubiquitination with degradation or nondegradational
outcomes in multiple points [37, 38] that will not be further
detailed here. In the transcription level, NF-κB function is also
regulated by ubiquitination and the UPS through the avail-
ability and modification of cofactors. The family of I-κB
regulators is comprised of several members including canon-
ical members I-κBα, I-κBβ and I-κBγ and noncanonical
members BCL3, I-κBζ, I-κBη and I-κBNS which act as
cofactors in NF-κB transcription regulation [39]. Among
these NF-κB cofactors acting in the nucleus during
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Fig. 2 NF-κB induction of EMT is based on induction of core tran-
scription factors both directly and indirectly. Feed-forward loops exist
with Akt2 and RKIP acting as intermediates. Proteins in ovals are
directly UPS-regulated. Arrows denote activation and inverse T signs
denote inhibition
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transcription, BCL-3 functions either as a coactivator or a
corepressor and is UPS regulated [40, 41]. Ligase TBLR1
(Transducer β-like related) mediates a GSK3-independent
BCL-3 ubiquitination and degradation, while an unidentified
ligase mediates a GSK3-dependent degradation [42, 43].
GSK3 phosphorylation-dependent degradation is not mediated
by ligase Fbw7 [43] which is an enzyme acting on phospho-
degron sites (ubiquitinating lysines after phosphorylation of an
amino acid nearby). Whether this function is performed by
ligase βTRCP which also ubiquitinates other family members
has not been reported but it is worth investigating. TBLR1 and
the related ligase TBL1 are general transcription de-repressors
as they ubiquitinate and facilitate degradation of the NCoR/
SMRT and the CtBP1/2 corepressor complexes [44].

Transcription factor HIF (Hypoxia Inducible Factor), a
heterodimer of HIF-1α or HIF-2α and HIF-1β (also called
ARNT, Aryl-hydrocarbon receptor nuclear translocator) are
key mediators of the cellular response to hypoxic conditions
[45]. In normoxic conditions, HIF-α subunits are hydroxyl-
ated by dioxygenases of the PHD (prolyl-4-hydroxylase
domain) family (hydroxylating a proline residue) and FIH1
(Factor Inhibiting HIF1, hydroxylating an aspartine resi-
due), become substrates for ubiquitination by E3 ligase
VHL (Von Hippel Lindau) and are proteasome degraded.
In contrast, in hypoxia, prolyl hydroxylases are inhibited,
and HIF-α is stabilized and can heterodimerize with consti-
tutive unit HIF-1β for the execution of their transcriptional
program of more than 100 genes by binding to HREs (HIF
Response Elements) on DNA with the consensus sequence
RCGTG (where R is one of the pyrimidines). In addition,
HIF has HREs-independent regulatory functions by interac-
tions with other pathways such as Ras, TGFβ, NOTCH and
C-myc [46–48]. HIF promotes EMT, in most, but not all,
settings [49], by induction of transcription factors SNAIL,
SLUG, ZEB1 and 2 and TWIST. HIF also induces NF-κB
activity and both knockdown of VHL or HIF mutations
leading to resistance to VHL-mediated degradation result
in NF-κB upregulation [50].

C-myc is a transcription factor of the basic helix-loop-
helix leucine zipper family implicated in neoplastic trans-
formation but also in stem cell maintenance. It takes part in
the pathogenic translocation t (8;14) of Burkitt lymphoma. It
binds DNA as a heterodimer with protein Max. The hetero-
dimer recognizes the so-called E box sequence CACGTG
and leads to the recruitment of cofactors and the core tran-
scription machinery. C-myc is considered in general a weak
transcriptional activator and is also a transcriptional repres-
sor for some target genes [51]. In neoplasia, it leads to
proliferation, although it can also act as a promoter of
apoptosis by upregulating p14ARF, a p53 activator. As a
result, C-myc transformation effects are favored in cells that
have a nonfunctional p14ARF/MDM2/p53 axis. In addition,
p14ARF inhibits C-myc directly in a negative feedback

loop. Ubiquitination of C-myc with the help of E3 ligase
SKP2 complex promotes both C-myc transcriptional func-
tion and turnover, although ubiquitination is not required for
transcription [51]. It is probable that, as proposed for other
transcription factors, C-myc ubiquitination and subsequent
degradation promote transcription by allowing the recruit-
ment of new C-myc molecules to access the DNA-binding
site if activating signals persist in order for transcription to
continue. FBWX7 ligase promotes C-myc degradation in-
dependently of promoter binding but dependent on previous
phosphorylation [52]. In contrast, phosphorylation of C-myc
by IKK kinases at Serine 62 protects C-myc from ubiquiti-
nation and degradation [53].

