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Abstract

Infection with H. pylori induces a strong host cellular response represented by induction of a set of molecular signaling
pathways, expression of proinflammatory cytokines and changes in proliferation. Chronic infection and inflammation accom-
panied by secretory dysfunction can result in the development of gastric metaplasia and gastric cancer. Currently, it has been
determined that the regulation of many cellular processes involves ubiquitinylation of molecular effectors. The binding of
ubiquitin allows the substrate to undergo a change in function, to interact within multimolecular signaling complexes and/
or to be degraded. Dysregulation of the ubiquitinylation machinery contributes to several pathologies, including cancer. It
is not understood in detail how H. pylori impacts the ubiquitinylation of host substrate proteins. The aim of this review is to
summarize the existing literature in this field, with an emphasis on the role of E3 ubiquitin ligases in host cell homeodynam-

ics, gastric pathophysiology and gastric cancer.
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Ubiquitin code

Much progress has been achieved in recent years in under-
standing the role of ubiquitinylation, which influences pro-
tein stability and function and thereby regulates a broad
range of cellular processes. Ubiquitin, a 76-amino acid
protein, can be attached via its glycine 76 residue to the
e-amino group of an internal lysine residue in a target pro-
tein via three steps: first, it forms a high-energy thioester
linkage with a cysteine in the active site of an ubiquitin-
activating enzyme (E1) in an ATP-dependent manner; sec-
ond, it is further transferred to a cysteine in the active site of
an ubiquitin-conjugating enzyme (E2); third, the ubiquitin-
E2 complex interacts with an E3 ubiquitin ligase, which
recruits a target protein via specific protein—protein interac-
tion domains [1] (Fig. 1a).
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Interestingly, the conjugation of other ubiquitin-like
molecules, e.g., small ubiquitin-like modifier 1 (SUMO1),
FAT10, ISG15, and NEDDS&, to a protein substrate involves
an analogous stepwise mechanism [2].

In humans, more than 600 E3 ubiquitin ligases have
been described, and their diverse structures determine their
selectivity towards ubiquitin acceptors. To date, E3 enzymes
are classified into three main groups: homologous to the
E6-associated protein carboxyl terminus (HECT) ligases (28
members), the really interesting new gene (RING) family
(600 members) and RING-between-RING (RBR) family (14
members) [3] (Fig. 1b). HECT-type E3 ligases directly bind
ubiquitin via their active site cysteine before they transfer it
to the protein substrate. RING ligases lack a catalytic site, do
not form thioester intermediates with ubiquitin and typically
function as scaffolds and allosteric regulators. Features of
the first two families are combined in the RBR family mem-
bers for their sophisticated regulation: the RING1 domain
of the RBR ligase recruits the E2-ubiquitin conjugate, and
the catalytic cysteine in the RING2 domain binds a glycine
in activated ubiquitin [4].

On a protein substrate, ubiquitin can form polypeptide
chains where the C-terminus of one molecule binds to
the methionine 1 (Metl) residue or one of seven internal
lysines (6, 11, 27, 29, 33, 48 or 63) of a previously attached
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Fig. 1 a Multistep process of ubiquitinylation. The glycine residue at
the C-terminus of ubiquitin reacts with an internal cysteine residue
of an ubiquitin-activating enzyme (E1) and, in follow, with a cysteine
of an ubiquitin-conjugating enzyme (E2). The E2 interacts with an
E3 ubiquitin ligase, which facilitates formation of a stable isopeptide
bond between the glycine residue at the C-terminus of ubiquitin and
a specific internal lysine residue of a substrate protein (1). HECT-
type E3 ligases and RING-between-RING (RBR) E3 ubiquitin ligases
interact with the E2 enzyme and form a thioester intermediate with
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ubiquitin before transfer it to a substrate (2). b Types of E3 ubiqui-
tin ligases and composition of a multisubunit cullin-RING ligase.
E3 ubiquitin ligases are represented by 3 main groups according to
their structure and ability to react with ubiquitin. In the multisubu-
nit RING-type E3s, adaptor proteins can be represented by Skpl or
elongin molecules. SRS substrate recognition subunit, APC/C the ana-
phase promoting complex/cyclosome, Rbx RING-box protein. The E3
ubiquitin ligases mentioned in the review are depicted
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ubiquitin molecule. Such polyubiquitin chains can be assem-
bled through homogeneous or heterogeneous linkage types;
they differ in topology and length, and they determine the
fate of the protein substrate. It has been proposed that mon-
oubiquitinylation can alter protein localization, Lys48-linked
ubiquitinylation targets protein substrates for proteasomal
degradation, and Met1-linked (linear) or Lys63-linked poly-
ubiquitinylation leads to interaction of the protein substrate
with ubiquitin-binding domains (UBDs) of effector proteins
and thereby triggers the formation of multimolecular pro-
tein nodes essential for cellular signal transmission [5]. The
abundance of diverse ubiquitin chains, their distribution,
and their specificity towards particular substrates and cel-
lular processes remain poorly understood. It is also not clear
whether the amino acid sequence surrounding the lysine res-
idue in the protein substrate can determine ubiquitin chain
binding and structure [6].

Ubiquitin adducts can be cleaved by deubiquitinylases
(DUBS). In the human genome, there are approximately
100 DUBSs, which have redundant activity, to some extent,
towards different substrates; the target specificity of these
DUBs is under intensive investigation. Generally, the high
number of E3 ligases and DUBs, as well as the diversity of
polyubiquitin chains make the ubiquitin signaling machinery
very complex. However, mutations in particular DUBs and
E3 ligases cause severe disorders. For example, mutations in
CYLD, USP8, A20 and the von Hippel-Lindau tumor sup-
pressor (VHL; elongin-cullin-2-VHL (CRL2YHL) E3 ubiq-
uitin ligase) are related to cylindromatosis, Cushing disease,
autoinflammatory syndrome and heritable cancer syndrome,
respectively. These observations generate motivation to fur-
ther investigate the ubiquitinylation process and to develop
pharmacological tools for its therapeutic targeting [7].

Bacteria and ubiquitinylation

In bacteria, two types of polypeptide modifiers interacting
with a substrate lysine have been described: prokaryotic
ubiquitin-like protein (Pup) in Actinobacteria (Mycobacte-
rium tuberculosis, for example), which targets bacterial pro-
teins for degradation, and bacterial ubiquitin-fold polypep-
tides small archeal modifier proteins (SAMPs) and Thermus
tRNA-two-thiouridine B (TtuB), that differ from ubiquitin
in sequence but share a common structural p-grasp fold [8].
There are no conventional E2 or E3 enzymes which would
mediate ubiquitin-like post-translational modifications
(PTMs) in bacteria, however, some prokaryotic enzymes
are able to manipulate the eukaryotic ubiquitin system.
Being secreted or injected into the host cell via their multi-
protein secretion systems, the bacterial effectors can mimic
the function of host E1, E2 or E3 enzymes, use an alterna-
tive ATP-independent mechanism or exhibit isopeptidase

activity. Such enzymes were classified in several groups,
including novel E3 ligases (NELs) (Salmonella’s SspH and
Shigella’s IpaH proteins) and homologs to the eukaryotic
HECT-type and RING-type E3 ligases (Salmonella’s SopA,
NleL and NleG from pathogenic Escherichia coli) [8]. They
can compete with the host E3 ligases for E2 binding and
induce Lys48-linked ubiquitinylation and, thereby, cause the
mislocalization and proteolysis of host proteins. For exam-
ple, IpaH9.8 promotes ABIN-1-dependent ubiquitinylation
of NF-kB essential modulator (NEMO) and its proteasome-
dependent degradation [9]. Bacterial effectors can affect the
host ubiquitinylation machinery by inducing inactivation of
E1 and E2. For example, enteropathogenic Escherichia coli
(EPEC) induce aspartyl protease-dependent degradation of
El Ubcl and UBAG, the only two El enzymes in mamma-
lian cells, and cause a profound decrease in overall levels of
ubiquitinylated proteins in HeLa cells [10]. Shigella flexneri
protein Ospl can deactivate E2 Ubc13 (UBE2N) through
deamidation of its glutamine 100 and thus inhibit TNF
Receptor-Associated Factor (TRAF) 6-NF-kB axis [11].

