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Tumor necrosis factor (TNF) superfamily receptors and TNF apoptosis inducing ligands play an im-
portant role in the realization of TNF function and control tumor growth. The TNF-related pathways are
controlled by endoplasmic reticulum stress signaling, which has a crucial role in the control of cell prolifera-
tion and tumor growth. Furthermore, the inhibition of IREI (inositol requiring enzyme-1), which is a central
mediator of endoplasmic reticulum stress sand mainly responsible for cell proliferation and apoptosis, leads
to suppression of tumor growth through specific changes in the expression of genes encoding transcription
factors, tumor suppressors, angiogenesis and apoptosis related proteins, including TNF superfamily recep-
tors and TNF apoptosis inducing ligands. Therefore, changes in the expression level of TNF-related genes
encoding TNF superfamily receptors and apoptosis inducing ligands possibly reflect metabolic reprogram-
ming of cancer cells upon inhibition of IREI-mediated endoplasmic reticulum stress signaling and correlate

with suppression of glioma cell proliferation.
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tifunctional pro-inflammatory cytokine that

belongs to the tumor necrosis factor (TNF)
superfamily. TNF is a highly pleiotropic cytokine
with multiple activities other than its originally dis-
covered role of tumor necrosis in rodents. TNF is
now understood to play a contextual role in driving
either tumor elimination or promotion [1, 2]. It is
now clear that TNF has many different functions in
cancer biology. In addition to causing the death of
cancer cells, TNF can activate cancer cell survival
and proliferation pathways, trigger inflammatory
cell infiltration of tumors and promote angiogenesis
and tumor cell migration and invasion. These effects
can be explained by the diverse cellular responses
that TNF can initiate through distinct signal trans-
duction pathways, opening the way for more selec-
tive targeting of TNF signalling in cancer therapy
[3, 4]. This cytokine is involved in the regulation of a
wide spectrum of biological processes including cell
proliferation, differentiation, apoptosis, lipid metabo-
lism, and coagulation. It has been implicated in a
variety of diseases, including autoimmune diseases,

T umor necrosis factor alpha (TNFA) is a mul-
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insulin resistance, and cancer [2, 5]. TNFA is mainly
secreted by macrophages and can induce cell death
of certain tumor cell lines. Knockout studies in mice
also suggested the neuroprotective function of this
cytokine.

The tumor necrosis factor superfamily
(TNFSF) contains about thirty structurally related
receptors and about twenty protein ligands that bind
to one or more of these receptors. TNFA can bind
to, and thus functions through its receptors (mem-
bers of tumor necrosis factor receptor superfamily:
TNFRSF) TNFRSF1A/TNFR1 and TNFRSF1B/
TNFR2 as well as through Fas-related death re-
ceptors have been discovered and include death
receptors (DR3, DR4, DRS, and DR6), also known
as TNFRSF25, TNFRSFI0A, TNFRSF10B, and
TNFRSF21, correspondingly [3, 6-9].

Death receptors have an extracellular region
containing varying numbers of cysteine-rich do-
mains and an intracellular region that contains the
death domain. The death receptors are activated in a
ligand-dependent or independent manner and trans-
duce apoptotic signals via their respective intracel-
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lular death domains. In addition to death receptors,
several decoy molecules have also been identified
and include decoy receptor 1 (DcR1), DcR2, DcR3,
and DcR4, also known as TNFRSF10C/TRAILR3,
TNFRSF10D/TRAILR4/TRUNDD, and TNFRS-
F11B or osteoprotegerin (OPG), correspondingly
[10, 11]. The inhibitory decoy receptors (DcR1 and
DcR?2) co-expressed with death receptor 4 and 5 on
the same cell can block the transmission of the apo-
ptotic signal.

Tumor necrosis factor-related apoptosis-indu-
cing ligand (TRAIL) or Apo2 ligand (Apo2L) is a
member of the TNF superfamily of cytokines that
induces the process of cell death (apoptosis) upon
binding to its death domain-containing transmem-
brane receptors, death receptors 4 and 5 [12,13].
TRAIL is a cytokine that is produced and secreted
by most normal tissue cells. Importantly, TRAIL
preferentially induces apoptosis in cancer cells while
exhibiting little or no toxicity in normal cells. To
date, research has focused on the mechanism of apo-
ptosis induced by TRAIL and the processes involved
in the development of TRAIL resistance. TRAIL-
resistant tumors can be re-sensitized to TRAIL by
a combination of TRAIL with chemotherapeutics or
irradiation. Studies suggest that in many cancer cells
only one of the two death-inducing TR AIL receptors
is functional [14]. Schematic representation the role
of TNFA superfamily receptors and TNF apoptosis
inducing ligands (TRADD and TRAIL) in the regu-
lation of apoptosis, cell survival and proliferation is
shown in Fig. 1.