C-myc overexpression promotes EMT in breast cancer
cells in vitro and in vivo [54]. These cells obtain a
fibroblast-like configuration and downregulate E-cadherin.
E-cadherin transcriptional suppressor SNAIL is upregulated
both by increased transcription and decreased ubiquitination
and proteasome degradation after C-myc transfection [55].
C-myc cooperates with TGFβ in SNAIL transcriptional
upregulation [56]. An additional way by which C-myc
influences E-cadherin is through induction of microRNA
miR-9 which suppresses E-cadherin mRNA translation
[57]. α-Catenin, another component of adherens junctions,
is also a target of miR-9 (Fig. 3). Dissolution of adherens
junctions leads to β-catenin release from it and, depending
on the state of the GSK3β/Axin/APC destruction complex,
initiation of transcription. C-myc is a β-catenin target gene
and, thus, a feed-forward loop is established [58].

ETS (E26 transformation specific) transcription factor
family with 27 human members is implicated in a wide
range of cancers. Up to 80% of prostate cancers harbor
translocations between the promoter of androgen receptor
(AR)-regulated serine protease TMPRSS2 and one of ETS
family genes, most commonly ERG (Ets Related Gene), in a
way that ETS transcription factors come to the proximity of

C-myc

miR-9

SNAIL

β-catenin

α-catenin

E-cadherin
Adherens
Junction
resolution

Fig. 3 c-myc induction of EMT by induction of SNAIL and of miRNA
miR-9 leading to suppression of both E-cadherin and α-catenin. Result-
ing adherens junction resolution freesβ-catenin which induces c-myc in a
feed-forward loop. Proteins in ovals are directly UPS-regulated. Arrows
denote activation and inverse T signs denote inhibition
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the AR-regulated promoter and are upregulated by andro-
gens in prostate tissue where AR signaling is robust [59]. In
Ewing sarcoma, a pathognomonic translocation is almost
invariably present which brings an ETS family member,
most commonly FLI1 (Friend leukemia virus integration
1) in this case, in proximity of EWS (Ewing Sarcoma) gene
[60]. FLI1 is upregulated under the influence of EWS. The
ERG transcription program in TMPRSS2-ERG1-bearing
prostate cancer activates Wnt signaling by upregulating
FRIZZLED-4, other pathway proteins [61] and C-myc sig-
naling [62] and promotes EMT with repression of E-
cadherin and active β1-integrin [61]. PEA3 (Polyomavirus
Enhancer Activator 3), another ETS family transcription
factor, is activated by EGFR signaling and leads to tran-
scriptional repression of miR-125a, a repressor of ARID3B
(AT-rich interactive domain 3B) in ovarian cancer [63]. As a
result, ARID3B, a mesenchymal specification promoter [64]
is upregulated. Additionally, PEA3 promotes expression of
SNAIL and matrix metalloproteases MMP9 and MMP14
contributing to cell migration [65, 66].

ETS family members ETV1, ETV4 and ETV5 which
participate in prostate cancer translocations as alternative
partners of TMPRSS2 instead of ERG are regulated by
UPS with the aid of RING E3 ligase COP1 (Constitutive
Photomorphogenic 1) [67]. Truncated forms produced by
the translocations lack the critical domain leading to
proteasome-mediated degradation and are more stable, a fact
that may contribute to their tumorigenicity [67].