By influencing ubiquitinylation directly or indirectly, the
bacterial effectors interfere with the key signaling pathways
involved in the regulation of the cell cycle or innate immu-
nity. Such strategy allows bacteria to mitigate inflammatory
responses and to survive using the host cells as nutrients
source.

For Helicobacter pylori, no bacterial effector has been
described yet which would directly interfere with ubiquitin
transferase reactions in host cells. However, the host cells
infected with H. pylori demonstrate strong activation of
ubiquitin-dependent signal transmission.

Host cell protein ubiquitinylation in H. pylori
infection and gastric cancer

H. pylori is a microaerophilic, gram-negative bacterium,
which infects gastric mucosae of about two-thirds of the
world’s human population. H. pylori is a main cause of
gastritis, sometimes asymptomatic (www.CDC.gov). Pro-
longed infection with H. pylori is a risk factor for peptic
ulcer disease and gastric carcinoma development, especially
when combined with such factors as a salty diet, smoking,
other chronic infections or host genetic predisposition (e.g.,
polymorphism in some genes). Despite intensive investiga-
tions in the field, gastric cancer remains one of the leading
causes of cancer death worldwide, following lung cancer
[12]. This reflects low-efficiencies of preventive diagnostics
and therapy strategies, and further motivates for searching
of new diagnostic markers and drug targets.

H. pylori harbors a variety of virulence factors supporting
adaptation of the bacteria to the environment and coloniza-
tion of the human stomach. These include among others:
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urease, outer membrane proteins and adhesins, e.g., BabA,
SabA, OipA, HopQ, vacuolating cytotoxin A (VacA), pro-
teases, including HtrA, proinflammatory pathogen-associ-
ated molecular pattern (PAMP) molecules -ADP heptose
and the cytotoxin-associated gene pathogenicity island (cag-
PAI) gene products (Fig. 2). Most of the cagPAI-encoded
proteins form a type 4 secretion system (T4SS), a pilus-like
macromolecular transporter, which delivers cytotoxin-asso-
ciated gene A (CagA), also a cagPAI gene product, into the
cytoplasm of the host cell [13, 14]. CagA has been proposed
to contribute to gastric carcinogenesis, but the mechanism
is still under investigation. In the host cell, CagA interacts
with a number of proteins via its intrinsically disordered
C-terminal tail containing the Glu-Pro-Ile-Tyr-Ala (EPIYA)
motifs and the CagA multimerization motif. It binds and
deregulates Src homology 2 domain-containing protein
tyrosine phosphatase 2 (SHP2) (Fig. 2) and polarity regula-
tor partitioning-defective 1b (PAR1b) leading to changes in
actin cytoskeleton dynamics [15]. H. pylori with functional
CagPALI are strong inducers of the host kinases JNK1/2,
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p38, protein kinase C, Src and transcription factors AP-1
and nuclear factor kB (NF-xB) in gastric epithelium [16,
17]. The AP-1 and NF-xB, which drive the expression of
proinflammatory molecules interleukin (IL)-1, IL-6, IL-8
and cyclooxygenase-2 (COX-2), represent a key defensive
mechanism against infection agents. In addition to its role in
innate immunity, NF-xB regulates expression of the pro-pro-
liferative cyclin D1, p21, c-Myec, vascular endothelial growth
factor (VEGF), epidermal growth factor receptor (EGFR),
glucocorticoid receptor; anti-apoptotic Bcl-2, Bcel-X;, and
cellular inhibitor of apoptosis (cIAP) proteins [18]. Long-
lasting H. pylori infection together with host proinflamma-
tory mediators, including TNF, IL-1, IL-6, and reactive
oxygen species released by endothelial and immune cells,
stimulate a net of signaling pathways and transcription fac-
tors, that finally accelerates a cell turnover in the targeted
tissue. Together with a deficit in DNA repair, it promotes a
carcinogenic transformation [19, 20].

It has been reported that an infection with H. pylori
influences the host ubiquitin—proteasome system that is
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Fig.2 H. pylori virulence factors have impact on host cell signal-
ing pathways. H. pylori secrete urease, which increases pH in the
microenvironment and supports bacterial survival. A set of adhes-
ins allow the bacteria to attach to the host cell surface and to build
a T4SS. CagA and, putatively, ADP-heptose are translocated through
the T4SS to the cytoplasm and activate SHP2 or ALPKI1/TIFA,
respectively. ADP-heptose triggers activation of the classical NF-xB
pathway. MAP kinases JNK and p38 and the non-classical NF-kB
signaling pathway are regulated in a T4SS-dependent but CagA-
independent manner (dashed arrows). Bacterial factors responsible
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for activation of the Akt and MEK/ERK signaling pathways are not
known, although an involvement of some adhesins has been dis-
cussed. The T4SS and CagA seem to be dispensable for these path-
ways. H. pylori secrets VacA, which internalizes into host cells,
undergoes processing and assembles in stable hexamers that form an
ion channel in intracellular membranes. It induces formation of giant
vacuoles and, finally, cell death. A serine protease HtrA secreted by
H. pylori cleaves E-cadherin and thereby is involved in disruption of
adherens junctions and epithelial integrity during infection
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represented by the increase of ubiquitinylated proteins
and reduction of DUB USP7 at the protein and transcript
levels in the cell culture in a partially cagPAI- and CagA-
dependent manner [21]. On the other hand, an increase of
total ubiquitinylation (in AGS cells infected with H. pylori
26695) was not detected by Alvarez et al. [22]. Further,
Necchi et al. found in gastric endoscopic biopsies from
dyspeptic patients an accumulation of H. pylori virulence
factors VacA, CagA, urease and outer membrane proteins
together with E1, polyubiquitinylated proteins and protea-
some components in particle-rich cytoplasmic structures
(PaCS) [23]. Similar co-localization was found in infected
human epithelial cell lines [23]. It has been suggested that
the proteasome-enriched structures could modulate inflam-
matory and proliferative responses in the gastric epithelium.
The proteasome activity has been found to support H. pylori
adhesion to AGS cells. This mechanism involved a cullin-3
interactor (and perhaps a substrate adaptor) KCTDS5, which
was ubiquitinylated and further degraded in a CagA- and
VacA-independent manner [22].

E3 ubiquitin ligases TRAF6 and SCFF~™? in NF-kB
regulation

Major signaling pathways triggered by H. pylori, includ-
ing the NF-xB, involve a set of E3 ubiquitin ligases and are
strongly regulated by ubiquitinylation. The NF-kB signaling
pathway participates in a broad spectrum of physiological
and pathophysiological processes, such as cell proliferation,
apoptosis, innate and adaptive immune responses and tumo-
rigenesis [24]. In mammals, the NF-«xB transcription fac-
tors family consists of five members known as RelA, RelB,
c-Rel, p50/p105 (NF-xB1), and p52/p100 (NF-xB2). All
the members contain an N-terminal domain of about 300
amino acids known as the Rel-homology domain (RHD),
which mediates DNA binding and dimerization. The NF-xB
subunits can form homo- or heterodimers in vivo. The Rel
subfamily RelA, RelB and c-Rel are associated with one of
the inhibitor of kB (IkB) proteins: IkBa, IkBp or IkBe, and
thereby retained in the cytoplasm in unstimulated cells [25].

p50 and p52 are translated as large precursor proteins
p105 and p100, respectively. The C-terminal regions of p105
and p100 contain ankyrin repeats important for protein—pro-
tein interaction. The folding of the ankyrin domain masks
the nuclear localisation sequence within N-terminal part of
p100 and p105, making these proteins to be localized in the
cytoplasm of unstimulated cells, where they, similar to IkBs,
bind and sequester Rel proteins [26].

Although NF-xB subunits are ubiquitously expressed,
they are regulated in a stimulus-specific and cell/tissue-
specific manner. The classical and the non-canonical path-
ways trigger the activation of NF-xB transcriptional activity
(Fig. 3). The classical pathway is induced in response to

various inflammatory stimuli, such as cytokines TNF and
IL-1B, the T-cell receptor (TCR) ligands or the PAMPs,
such as bacterial lipopolysaccharide (LPS) and f-ADP hep-
tose [27, 28]. Upon stimulation, diverse receptor-proximal
molecular complexes are activated, including TNF receptor-
associated protein with death domain (TRADD)/TRAF2/
receptor-interacting protein kinase 1 (RIPK1) or MyD88/
TIR Domain Containing Adaptor Protein (TIRAP)/TRIF-
related adaptor molecule (TRAM); this ultimately leads to
an activation of the IkB kinase (IKK) complex (Fig. 3). The
IKK complex consists of three subunits: the functionally
non-redundant kinases IKKa and IKKf and a regulatory
subunit NEMO [27]. The signal transmission requires con-
text-dependent non-degradative ubiquitinylation of RIPK1,
NEMO and other intermediators, such as IL-1 receptor-
associated kinase 1 (IRAK1) and TRAF6. IKKP mediates
the phosphorylation of IkBa at Ser32 and Ser36. The phos-
phorylated serines of the [kB members function as a bind-
ing site for WD-40 domains of F-box protein -transducin
repeat-containing proteins (B-TrCP), the substrate recogni-
tion subunits of the cullin-RING E3 ligase SCFP~TF [29].
This process results in the Lys48-linked ubiquitinylation
and the subsequent fast degradation of the IkBs, liberating
NF-«xB complexes (predominantly RelA:p50 and c-Rel:p50
dimers) to enter into the nucleus and switch on the transcrip-
tion of target genes.

The non-canonical signaling pathway is activated in
response to lymphotoxin (LT) al1p2 heterotrimers, receptor
activator of NF-xB ligand (RANKL), the B cell activating
factor (BAFF), CD40 ligand (CD40L), LIGHT, TNF-like
weak inducer of apoptosis (TWEAK), but not to TNF and
the most classical NF-kB stimuli [30]. The signals are trans-
duced by specific TNF receptor family members, such as
LTp receptor (LTPR) and RANK, which are essential for
lymph node and osteoclast genesis and homeostasis, and by
the BAFF receptor, CD40 and CD27, which regulate B-cell
survival and proliferation [26]. One important function of
these stimuli is to prevent a degradation of the NF-«xB induc-
ing kinase (NIK), which further phosphorylates IKKa and
recruits it into the p100 complex (associated with RelB)
(Fig. 3). Ser866 and Ser870 phosphorylations are a prereq-
uisite for a recruitment of the SCFP~T? ubiquitin ligase,
Lys48-linked ubiquitinylation at Lys855, and the subse-
quent processing of p100 by the 26S proteasome [31, 32].
Simplifying, the canonical pathway is implicated in the first
line inflammatory response, and the non-canonical pathway
is required for development of the lymphoid organs, e.g.,
lymph nodes, spleen and Peyer’s patches [33].

Both pathways are activated in H. pylori-infected cells,
and this activation requires intact CagPAI [34-36]. The
bacterial T4SS is strongly required for the NF-xB activa-
tion [37-39] (Fig. 2), but the exact mechanism is not clear.
Intriguingly, an intermediate in bacterial LPS synthesis
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B-ADP heptose is crucial and induces a robust NF-xB
response in AGS cells, when applied in vitro in concentra-
tions low as 10-50 nM [28]. Whether live H. pylori deliv-
ers this compound to the host cell through the T4SS should
be further clarified. The bacterial monosaccharides directly
activate alpha-kinase 1 (ALPK1), which phosphorylates
TRAF-interacting protein with forkhead-associated (FHA)
domain (TIFA). Activated TIFA oligomerizes and interacts
eventually with signaling adaptor TRAF2 and, probably,
with the RING-type E3 ubiquitin ligase TRAF6, which
leads presumably to the TRAF6 activation [40, 41]. Activa-
tion of IKKs in an in vitro reconstitution system requires
TIFA, TRAF6, the E2 enzyme Ubc13 (UBE2N)), its cofac-
tor Uevl A and the TGFp-activated kinase 1 (TAK1) kinase
complex. It confirms an important role of ubiquitinylation
in the IKK activation [41]. The exact molecular mechanism
of TRAF6 activation by (dimerized) TIFA is still a matter
of investigation [42].

TRAF6 is known to catalyze the binding of Lys63-
linked ubiquitin conjugates to NEMO, IRAK1, TAK1 and
itself upon Toll-like receptor (TLR) and IL-1f receptor
stimulation. Auto-ubiquitinylation promotes interaction of
TRAF6 with UBDs of other proteins, creating a wide inter-
action network. In H. pylori-infected AGS cells, TRAF6
transiently associates with the molecular complex TAK1/
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TAB1/TAB2 most likely via the UBD of TAB2 [43].
TAKI1 undergoes Ubcl13-mediated Lys63-linked ubiquit-
inylation at Lys158 [44]. The complex further interacts
with IKKs, leading to IkBa and RelA phosphorylation [45]
(Fig. 3). Importantly, the TAK1/TAB1/TAB2 complex
interacts with a number of proteins, including the RING-
type E3 ligases tripartite motif (TRIM)21 and TRIM28,
which could further modulate the downstream signaling
cascade [45].

Fast degradation of IxkBa after infection with H. pylori
has been detected in several cell lines. The inhibition of
proteasomal proteolysis with MG132 blocked both degra-
dation of IkBa and IL-8 production induced by H. pylori
[46]. Based on data from other experimental models, the
SCFP~TP E3 ubiquitin ligase is considered to be responsible
for Lys48-linked ubiquitinylation of IkBa, despite of the fact
that an involvement and the regulation of SCFP~TP in H.
pylori infection have never been addressed experimentally.

Two homologous F-box proteins, B-TrCP1 (FBXW1)
and B-TrCP2 (FBXW11) are redundant in functions and,
in addition to IxBa, p105 and p100, can target for pro-
teasomal proteolysis some upstream components of the
NF-xB signaling pathway, including IRAK1 and protein
kinase D1 in response to IL-1 and LPS, respectively [47,
48]. Thus, these E3 ligases can both promote and inhibit
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NF-xB by targeting different effectors on different path-
way levels. This can certainly complicate an interpretation
of B-TrCP depletion experiments. In addition, many sub-
strates of the SCFP~TP are the hub regulators of cell cycle
and proliferation (such as Weel, Cdc25A, E3 ubiquitin
ligase FBXOS5 (Emil), cyclin D1, pB-catenin), migration
(such as Snail, Twist), and apoptosis (BimEL, procaspase
3). It points to the complex role of the SCFP~TP in cel-
lular physiology and pathology [49]. The p-TrCP gene is
rarely mutated in gastric cancer: five somatic missense
mutations in the f-TrCP coding gene were found by Kim
et al. (2007) in about 5.2% (95 patients) of the investi-
gated tissue samples. In all these samples, the stabilization
of pB-catenin, a classical substrate of the SCFP-TCP was
detected by immunohistochemistry, despite genes encod-
ing B-catenin and its regulators Siah-1, Axin, p53 and APC
were not mutated [50].