p53, a well-known tumor suppressing transcription factor
sensing DNA damage and mediating either apoptosis or cell
cycle arrest, has a role in EMT prevention. DNA damage
response involves activation of kinases such as ATM and
ATR which then activate checkpoint kinases CHK1 and 2
(Checkpoint kinases 1 and 2) [68]. These kinases, in their
turn, phosphorylate p53 leading to its stabilization and acti-
vation. When the cell is not under stress, p53 is unstable
because it is ubiquitinated by E3 ligase MDM2 (and other
ligases) and degraded by the proteasome. When activated in
response to DNA damage, p53 executes a transcriptional
program leading, depending on post-translational modifica-
tions and coactivators available to either cell cycle arrest
which gives time for DNA repair or to apoptosis if damage
is sensed to be irreversible. NF-κB regulator BCL-3 is an
inhibitor of p53 transcription activity [69], and given that
BCL-3 is regulated by the UPS, it represents an additional
mode of p53 regulation by the system.

Subcellular localization (nuclear export) of p53 is regu-
lated by monoubiquitination with the aid of NEDD4 family
member WWP1 [70]. p53 family members p63 and p73 are
also regulated by NEDD4 ligases [71, 72].

Two deubiquitinating enzymes are participating in p53
regulation. USP10 (Ubiquitin Specific Protease 10) is mainly
located in the cytoplasm and reverses p53 monoubiquitination

which allows nuclear re-entry. In contrast, HAUSP (Herpes
virus-Associated Ubiquitin Specific Protease, alternatively
named USP7) is active in the nucleus-stabilizing p53 [73].
HAUSP is also a deubiquitinase for MDM2, and thus, the
final result of its action on MDM2/p53 axis is complex and
may depend on its concentration [74].

As mentioned, beyond its paramount role in cell cycle
inhibition and apoptosis, p53 is an EMT suppressor (Fig. 4).
This function is mediated through induction of microRNAs
of the miR-200 and miR-192 families which then suppress
translation of ZEB1 and 2 [75, 76]. In addition to ZEB1 and
2, SNAIL, SLUG and TWIST are upregulated in pancreatic
acinar cells when p53 is knocked out and cells undergo
EMT [77]. p53 downregulates SLUG through promotion
of its mdm2-mediated ubiquitination and proteasome deg-
radation which leads to E-cadherin expression [78]. CDK
inhibitor p21, a p53 transcription target, has been found to
decrease EMT of breast cancer cells induced by Ras and
C-myc (Fig. 4) [79]. In contrast, cancer-associated mutant
p53 promotes SNAIL, SLUG and TWIST induction and EMT
[80–82]. In addition, mutant p53 promotes EMT by interfer-
ing with the function of metastasis suppressor p63 [83, 84].
This is because mutant p53 retains the ability to be phosphor-
ylated and interact with isopropyl isomerase PIN1, thus,
allowing for p63 sequestration and inhibition. Mutant p53
promotes with an unknown mechanism nuclear accumulation
and activity of NF-κB in response to TNFα stimulation [85].
In contrast, mutant p53 lose the ability to act as a suppressor of
hyaluronan receptor CD44 transcription, thus, allowing this
protein to promote EMT [86, 87].

EMT core transcription factors and the UPS

Transcription factors activated through various EMT path-
ways cooperate to induce a set of other transcription regu-
lators that directly suppress the epithelial phenotype and
promote mesenchymal phenotype by dissolving intercellular
junctions through downregulation of E-cadherin and other
junctional components and by upregulating mesenchymal

p53
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miR-200c

miR-192

ZEB1

ZEB2

p21

EMT

Ras c-myc

SLUG

Fig. 4 p53 induces EMT through induction of ligase hmd2 andmiRNAs
of the miR-200 family. In addition, induction of p21 inhibits EMT
inducers Ras and c-myc. Proteins in ovals are directly UPS-regulated.
Arrows denote activation and inverse T signs denote inhibition
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markers such as N-cadherin and vimentin [88]. These core
EMT transcription factors include SNAIL1 and SLUG (also
named SNAIL2), ZEB1 and 2, TWIST1 and 2 and E12/
E47. They cooperate with the intermediate transcription
factors which are direct targets of EMT-inducing pathways.