The mechanism of the non-canonical NF-kB activation by
H. pylori is not entirely resolved. The infection of epithelial
cell lines with bacteria results in a T4SS-dependent induc-
tion of p100, its cleavage to p52, NIK stabilization, nuclear
translocation of RelB:p52, and expression of chemokines
CXCL13, CXCL10 and CCL20 [35, 36, 51]. It has been
hypothesized that H. pylori either directly stimulated the
LTPR during the T4SS—host cell plasma membrane interac-
tion [36] or involved the canonical NF-xB, which induced
expression of p100, LTa and LTp genes [35]. In addition, H.
pylori infection has been shown to stimulate expression of
LIGHT (but not BAFF, CD40L and TWEAK) independently
of canonical NF-kB in gastric cell cultures and biopsies from
patients with gastritis and early gastric tumors [35]. How-
ever, it remains to be investigated, how NIK accumulation
is achieved upon infection. In unstimulated cells, newly syn-
thesized NIK rapidly binds to the adaptor protein TRAF3
and interacts thereby with the TRAF3-bound TRAF2 and
E3 ligases cIAP1 and cIAP2. This leads to cIAP-mediated
Lys48-linked ubiquitinylation of NIK and its proteasomal
degradation [26, 30] (Fig. 3). The recruitment of some com-
ponents of the complex to the TNF superfamily receptors in
the non-canonical NF-kB pathway impedes TRAF3-TRAF2-
cIAPs interaction and NIK ubiquitinylation. TRAF3 and
TRAF2 can also be downregulated through Lys48-linked
ubiquitinylation and cIAPs are also activated and de-acti-
vated through ubiquitinylation [52, 53]. In H. pylori-infected
cells, it has been shown that TRAF2 becomes recruited to
the LTPR [36].

The NF-xB pathways have been studied in conjunction
with chronic inflammation and gastric cancer. Changes in
the expression of p105/p50, RelA and IKKa, RelA phospho-
rylation and cellular localization, as well as overexpression
of target genes, including IL-6, matrix metalloproteinases,
VEGEF, were described in gastric cancer tissue [19, 54]. An
abnormal expression of TRAF6 detected in gastric cancer

tissues can be causative for enhanced proliferation, impaired
differentiation, promoted stemness and migration [55, 56].
Infection-induced or dysregulated NF-xB contributes to gas-
tric carcinogenesis via supporting both sustained inflamma-
tion and survival of damaged cells [19].

RING-type E3 ubiquitin ligases inhibitor
of apoptosis (IAP)s at crossroads of inflammation
and cell death

Members of the IAP group, also known as baculoviral
IAP repeat containing (BIRC) proteins, act as E3 ubiquitin
ligases towards initiator caspase 8 and effector caspases 3
and 7, RIPKs, TRAF2, NIK, ASK1, NEMO, IKKge, B-cell
lymphoma/leukemia 10 (Bcl10), themselves, and their nega-
tive regulator DIABLO/second mitochondria-derived activa-
tor of caspases (SMAC). IAPs participate in signaling path-
ways triggered by the TNF receptor family, TLRs, NOD-like
receptors and RIG-I-like receptors, and are involved in regu-
lation of many cellular processes, including inflammatory
signaling, proliferation, apoptosis and motility [57].

The human IAP family consists of NAIP (BIRC1), cIAP1
(BIRC2), cIAP2 (BIRC3), X-linked-IAP (XIAP, BIRC4),
survivin (BIRCS), Bruce (BIRC6), Livin/melanoma-IAP
(ML-IAP, BIRC?7), testis-specific IAP (Ts-IAP)/hILP2
(BIRCS). The IAPs contain 1-3 baculoviral TAP repeats
(BIR) for protein—protein interaction. XIAP, cIAP1, cIAP2,
ML-IAP, and ILP2 have an UBA domain, which enables
the binding of polyubiquitin conjugates. All IAPs except
survivin have also the RING and the caspase-activating
and recruitment domain (CARD), responsible for E3 ligase
activity and protein—protein interactions, respectively [58,
59].

The interest in IAPs originates from their role in apop-
tosis. The extrinsic apoptotic pathway is activated follow-
ing binding of FAS receptor (CD95) and TNF receptor with
their ligands FasL. and TNF, respectively. The intrinsic path-
way is triggered by, e.g., toxins, hypoxia and DNA damage,
and implements mitochondria. In both cases, caspases are
sequentially activated, resulting in degradation of structure
proteins and DNA fragmentation. The role of IAPs in regula-
tion of apoptosis is mostly related to their ability to directly
bind to and inhibit caspases 3, 7, 9 (described for XIAP) and
to manipulate RIPK1 ubiquitinylation, which promotes pro-
survival NF-kB and inhibits cell death in response to TNF
(described for cIAP1 and cIAP2) [60].

In detail, an activation of the TNF receptor 1 leads to
the assembly of the receptor-proximal complex-I consisting
of TRADD/TRAF2/RIPK1/cIAP1 and cIAP2, where cIAPs
became auto-ubiquitinylated and catalyze ubiquitinylation of
RIPK1 and probably other interactors (Fig. 3). The non-deg-
radative ubiquitinylations Met1, Lys11 and Lys63 assist in
recruiting of the TAK1/TAB2/TAB3 and the E3 ligase linear
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ubiquitin chain assembly complex (LUBAC, composed of
HOIL/HOIP/SHARPIN) to the receptor-proximal complex-
I. Subsequently, LUBAC mediates linear ubiquitinylation of
different components of complex-I (RIPK1, TRADD and
TNF receptor 1) and supports recruitment and activation of
IKKs [61]. It is believed that the described events prevent
the formation of a pro-apoptotic signaling complex, referred
to as complex-II or necrosome, in the TNF-initiated extrinsic
apoptotic pathway [62]. Genetic deletion of cIAPs abrogates
RIPK1 ubiquitinylation, leading to complex-II formation and
RIPK1-mediated cell death in response to TNF [63].

On the other hand, cIAPI1, via its UBA domain, can
repress RIPK1 auto-activation and promote Lys48-linked
ubiquitinylation and degradation of RIPK1. This could be
a feedback mechanism to limit RIPK1-mediated proinflam-
matory or cytostatic effects [62]. In addition, cIAPs prevent
constitutive activation of non-canonical NF-xB signaling
through degradative ubiquitinylation of NIK, as described
in the previous section (Fig. 3).

Dysregulation of cIAPs is implicated in the pathogenesis
of several lymphoma types, including Burkitt lymphoma and
mucosa-associated lymphoma tissue (MALT), lung cancer
and X-Linked lymphoproliferative syndrome. Noteworthy,
MALT lymphomas might be proceeded by chronic antigenic
stimulation and are strongly associated with CagA(+) H.
pylori infection [64, 65]. The most common structural
chromosomal abnormality in MALT lymphoma is the gen-
eration of the API2-MALT] fusion transcript and chimeric
protein, which comprises the N-terminal API2(cIAP2)
region with three intact BIR domains and the C-terminal
MALT] region containing an intact caspase-like domain.
The cIAP2-MALT1 chimeric protein lacks E3 activity, and
it leads to a decrease in ubiquitinylation and cleavage of
cIAP2 and MALT1 target Bcl10 in MALT lymphomas.
Bcll0 and cIAP2-MALT1 synergistically activate NF-kB
and proliferation of lymphocytes [66]. In addition to its role
in B- and T-cell signaling network, Bcl10 can function as an
adapter protein downstream of the TNF receptor 1-TRADD-
RIPK1 complex and NIK in other types of cells. MALT1 is
involved in nuclear export of Bcl10 but can also interact and
promote the activity of TRAF6. Worthy of note is that Bcl110
and MALT1 were not involved in the activation of NF-kB by
H. pylori in epithelial AGS cells, as has been shown using
specific siRNAs [67].