SNAIL family transcription regulators are upregulated by
growth factor receptor signaling, TGFβ family, WNT,
Hedgehog, NF-κB, NOTCH, G-coupled protein receptors
and Interleukin-6 (IL-6) (Fig. 5) [89–92]. IL-6 upregulates
SNAIL through activation of STAT3 (Signal Transducer and
Activator of Transcription 3) and promotes the metastatic
potential of head and neck carcinoma cells in a xenograft
model [92]. Reciprocally, SNAIL induces WNT signaling
through WNT gene expression [93].

SNAIL, in cooperation with SMAD3 and 4, downregulates
tight junction component CAR (Coxsackie and Adenovirus
Receptor), claudins, occludin and E-cadherin [94]. Cortico-
steroids interfere with SNAIL binding to E-cadherin promoter,
inhibit TGFβ-induced EMTand enhance E-cadherin transcrip-
tion [95]. SNAIL is regulated by ubiquitination-mediated by
ligases MDM2 and βTRCP subsequent to phosphorylation
by kinase GSK3β, and thus, its stability is UPS-dependent
[90, 96].

ZEB1 is regulated by NOTCH signaling, and silencing
NOTCH by siRNA has led to ZEB1 downregulation in
pancreatic cancer cells leading to MET and reversal of gemci-
tabine resistance [90]. ZEB2 is upregulated byNF-κB, TGFβ,
ETS and HIF signaling directly through respective binding
sites in its promoter and by Hedgehog signaling indirectly
through TGFβ [97]. In the same study, it was found that
besides E-cadherin, ZEB2 suppresses cyclin D1 and telomer-
ase (Fig. 6). Through the suppression of these proteins, it
promotes cell cycle arrest and senescence, respectively. Other

important targets of ZEB1 and 2 transcription suppression are
miRs of the miR-200 family [98]. These miRs represent a
family of five members and target ZEB1 and 2 in a feedback
loop in which ZEBs promote EMT, and miR-200 s promote
the reverse process, MET, by repressing ZEBs. miR-200
family member miR-200a also targets β-catenin, another
way of suppressing EMT [99]. ZEB1 suppresses another
miR, miR-203, which is a suppressor of stemness genes
SOX2 and KLF4 and, thus, promotes the stem cell phenotype
[100] and establishes a link between this phenotype and EMT.
A link of stemness and EMT with antineoplastic drugs resis-
tance has been recognized [101].

ZEB1 as well as SLUG has been found to be upregulated
by E3 ligase cullin7/FBXW8 complex, resulting in down-
regulation of E-cadherin and increased invasion of human
trophoblastic cell lines [102]. RNA interference for cullin7
reversed E-cadherin suppression and decreased migration of
these cells.

TWIST bHLH transcription factors play a role in devel-
opment and promote cancer EMT. They are upregulated by
NF-κB and HIF and contribute to E-cadherin downregula-
tion. TWIST further promote EMT by upregulating miRNA
miR-10b which is a repressor of transcription factor
HOXD10, finally resulting in upregulation of RHOC [103,
104]. HOXD10 is a homeobox-type factor which represses
RHOC. RHOC, a Rho family GTPase, is a promoter of cell
motility and is upregulated in various cancer types [105].
The hyaluronan receptor CD44, a stem cell marker activates
kinase c-SRC and promotes TWIST-mediated upregulation
of RHOC providing a link between EMT and the stem cell
phenotype [104]. Another study associates TWIST-induced
EMT and stem cell phenotype with activation of β-catenin
and AKT by this transcription modulator [36]. In addition,
TWIST stimulates IL-6 production and STAT3 activation in
breast cancer cells which display enhanced invasiveness
[106]. As mentioned, STAT3 promotes expression of SNAIL
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Fibronectin
MMP9
WNT

TGFβ
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NF- B
Hedgehog
NOTCH

G-coupled R
IL-6
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Fig. 5 Transcription modulator SNAIL induces EMT downstream of
several pathways and cooperates with TGFβ in this induction. A feed-
forward loop exists with Wnt pathway. Proteins in ovals are directly
UPS-regulated. Arrows denote activation and inverse T signs denote
inhibition
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arrest

senescence

Stem cell
phenotype

ZEBs

Fig. 6 Transcription modulators, ZEBs, are found in the center of
regulation by multiple intermediate EMT transcription factors and lead
to EMT induction but also promote cell cycle arrest, cell senescence
and stem cell phenotype. Proteins in ovals are directly UPS-regulated.
Arrows denote activation and inverse T signs denote inhibition
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[92] and, as a result, a feed-forward mechanism promoting
EMT is established.

TWIST factors have been found to be proteasome sub-
strates at least during apoptosis [107]. Class I bHLH tran-
scription factors E12/E47 stimulate transcription of miR-
495 which is a suppressor of E-cadherin and additionally
promotes stem cell phenotype [108]. E12/E47 and inhibitor
Id are also proteasome regulated [109, 110].

EMT core transcription factors, similar to intermediate
transcription factors important for EMT described in the
previous section, have roles in development and have been
hijacked by cancer. It is probable that adult tissue stem cells
maintain part of embryonal stem cell characteristics that
favor long-term survival and renewal potential and are
primed for EMT if additional signals arrive, explaining the
connection between stemness, inhibition of apoptosis and
EMT. It is important to note that different EMT transcription
factors may contribute to different aspects of the EMT
phenotype, and only their coordinate action under specific
conditions produce EMT. For example, as discussed, the
role of SNAIL in intercellular junction dissolution by E-
cadherin downregulation needs to be complemented with
the action of TWIST for motility promotion by RHOC
upregulation.

Ubiquitin–Proteasome System’s (UPS) role
in transcription

The UPS has an important role in the regulation of the tran-
scription process in general and, through this role, has an
additional influence in the transcription factors of EMT func-
tion and activity. Ubiquitination of proteins taking part in
transcription leads to their proteasomal degradation, directly
to other outcomes or to nondegradational outcomes followed
by proteasome degradation after a required ubiquitin chain has
been added to an initial monoubiquitination [111].

Ubiquitination of transcription machinery components
and histones both play parts in the transcription process. In
many instances, ubiquitination of transcription factors and
cofactors signals for transcription complex assembly followed
by polyubiquitination which interrupts transcription initiation
phase. Coactivators bound to activated transcription factors
recruit histone acetyltransferases such as CBP (CREB Binding
Protein)/p300 and p/CAF (p300/CBP-Associated Factor) and
histone arginine methyltransferases such as CARM1 (Coacti-
vator-associated Arginine Methyltransferase-1) and PRMT-1
(Protein Arginine Methyltransferase-1) [112]. These enzymes
promote histone acetylation and methylation that opens nucle-
osomes in order for the transcription complex to obtain access
to transcription factor-binding sequences in target promoters.
The signal for histone methylation is provided by sequential
histone monoubiquitination and deubiquitination [113–115].

Histones H2A and H2B are part of the nucleosome octamer
comprised of pairs of histones H2A, H2B, H3 and H4wrapped
around 147 bases of DNA. They are both ubiquitinated in
mammalian cells with a greater percentage (10%) of H2A
being ubiquitinated than H2B of which only 1% is ubiquiti-
nated at any given time [116, 117]. Ubiquitination of the two
histones appears to have opposing roles in transcription. H2B
ubiquitination on lysine 123 promotes H3methylation at lysine
4 (H3K4) and promotes transcription, while H2A ubiquitina-
tion has the reverse effect on H3K4 methylation and represses
transcription. The 19S regulatory part of the proteasome is
involved in histone ubiquitination [118, 119]. In addition,
RING domain-containing E3 ligase hPIRH2 (human p53-
induced ring-containing H2) has a role in histone acetyla-
tion. It binds transcription factors such as nuclear receptors
and promotes suppression of histone deacetylase 1
(HDAC1), thereby stabilizing histones in the acetylated
state [120]. Only the wild type hPIRH2 which is able to
downregulate HDAC1 retains the ability to promote tran-
scription, while a mutant not able to repress HDAC1 is
also unable to promote transcription [120].