Increased expression of cIAP2 was found in 70% of
human gastric cancer tissues if compared to non-cancerous
gastric tissue, at both mRNA and protein levels (by PCR and
immunohistochemistry (IHC)) [68]. cIAP2 (but not cIAP1
and XIAP) was found to be expressed at a higher level in
well-differentiated gastric cancer cell lines (MKN7, MKN74
and NCI-N87) than in moderately (SGC-7901) or poorly dif-
ferentiated gastric cancer cells (SNU-1, AGS), at the mRNA
level. Depletion of cIAP2 in SGC-7901 cells resulted in a
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30% decrease in cell proliferation, a 20% increase in apop-
tosis and delayed migration [68]. Some studies have found
an enhanced expression of XIAP in the gastric carcinoma,
which was associated with advanced stage and poor prog-
nosis [69, 70].

Chang et al. (2004) have detected an increased protein
level of cIAP in the cancer tissues compared to the adjacent
non-cancer tissues, and in stomachs of H pylori-positive
patients. Stage III and IV patients had significantly higher
concentrations of IAP than stage I and II patients. Interest-
ingly, similar data were obtained for NF-xB and iNOS, as
well as for 8-OHdAG concentration, which is an indicator for
oxidative DNA damage [71]. Further, an increase of cIAP2
mRNA in subjects with H. pylori-positive atrophic gastritis
and intestinal metaplasia or early gastric cancer was detected
in comparison to H. pylori-negative controls without
atrophic gastritis and intestinal metaplasia. In the H. pylori
eradication group, expression of the cIAP2 mRNA and the
protein significantly decreased and apoptosis increased at
the 12-month follow-up after endoscopic submucosal dissec-
tion. Expressions of survivin, cIAP1, XIAP, and NAIP were
not changed in this study [72]. Remarkably, in other stud-
ies it has been detected that the survivin protein level was
decreased in the mucosa of patients with H. pylori-related
gastritis [73]. In gastrointestinal cell culture, different H.
pylori strains induced survivin downregulation, which cor-
related with apoptosis and loss of cell viability. Overexpres-
sion of survivin conferred the viability of the infected cells
[73]. Further, an effect of a specific survivin inhibitor was
studied in gastric cancer cell xenografts (without infection).
Here, expansion and growth of the cancer stem cell-like cells
was suppressed concomitantly with downregulation of the
protein levels of B-catenin, c-Myc, cyclin D1 and CD44 [74].

With regard to cIAP2 in experimental infection mod-
els, Sydney Strain 1 of H. pylori led to an enhanced cIAP2
expression in gastric tissue of C57 mice already after
2 weeks post challenge [68]. In gastric epithelial cell lines
MKN45 and AGS, CagPAl-positive H. pylori strains have
been shown to up-regulate the expression of cIAP2 within
the first hours post infection (p.i.) [75-77]. This effect was
executed via NF-xB transcriptional activity, as it was dem-
onstrated using NF-kB inhibitor CAPE [76]. An H. pylori
infection is associated with a slightly induced apoptotic
death in cell cultures [75, 77, 78], and depletion of cIAP2
(in MKN45 cells) potentiates this effect [76]. Therefore, H.
pylori-activated NF-kB signaling pathway can support cell
survival by up-regulating cIAP2 expression. Because of its
central role in the non-canonical NF-xB pathway, cIAP2
prolonged upregulation could play an important role in H.
pylori-related MALT lymphoma pathogenesis [64].

XIAP, which inhibits apoptosis through binding intrinsic
caspases, can be activated by phosphorylation in a CagA-
dependent manner, leading to enhanced ubiquitinylation
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and proteasomal degradation of the host proapoptotic fac-
tor Sival, supporting thereby survival of human cells with
damaged DNA [79]. It remains unknown, whether and how
other IAPs (BIRC6-8) are regulated upon infection, despite
the IAPs family members are expected to sensitize and de-
sensitize host cells to inflammatory stress and apoptosis.

cIAPs can interact with the Wnt/p-catenin signaling path-
way [80]. This link has not been investigated in the context
of H. pylori infection yet, despite the Wnt/B-catenin has been
shown to be induced by H. pylori [81, 82].

E3 ubiquitin ligase MDM2, a central node in the p53
signaling pathway

Gastric carcinogenesis is strongly related to dysregulation of
the cell cycle control. p53, a transcription factor and tumor
suppressor, which regulates cell cycle arrest, DNA repair,
apoptosis, senescence and autophagy, is mutated and deac-
tivated in a set of gastric tumors [20, 83]. The protein is
encoded by the TP53 gene and can be represented by 12 iso-
forms (as a result of different splicing) with overlapping bio-
logic activities and a role in cancer. The full-length (canoni-
cal) p53 protein contains a N-terminal transactivation domain
(TAD, aa 1-42), four zinc finger loops (the DNA-binding
domain, DBD, aa 100-300) essential for p53 conformation,
and the C-terminal hinge and oligomerization domains.
Through its N-terminal TAD and also the DBD, most of p53
isoforms interact with the dimeric E3 ligase murine double
minute 2 protein (MDM?2), which mediates their Lys48-
linked ubiquitination and degradation by the proteasome.

Classically, p53 is stabilized in response to DNA dam-
age, when ataxia telangiectasia mutated (ATM) and protein
kinase DNA-activated (DNA-PK) phosphorylate Ser15 and
Ser37 of p53, thereby preventing MDM2-p53 interaction.
An increase in the protein level and in the nuclear activity
of p53 leads to an arrest of the cell cycle to allow cell repair
and to prevent propagation of affected cells. Other mecha-
nisms leading to p53 stabilization include disabling MDM?2
activity through PTMs or binding with the ARF group of
proteins (p19AREF, for example) [84] (Fig. 3). It has been
suggested that ubiquitinylation of the p53 isoforms may
also be associated with proteasome-independent functions,
including the regulation of subcellular location and protein
interaction [85].

In addition to its major role in p53 inhibition, MDM2
seems to participate in the downregulation of DNA repli-
cation or repair independently of p53, e.g., via binding to
repair proteins, NBS1 and DNA polymerase € [86]. When
MDM? is overexpressed, damaged cells can escape from
the cell cycle checkpoint control and become carcinogenic.

It is known that p53 can induce MDM2; MDM?2 then
downregulates p53 through a negative feedback loop [87].
Perhaps, in long-term infection with H. pylori, especially

with virulent CagPAI-positive strains, this regulatory net-
work becomes more complex, ending finally in dysfunction
of the MDM2-p53 axis in parallel to genomic instability
in gastric tissue [88]. The IHC analysis of human gastric
mucosa revealed pS3 overexpression in chronic gastritis
[89]. The MDM2 level has been found to progressively
increase in gastric specimens from normal gastric mucosa,
chronic gastritis, intestinal metaplasia, dysplasia, and gas-
tric cancer. In stomachs of H. pylori-infected individuals,
MDM?2 and p53 were enhanced and successful H. pylori
eradication downregulated them [90]. An association of H.
pylori infection with the MDM2 and p53 amplifications was
found in dysplasia and metaplastic atrophy, respectively [91,
92]. Further, the progression to gastric cancer frequently
involves mutations in 7P53 and loss of its function [20].