Concomitant with histone modifications that facilitate
nucleosome dissociation from the promoter transcription
initiation site and transcription machinery binding [121,
122], ubiquitination of corepressors CtBP1/2 and NCoR/
SMRT leads to their proteasome degradation-releasing tran-
scriptional repression in order for the transcription complex
to bind DNA [44]. Many transcription factors such as nu-
clear receptors undergo ubiquitination after DNA binding
[123, 124]. In parallel, a molecular complex called mediator
is recruited and helps recruit, in its turn, RNA polymerase II
to begin transcription [125]. By this time, ubiquitin ligases
complete the attachment of at least four ubiquitin molecules
to transcription factor molecules which can now be recog-
nized by the proteasome for degradation. E3 ligase activity
possessing components of the general transcription machin-
ery may facilitate this ubiquitination [126]. A protein called
TSG101 (Tumor Susceptibility Gene 101) transiently pro-
tects some transcription factors such as the AR from poly-
ubiquitination in order to complete their function on
transcription initiation before degradation [127]. Proteaso-
mal degradation contributes to time regulation of transcrip-
tion as it allows for its prompt termination if no new
transcription factor molecules bind the promoter.

Ubiquitination and the UPS are, thus, contributing to the
regulation of several steps of transcription such as initiation
complex assembly, histone modifications and transcription
elongation. Whether these multiple regulations of transcrip-
tion take place in transcriptional regulation by EMT-
involved transcription factors has not been specifically
reported but this is likely at least for the themes that concern
general transcription components and universal histone
modifications. Indeed, as mentioned in previous sections,
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core EMT transcription factors are ubiquitination targets for
proteasomal degradation, and it remains plausible that the
mechanism of ubiquitination-mediated transcription func-
tion termination is at play for these factors, too. In addition,
ubiquitination-mediated modulation of chromatin landscape
may proceed through modification of transcription cofactors
to influence EMT. For example, ligase CHIP (Carboxyl
terminus of Hsp70-Interacting Protein) has been found to
inhibit coactivator SRC-3 (Steroid hormone Receptor Co-
activator 3) and, thus, interfere with transcription activation
of TWIST and β-catenin and transcription of mesenchymal
marker vimentin [128, 129].

E3 ligases regulating transcription factors of EMT

RING and HECT family E3 ligases participate in EMT
regulation. RING E3s are more abundant and represent
critical regulators of several transcription factors involved
in EMT (Fig. 7). E3 ligases also regulate other carcinogen-
esis processes through the same pathways involved in EMT
signaling and through further substrates that are involved in
carcinogenesis beyond EMT. SCF (Skp1/Cullin/F-box) E3
ligases represent a subfamily of RING-type ligases and
several members are involved in EMT. Their structural
organization groups several proteins and includes a cullin
molecule which is the scaffold protein of the complex, an
F-box protein that associates through a Skp (S phase kinase-
associated protein) protein with cullin and binds the sub-
strate to be ubiquitinated and a ROC (also called RBX)
RING finger protein that links the complex through cullin
with the ubiquitin-loaded E2 enzyme [130]. The assembly
of the ligase complex depends on cullin neddylation, the
association with the ubiquitin-like protein NEDD8, which
opens cullin configuration and facilitates E2 enzyme asso-
ciation [131].

βTRCP, a RING-type E3 ligase of the SCF subfamily,
regulates EMT through its involvement in WNT, Hedgehog
and NF-κB cascades and in SNAIL degradation. βTRCP
recognizes phosphorylated substrates and, thus, the process
of target destruction is tightly regulated by at least one and
sometimes two steps of phosphorylation followed by ubiq-
uitination. In the NF-κB pathway, for example, βTRCP
ubiquitinates multiple substrates including inhibitors I-
κBα, I-κBβ and I-κBγ as well as the precursor NF-κB
forms p105 and p100. Inhibitors I-κB need to be phosphor-
ylated by kinases IKK in order to be recognized by βTRCP
for ubiquitination and then proteasome degradation. Ubiq-
uitination of p105 and p100 leads to partial cleavage by the
proteasome which produces the active factors p50 and p52,
respectively. SNAIL transcription factor is also a target for
βTRCP ubiquitination [132]. As a result, βTRCP has both
promoting and inhibiting roles in EMT.