It has been demonstrated in H. pylori-infected Mongolian
gerbils, that p53 was strongly up-regulated in the antrum at
4-8 h p.i. At 24 h, the levels of p53 decreased despite the
presence of bacteria and stayed low up to 2 weeks p.i. The
second peak of p53 up-regulation accompanied by intense
inflammation was detected 12 weeks p.i. [93]. Similarly,
the levels of p53 rapidly increased and then dropped down
following a co-culture of SNU1 and AGS gastric epithelial
cells with H. pylori strains 7.13 or J166. The decline in p53
level was regulated post-translationally by MDM2 (HDM2),
which was not increased in amount but phosphorylated at
Ser166 by Akt and Erk kinases in infected cells [93, 94].
The activity of the E3 ubiquitin ligase and the p53 status in
H. pylori-infected cells were additionally controlled by its
interactor and tumor suppressor pl4ARF (CDKN2A), which
is known to block MDM?2 nucleocytoplasmic shuttling
and activity [95]. It has been shown that H. pylori induces
p14ARF ubiquitinylation (and degradation) by the HECT
domain-containing E3 ligase TRIP12 (Fig. 3). An increased
expression of TRIP12 protein was found in infected gas-
tric epithelial cell culture and human gastric mucosa of H.
pylori-infected patients [96]. Interestingly, the authors have
suggested that H. pylori’s CagA promoted pl4ARF degrada-
tion, MDM?2 (HDM2) phosphorylation and degradation of
p53. Another group published that the treatment of GES-1
cells with H. pylori filtrates induced expressions of the phos-
phorylated Akt kinase and MDM2 accompanied by cyto-
static and cytotoxic effects. Here, the p53 level was found
to be increased, perhaps because the DNA-damage-induced
upregulation of the p53 expression was not balanced by H.
pylori-induced MDM?2-mediated p53 degradation [92]. Ye
et al. found that LPS from H. pylori strain 26695 downregu-
lated the expression of miR-375 leading to SP1 activation
and increased expression of MDM?2 in gastric epithelial cells
[97]. Thus, these experimental models provide ambiguous
results concerning bacterial effectors and mechanisms in
MDM2-p53 pathway regulation. Certainly, further in vitro
and in vivo studies in this field are required.
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Genotyping as well as meta-analyses determined that
the p53-responsive intronic promoter region of the MDM?2
gene contains a functional single-nucleotide T-G polymor-
phism, known as SNP309. The G allele may increase the
binding affinity for the transcription factor Spl, leading to
elevated MDM?2 expression [98]. A significant association
between individuals with the GG genotype or TG genotype
and an elevated risk of stomach and some other types of
cancer, when compared to subjects with the TT genotype,
was demonstrated [98—100]. In different human populations,
an association of increased risk of gastric cancer with the
GG genotype of MDM?2 was especially evident among H.
pylori-infected patients [99, 101-103].

A20 (TNFAIP3, OTUD7C) in inflammation and cell
survival

A20 is a component of the A20 ubiquitin-editing complex
comprising of RNF11, the HECT-type E3 ubiquitin ligase
ITCH and Tax1 binding protein 1 (TAX1BP1) [104]. The
N-terminal OTU domain of A20 is responsible for dimeri-
zation; it contains the catalytic cysteine 103 and confers
hydrolase activity of the enzyme towards activating Lys63-
linked ubiquitin chains. The C-terminal seven zinc finger
domains are required for binding to Lys63- and Met!1-linked
ubiquitin chains on A20 binding partners, including RIPK1,
NEMO, TRAF2 and TRAF6 (Fig. 3). This binding promotes
Lys48-linked ubiquitinylation and the degradation of at least
RIPK1, which terminates TNF- and LPS-triggered signal-
ing [105, 106]. Additionally to the TRAF6 deubiquitinyla-
tion, A20 disrupts the interactions between TRAF6 and
the E2 ubiquitin conjugating enzymes Ubc13 and UbcHS5
(UBE2D1), and supports Lys48-linked ubiquitinylation and
proteasomal degradation of both Ubcs [107], affecting fur-
ther IL-1p- and PAMPs-triggered signal transmission.

A20 deubiquitinylates MALT1 and NEMO. IKKf phos-
phorylates A20 at Ser381, which increases the ability of
A20 to inhibit the NF-kB signaling pathway [108]. IKKf
phosphorylates TAX1BP1 on Ser593 and Ser624, thereby
activating the A20 ubiquitin-editing complex in response to
TNF or IL-1p [104]. As a result of the NF-kB stimulation by
TNF, IL-1p or PAMPs, A20 is overexpressed and functions
as a negative regulator of the signaling pathway (Fig. 3).
Reduced expression of A20 in follow of single nucleotide
polymorphisms (SNPs) in the A20 gene is linked to inflam-
matory disorders, including rheumatoid arthritis, systemic
lupus erythematosus, psoriasis and inflammatory bowel dis-
ease. Somatic mutations in A20 could contribute as driv-
ers in oncogenesis of H. pylori-eradication-resistant gastric
marginal zone lymphoma [109].

In case of H. pylori, infection of MKN45 or AGS cells
with cagPAl-positive H. pylori but not with isogenic
CagE-deficient (thus, T4SS-invalid) mutant, significantly
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up-regulated the mRNA and the protein amount of A20
[110]. The overexpression of A20 resulted in an inhibition
of H. pylori-mediated NF-kB activation thus confirming the
negative feedback regulatory mechanism. In parallel to the
restriction of pro-survival NF-xB, A20 DUB activity coun-
teracts cullin-3-mediated Lys63-linked ubiquitinylation of
procaspase 8, thereby inhibiting caspase 8 and apoptotic cell
death in gastric epithelial cells. This mechanism can support
the bacterial colonization of gastric epithelia to establish
long-term infection [77]. Somewhat contraposing data were
obtained by Sun et al. [111]. There, A20 was characterized
as a direct target of miR-29a-3p up-regulated in BGC-823
and GES-1 cells following infection with the H. pylori strain
26695. The authors found a decreased expression of A20 in
these cells as well as in H. pylori-positive gastric mucosa
tissue compared with H. pylori-negative gastric mucosa by
IHC. It has been suggested that the miR-29a-3p-related A20
reduction was responsible for the up-regulation of Snail,
vimentin and N-cadherin expressions, and for an enhanced
migration of human gastric epithelial cells [111].

Pellino

Pellinos 1, 2 and 3 are known mostly for their role in the
regulation of TLR- and IL-1f receptor-triggered signal
transmission. They possess an N-terminal FHA domain that
mediates association with IRAKSs, and a C-terminal RING-
type domain that confers the E3 ubiquitin ligase activity
[112]. Pellinos interact with IRAK1, IRAK4, MyD88
and TRAF6 and mediate Lys63-linked ubiquitinylation of
IRAKI, promoting thereby recruitment of the TAK1/TAB1/
TAB2 complex into signaling pathway (Fig. 3). TAK1 fur-
ther activates IKKs or MAP kinases leading to an activation
of NF-xB, AP-1 and ELK1-dependent gene transcription
[113]. Pellinol can promote Lys63-linked ubiquitinylation
of RIPK1 and Lys48-linked ubiquitinylation of RIPK3 (in
relation to negative regulation of necroptosis) [114]. Smith
et al. [115] have investigated a role of the Pellino proteins in
H. pylori infection. They used the human embryonic kidney
cells stably expressing TLR2. TLR2 is known to recognize
bacterial lipoteichoic acid, di- and tri-acylated cysteine-
containing lipopeptides. In HEK-TLR?2 cells, Pellinol and
Pellino2 contributed to NF-kB activation (in the transac-
tivation assay) and to IL-8 mRNA synthesis in response
to H. pylori LPS. On the other hand, Pellino3 exerted a
negative modulatory role. Pellinol was significantly higher
expressed in gastric epithelial cells and gastric tissue than
Pellino3, and H. pylori LPS further amplified the Pellinol
expression in gastric epithelial MKN45 cells [115]. Thus,
Pellinol is up-regulated following the infection and further
supports NF-xB signaling pathway and host inflammatory
response.
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SCF substrate-recognition subunit FBXW7

F-box/WD repeat domain containing 7 (FBXB7), similar to
B-TrCP, is a substrate-recognition component in a SCF E3
ubiquitin ligase complex, with specificity towards so called
Cdc4 phospho-degron (CPD). It catalyzes Lys48-linked
ubiquitinylation of a number of proteins, including cyclins
E and D1, transcriptional regulator and proto-oncogene
c-Myc, type I transmembrane receptor NOTCHI1, kinase
mammalian target of rapamycin (mTOR) and p100 (NF-
kB2) [116-118] (Fig. 3). The SCFBXWV7 negatively regulates
JNK signaling pathway via degradative ubiquitinylation of
the downstream effectors JUN phosphorylated by glycogen
synthase kinase 3 (GSK3p) [119]. Thus, FBXW7 is known
for its role in regulation of cell cycle, cell proliferation and
differentiation [120].