SKP2 (S-phase kinase-associated protein 2) is the F-box
component of another SCF family RING E3 ligase and is
involved in carcinogenesis processes through regulation of
Cyclin-Dependent Kinase inhibitors p27 and p21 [133].
SKP2 regulates EMT by promoting C-myc transcription. It
ubiquitinates C-myc acting as a cofactor for its transcription
activity [134].

FBW7 (F-box and WD repeat domain-containing 7,
also designated FBXW7 or hCDC4) is another SCF E3
ligase regulating EMT through its role in degradation of
transcription factor C-myc. C-myc ubiquitination by
FBW7 requires the phosphorylation of serine at position
62 by MAPK followed by the phosphorylation of threo-
nine at position 58 by GSK3. These phosphorylations
create the recognition site for FBW7 binding to C-myc
[135]. C-myc is a transcriptional target of NOTCH and,
thus, it is also regulated indirectly by FBW7 as the ligase
targets both NOTCH and presenelin, a component of its
activating enzyme γ-secretase [136].

FBW7 mutations are synergistic with p53 mutations in
cancer induction in experimental models, given that p53
represents a safeguard mechanism of unopposed C-myc
activity. This is a developmentally preserved mechanism.
In hematopoiesis, for example, FBW7 preserves hematopoi-
etic stem cells quiescence, while its deletion results in tran-
sient cell growth due to C-myc and cyclin E (another FBW7
target) [137] overactivity but, finally, to stem cell exhaustion
due to p53-induced apoptosis. Analogously, in carcinogen-
esis, concomitant FBW7 and p53 mutations would lead to
unopposed EMT.

An additional member of the SCF family of ligases
regulating EMT pathways is Cullin 7/FBXW8 [138].
SKP1 participates in the ligase complex associating Cullin
7 with FBXW8, and ROC1 is the E2 recognizing unit. As
mentioned, Cullin 7/FBXW8 plays a role in EMT by par-
ticipating in degrading ZEB 1 and SLUG [102]. In addition,
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Fig. 7 Examples of ubiquitin ligases (in squares) that regulate proteins
involved in EMT. Intermediate and core EMT transcription factors and
structural proteins are among these substrates
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a Cullin 7 ligase complex is further implicated in EMT regu-
lation by interfering with p53 function in a degradation-
independent manner [139]. This complex associates with
p53 and impairs its transcriptional activity without exhibiting
an E3 ligase activity towards it [139]. The mechanism of the
interference of Cullin 7 with p53 function is unknown but may
involve retention of p53 in the cytoplasm. This mechanism
has been shown for another E3 ligase, PARC, which retains
p53 in the cytoplasm [140].

VHL is the substrate-recognizing component of a crucial
ligase that regulates hypoxia responses through transcription
factor HIF. VHL plays a role in EMT both through HIF
regulation and through regulation of other substrates [141].
The complex of the RING ligase in which VHL participates
also includes the scaffold protein Cullin 2, Elongin that links
cullin 2 to VHL and the E2-conjugating enzyme-binding
RING protein RBX1. Beyond HIF, other interacting part-
ners of VHL complex that affect EMT include several
proteins that regulate adhesion and the extracellular matrix
such as fibronectin, hydroxylated collagen IV and micro-
tubules. Renal tight junctions are maintained by VHL action
through upregulation of claudin 1 and occludin [142].

MDM2 (Mouse double minute 2) is a RING-type E3
ligase well-known as a negative regulator of p53. Together
with p53, MDM2 (also known as HDM2 in humans) forms
a regulatory feedback loop functioning in DNA damage (or
other stress) response. MDM2 physiologic action restrains
p53 activity and, being a target gene of p53 transcription,
terminates p53 activity when DNA damage is repaired. The
pathway is also active and important in development [143].
Mdm2 knockout mice are embryonic lethal due to massive
apoptosis except if p53 is also knocked out. In oncogenesis,
dysregulated activity of MDM2 ligase may restrain physio-
logic p53 response and promote neoplastic transformation.

MDM2 is composed of 491 amino acids and contains an
amino terminal p53-binding domain; centrally, an acidic
domain and a zinc finger next to it; and a carboxy terminal
RING domain [144]. A MDM2-related protein, MDM4
(also called MDMX or HDM4 in humans), has the same
domain organization as MDM2 but lacks ligase activity. As a
result, although it can bind p53 and inhibit its transcriptional
activity, it cannot promote its proteasome degradation [145].
Nevertheless, MDM4 binds MDM2, and it can modulate
positively or negatively MDM2 ligase activity in different
settings [144, 146]. MDM2 recognizes other proteins in addi-
tion to p53 for ubiquitination. An important MDM2 substrate
for EMT is, as mentioned in a previous section, transcription
regulator SNAIL [78]. In this way, MDM2 may both promote
EMT by ubiquitinating p53 for degradation and inhibit EMT
by promotion of SNAIL degradation.

Transcription of MDM2 is upregulated by several path-
ways inducing EMT such as TGFβ and receptor tyrosine
kinases pathways [147]. SMAD2- and SMAD3-binding

sites have been identified in one of the two alternative pro-
moters of MDM2 gene [148]. Activation of transcription
factor AP-1 as well as ETS family factors downstream of the
Ras/Raf pathway activates MDM2 transcription through dis-
tinct sites in the same promoter [149, 150]. In addition, MEK–
ERK signaling downstream of Ras upregulates MDM2 post-
transcriptionally by promoting nuclear export of its mRNA
[151]. Thus, MDM2 is induced by several EMT-inducing
transcription factors that may override the decrease of
MDM2 production secondary to p53 suppression required in
the EMT process. Furthermore, the PI3K/AKT pathway acti-
vated downstream of various receptors post-translationally
activates MDM2 through phosphorylation.

Perspectives and conclusion

Although the above discussion of UPS regulation of EMT-
related transcription is not meant to be exhaustive, a glimpse
of its complexity becomes evident. This discussion reveals
also the close relationship of EMTwith other carcinogenesis
processes which share essentially the same signaling and
transcription factors. Several transcription factors well-
known for their implication in malignancy such as NF-κB,
HIF and C-myc are primary players in EMT, while the
foremost tumor suppressor p53 is concomitantly an impor-
tant EMT suppressor. Deeper inside EMT regulation, a layer
of core transcription factors cooperate with intermediate
transcription factors for direct changes leading to the exe-
cution of EMTwith dissolution of adhesions and mesenchy-
mal marker induction.

The recent revelation that EMT phenotype is associated
with stem cell phenotype [8] and drug resistance [101] has
implications for understanding carcinogenesis but also over-
coming this resistance. It argues for a common signaling
matrix that originates and serves development and is
hijacked by the neoplastic process. An additional argument
is offered by the connection of EMT signaling with asym-
metric cell division, characteristic of normal and cancer
stem cells. Asymmetric cell division is regulated by factors
playing roles in EMT such as TGFβ and p53 [18, 152], and
as a result, it enters the list of the processes with a close
relationship and common regulation with EMT. The UPS, as
a regulator of these factors, enters the equation in multiple
knots. Thus, a therapeutic intervention could be introduced
in several levels. For the time being, the only antineoplastic
drug in clinical use directly affecting the UPS, proteasome
inhibitor bortezomib, acts in a point where specificity is
precluded. One could imagine that inhibition of other parts
of the system such as individual ligases could offer thera-
peutic specificity dependent on molecular lesions of indi-
vidual carcinomas. For example, ubiquitination of p53 by
MDM2 could be a target of therapeutic intervention in
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tumors that harbor wild type p53 [153]. Several inhibitors of
MDM2/p53 interaction such as cis-imidazoline compound
nutlins as well as thiobenzodiazepine compounds are under
investigation [154, 155]. In contrast, use of inhibitors of
MDM2 E3 ligase activity could be more complicated given
that, as mentioned, MDM2 have other ubiquitination targets
such as SLUG, stabilization of which would have EMT-
promoting effects. This example illustrates the subtleties
that the transfer of molecular interventions to the clinical
arena may hold. Nevertheless, a therapeutic intervention that
successfully inhibits EMT could have a significant impact
inhibiting not only metastasis but also parallel processes of
carcinogenesis served by the same pathways.
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