In mammals, three isoforms are described: FBXW7a
(located in the nucleoplasm), FBXW7p (in the endoplasmic
reticulum) and FBXW?7y (in the nucleolus), with FBXW7a
being the most abundant in proliferating cells [120, 121].
The isoforms contain a dimerization domain, F-box domain
(bins to Skp1 adaptor protein within the SCF) and seven tan-
dem WD-40 repeats (recognize phosphorylated substrate),
and differ in their N-terminal region [121]. The isoforms
seem to be regulated by different promoters and transcrip-
tional factors (expression of FBXW7f but not of FBXW7«
is pS3-dependent, for example) and have specific functions
[122].

In gastric carcinoma, a loss of heterozygosity of FBXW7
occurred in 32% of early-onset gastric cancers and correlated
with a loss of FBXW7 expression in 26%, together with
an upregulation of c-Myc (by IHC) [117]. Deletions of one
copy of FBXW7 and p53 were observed in 45.5% and 21.2%
of gastric tumors, respectively, and their mRNA levels were
decreased in tumors [123]. Deregulation of FBXW7 and
amplification of c-Myc were associated with the presence of
lymph node metastasis and tumor stage III-IV [123]. In gas-
tric adenocarcinoma cell lines ACP02 and ACPO03, increased
c-Myc and reduced FBXW?7 expression were associated with
a more invasive phenotype [123].

FBXW?7 can be also regulated by several microRNAs.
miR-25, whose increased expression in primary gastric
tumors inversely correlated with amount of FBXW7, was
related to a more aggressive cancer phenotype. The chal-
lenge with miR-25 construct or FBXW7 siRNA promoted
proliferation, invasion and migration of HGC-27 and SGC-
7901 gastric cancer cells [124]. miR-223, which also directly
targets FBXW7, has been found to be significantly up-reg-
ulated in cisplatin-resistant gastric cancer cells SGC-7901
and BGC-823 as well as in H. pylori-infected gastric cancer
tissue [125]. Downregulation of miR-223 and overexpres-
sion of FBXW?7 affected the G1/S transition of cell cycle
by downregulating, e.g., CDK2, CDK4, CDKG®, cyclins D1,

D2 and D3 [125] (Fig. 3). Similarly, the suppression of miR-
223 restored the FBXW7 expression and the sensitivity of
HER?2-positive gastric cancer cells to trastuzumab through
the modulation of apoptosis [126]. Thus, the tumor sup-
pressor FBXW?7 affects the proliferation/survival of gastric
cancer cells, and can be regulated following infection and
chemotherapeutic treatment.

RNF43 in B-catenin signaling pathway

RNF43 and its functional homolog zinc and RING finger
3 (ZNRF3) belong to the Goliath and Godzilla families
of transmembrane RING-type E3 ligases. They have an
N-terminal extracellular region, a transmembrane domain
and an intracellular C-terminal RING-type domain, thus,
represent a type I transmembrane receptor [127, 128]. These
E3 ubiquitin ligases act as negative feedback regulators of
the Wnt/p-catenin signal transmission by promoting ubig-
uitinylation, endocytosis and subsequent degradation of Wnt
receptor Frizzled and co-receptor LRP6 [129, 130]. In the
absence of Wnt, GSK3p phosphorylates -catenin and initi-
ates thereby its Lys48-linked ubiquitinylation by SCFP~TRCP,
The activation of Wnt receptor inhibits GSK3f activity
through Dishevelled (Dsh), resulting in dephosphorylation
and stabilization of the p-catenin (Fig. 3). Further, B-catenin
accumulates in the nucleus and co-activates the T-cell fac-
tor/lymphoid enhancer factor (TCF/LEF) transcription fac-
tors, leading to expression of cyclin D1 and c-Myc [130]
(Fig. 3). Upon infection with H. pylori and in gastric cancer
cells, f-catenin is often up-regulated in follow of mutations,
changes in GSK3p upstream regulation, or silenced gene
expression of E-cadherin, a f-catenin binding partner in cel-
lular adherens junctions [17, 131] (Fig. 3).

RNF43 mutations have been found to accompany the tran-
sition from adenoma to dysplasia and gastric cancer [132,
133]. The loss of RNF43 is associated with distant metas-
tasis and a poor prognosis for gastric cancer patients [134].
Experimental overexpression of RNF43 in gastric tumor-
derived cancer stem cells downregulates the f-catenin, TCF4
and c-Myc protein levels, sensitizes cells to chemotherapy
and impairs their tumorigenicity in vivo [134].

RNF43H292RH295R 1ice bearing transactivating mutations
in the RING domain are more sensitive to H. pylori infec-
tion towards the development of gastritis and lymphocyte
infiltration, compared to the wild-type mice. Furthermore,
infected mutant mice developed atrophy, hyperplasia and
mucin 2 expressing metaplasia [135]. In AGS and MKN45
cells, RNF43 depletion mitigated the DNA damage response
and apoptosis induced by H. pylori-infection, y-radiation,
5-fluorouracil and cisplatin [136]. Further investigations
concerning the RNF43 substrates are required to show speci-
ficity of this E3 ubiquitin ligase and, thus, to explore its
therapeutic potential.
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RNF180

It is not much known about the function of the RING-type
E3 ligase RNF180. This recently discovered ligase is pre-
dicted to be an integral membrane protein located mainly
on the cytoplasmic side of the endoplasmic reticulum. It
associates with the E2 ubiquitin-conjugating enzyme UbcH6
and promotes proteolysis of a substrate in vitro. In addition,
RNF180 itself is a substrate for ubiquitinylation and protea-
somal degradation [137].

Promoter methylation of RNF180 was detected in 76%
(150 of 198) of primary gastric cancers and in 55% (11 of
20) of intestinal metaplasia but in none of 23 normal gastric
tissues [138]. The RNF180 mRNA levels in gastric cancer
samples were relatively low [139]. The presence of H. pylori
was associated with an increased RNF180 promoter meth-
ylation in normal tissue or by mild gastritis and an increased
hypermethylation in atrophic gastritis [139]. RNF180 was
not expressed in AGS, Kato III, MKN28, N87 and SNU1
gastric cancer cell lines. Its re-expression suppressed cell
growth and induced apoptosis by up-regulating the anti-
proliferative Metastasis Suppressor Protein 1 (MTSS1),
pl4ARF and the pro-apoptotic tissue inhibitor of metallo-
proteinases 3 (TIMP3) [138] (Fig. 3).

Seven in absentia homologue (Siah) 2

The RING-type E3 ligases Siahl and Siah2 have overlap-
ping functions—they either directly ubiquitinylate their
substrates, including TRAF2, or assist in multimolecular
ubiquitinylation complexes, such as the p-catenin complex.
The activity of Siah2 towards TRAF2 suggests its suppres-
sive role in TNF-initiated NF-xB regulation [140]. The Siah
E3 ligases are also known for their role in targeting proline
hydroxylases PHD1 and PHD3 for proteasomal degradation
(Fig. 3). Under normoxic conditions, the PHDs hydoxylate
hypoxia-inducible factor-a (HIFa) transcription factors. Fur-
ther, HIFa undergo a degradative ubiquitinylation by the
CRL2"HL Hypoxia stimulates transcription of Siah (through
the HIFo/p heterodimer binding to hypoxia response ele-
ments at the gene loci), which results in inhibition of PHDs
and stabilization of HIFs [141]. The accumulated HIFs up-
regulate tumorigenic genes, including VEGFA. Increased
Siah levels and its nuclear accumulation are associated with
progression of breast, prostate and liver cancers [142].

In the gastric cancer cells AGS, Kato IIT and MKN45,
H. pylori infection induced an expression of Siah2, in a
E26 transformation-specific sequence 2 (ETS2)- and Twist-
related protein 1 (Twistl)-dependent manner, which was
accompanied by increased invasiveness and migration.
Induced expression of ETS2, Twistl and Siah2 was found
in gastric cancer biopsies compared with noncancerous gas-
tric tissue [143]. Further, Siah?2 is stabilized via p300-driven
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acetylation at the lysine 139 residue in infected cells, which
might increase its ligase activity towards PHD3 and cause
HIFa accumulation in gastric epithelium. The increased
acetylation of Siah2, absence of PHD3 and accumulation of
HIFa were detected in the H. pylori-infected human gastric
metastatic cancer biopsies and in invasive murine gastric
cancer tissues [144].

HACE1

The HECT domain-containing E3 ligase HACEI has been
described to target GTP-bound Rac Family Small GTPase
1 (Racl) for ubiquitinylation and subsequent degradation,
thereby regulating cell motility and host defense against
pathogens [145]. HACEI is involved in the Golgi biogen-
esis by regulating Rab proteins and the Golgi membrane
dynamics [146]. HACEI can participate in the autophagy,
mitophagy and oxidative damage response [147]. There are
few existing data regarding the HACEI regulation. How-
ever, it has been found that HACE1 is downregulated in
different human malignancies, including Wilms tumor and
neuroblastoma. HACEI loss promotes tumor growth, inva-
sion, and metastasis; therefore, this E3 ubiquitin ligase func-
tions as a tumor suppressor [148]. The reduction in HACE1
expression is caused by gene promoter hypermethylation,
also in a set of primary gastric carcinomas and in AGS and
MKNTI cells [149, 150]. Yoon et al. [150] have found Hacel
hypermethylation in the gastric mucosa with H. pylori infec-
tion, atrophy and intestinal metaplasia, which was closely
associated with an increased transcription of DNA methyl-
transferase 1 gene [150]. An overexpression of HACEI in
AGS and CGS7901 cells downregulated the protein level
of B-catenin and inhibited the activity of the Wnt/p-catenin
signaling pathway [151].

Ubiquitinylation targeting in gastric cancer.
Concluding remarks

The activation/deactivation of molecular signaling pathways,
including the NF-kB, p53 and Wnt/B-catenin, in H. pylori
infection and gastric cancer involves changes in the func-
tion, regulation and expression of E3 ubiquitin ligases and
other components of the ubiquitinylation machinery. Some
of these changes determine disease progression and could
be explored for therapeutic targeting [152].

In experimental models of gastric cancer, the approved
proteasome inhibitor bortezomib, the nonapproved indirect
inhibitor of cullin-RING E3 ligases MLN4924 (pevonedis-
tat) and small molecule inhibitors of the E3 ligase MDM?2
nutlin-3 and APG-115 have demonstrated anti-proliferative
effects and could prospectively supplement conventional
chemo- and radiotherapy [153—155]. Currently, bortezomib
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is included in treatment protocols for multiple myeloma, dif-
fuse large B-cell lymphoma, colorectal cancer and thyroid
carcinoma; pevonedistat, APG-115 and derivatives of nut-
lin-3 are in preclinical and clinical trials involving patients
with hematological malignancies and solid tumors but not
patients with gastric cancer [156]. Mechanistically, nutlins
and APG-115 increase the level of p53 and thus should be
effective in a set of tumors harboring wild-type p53.

A number of inhibitors of ubiquitinylation have been
identified to target the NF-kB signaling pathway; however,
they have not been explored in relation to gastric cancer.
For example, NSC697923, an inhibitor of the E2 enzyme
Ubc13, has been shown to inhibit the formation of Lys63-
linked ubiquitin chains, NF-kB activity and the proliferation
of diffuse large B-cell lymphoma cells; it is currently in pre-
clinical trials in the context of melanoma, B-cell lymphoma,
neuroblastoma and colorectal cancer [156].

The activity of E3 ligases can be controlled indirectly by
manipulating their regulatory proteins. For example, sev-
eral mimetics of SMAC, an endogenous inhibitor of cIAPs,
were developed and have progressed to clinical trials [157].
Compounds such as birinapant, LCL161 and Debio 1143
(AT-406) exhibit cytotoxic effects in head and neck squa-
mous cell carcinoma cells with genomic amplification of
Fas-associated Death Domain (FADD), cIAP1 or cIAP2 and
in inflammatory breast cancer cells overexpressing XIAP, as
well as in human hepatocellular carcinoma cell lines or in
MDA-MB-231 breast cancer xenograft models [158]. The
explored SMAC mimetics were ineffective as monotherapies
in human studies; however, their clinical potential in combi-
nation approaches is currently under investigation.

Inhibition of pro-oncogenic microRNAs, e.g., the above-
mentioned miR-25 and miR-223 targeting FBXW7, is a
potential strategy to control the activity of ubiquitin ligases.
Transfection with targeting oligonucleotides to downregulate
miR-223 increased the amount of FBXW?7 and the sensi-
tivity of gastric cancer cells to cisplatin and trastuzumab
in culture [125, 126]. The natural compounds genistein
and epigallocatechin-3-gallate repressed miR-223 in pan-
creatic cancer cells and miR-25 in breast cancer MCF-7
cells, respectively, finally enhancing apoptosis [159, 160].
Although considered oncomarkers for brain, lung, breast,
prostate, thyroid and gastric cancers, these miRs target a
broad range of substrates for normal cellular homeostasis.
Thus, their inhibition can be harmful in untransformed cells
or result in unwanted side effects in cancer cells [161].

Recent advances in the ubiquitinylation field have allowed
the development of cell-permeable molecules called Prote-
olysis Targeting Chimeras (PROTAC:S) for selective target-
ing of different proteins by linking them to an E3 ubiquitin
ligase for degradative ubiquitination [162, 163]. A PROTAC
for MDM2, for example, consists of a nutlin-based MDM?2
ligand joined to the E3 ubiquitin ligase cereblon (CRBN;

CRL4RBN) via a short linker and promotes efficient deg-
radation of MDM?2 in leukemia cells [164, 165]. The E3
ubiquitin ligases SCFP~TRCP CRL2VHL, JAPs and MDM2 are
tools in this promising technology to target proteins, which
confer inflammatory effects, tumorigenesis and radiotherapy
resistance (such as histone deacetylases, androgen and estro-
gen receptors, EGFR, and CDK(3s), for ubiquitin-mediated
degradation [163]. This new protein engineering approach
is able to guide the development of advanced therapeutics
for different pathologies, including gastric cancer.

In conclusion, there is an increasing appreciation for the
development of therapeutics suitable for targeting individual
E3 ligases. However, further intense research on the catalytic
sites, substrate-induced conformational changes, differences
in ubiquitin binding, and intracellular regulatory networks is
necessary to elucidate E3 ubiquitin ligases as specific targets
or tools in gastric cancer therapy.
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