The extrinsic apoptosis pathway is activated
when certain members of the tumor necrosis fac-
tor receptor superfamily are oligomerized by their
cognate ligands that are members of the TNF super-
family. The apoptosis-inducing capacity of a mem-
ber of the TNFRSF relies on the presence of a death
domain in the intracellular portion of the receptor
protein. Such receptors are also referred to as death
receptors. Binding of a TNFSF ligand to a TNFRSF
receptor that is expressed on the surface of a cell
results in the formation of a receptor proximal pro-
tein complex. This protein complex is the platform
for further signaling events within the cell [15]. In
case of death receptors like TNF-related apoptosis-
inducing ligand receptor 1 (TNFRSFI10A/DR4/
TRAILR1), TNFRSF10B (DRS5/TRAILR2/KILL-
ER), CD95 (Fas), or TNF receptor 1 (TNFRI1), this
complex is termed death-inducing signaling complex
(DISC). The compositions of the various DISCs have

been intensively studied in the last decade. For the
CD95 and the TNFRSF10A/TNTRSF10B DISCs, it
is now clear that the adaptor protein Fas-associated
death domain protein (FADD) forms part of these
complexes and is necessary for recruitment of the
proapoptotic signaling molecules caspase-8 and
caspase-10 [15]. Recruitment of these proteases al-
lows for their activation at the DISC and subsequent
induction of apoptosis. The caspase-8 homologous
cellular FLICE-like inhibitory protein (cFLIP) can
also be recruited to the DISC, which acts as an
anti-apoptotic regulator by interfering with activa-
tion of caspases 8 and 10 at the DISC. Interestingly,
treatment of TRAIL-resistant tumor cells with pro-
teasome inhibitors renders these cells sensitive for
TRAIL-induced apoptosis [15].

Tumor necrosis factor receptors

Several tumor necrosis factor receptors
(TNFRSF1A/TNFR1 and TNFRSFIB/TNFR2)
and Fas-related death receptors (TNFRSF) have
been discovered and include DR3/TNFRSF25,
DR4/TNFRSF10A, DR5/TNFRSF10B, and DR6/
TNFRSF21 [8,14,16]. These receptors contain an
extracellular region containing varying numbers of
cysteine-rich domains and an intracellular region
that contains the death domain. The death receptors
are activated in a ligand-dependent or independent
manner and transduce apoptotic signals via their
respective intracellular death domains. Recent evi-
dence suggests that tumor suppressor protein p53 up-
regulates the expression of death receptors Fas and
DRS, and thus, may mediate apoptosis in part via Fas
and/or DRS.

The DR3, also known as TNFRSF25 and
LARD (lymphocyte-associated receptor of death), is
a lymphoid-specific death domain containing recep-
tor regulated by alternative pre-mRNA splicing [17].
Recently, it was shown that bee venom inhibits cer-
vical tumor growth through enhancement of death
receptor expressions and inactivation of nuclear fac-
tor kappa B (NF-«kB) in mice [18]. Similar inhibitory
effects of bee venom on cancer growth in primary
human cervical cancer cells were also found. This
inhibition of cancer cell growth was mediated by the
induction of apoptotic cell death in a dose dependent
manner [18]. Agreed with cancer cell growth inhibi-
tion, the expression of FAS, DR3 and DR6 as well
as death receptor downstream pro-apoptotic proteins
including caspase-3 and BAX were concomitantly
increased, but the NF-kB activity and the expres-
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Fig. 1. Schematic representation of the role of tumor necrosis factor alpha (TNFA) superfamily receptors
(TNFRSF) and TNF apoptosis inducing ligands (TRADD and TRAIL) in the regulation of apoptosis, cell

survival and proliferation

sion of BCL-2 were inhibited by treatment with bee
venom in tumor mice, human cancer cells and hu-
man tumor samples as well as cultured cancer cells.
In addition, deletion of FAS, DR3 and DR6 by small
interfering RNA significantly reversed bee venom-
induced cell growth inhibitory effects as well as NF-
kB inactivation [18].

The DR4/TNFRSF10Aand DR5/TNFRSF10B,
also known as TRAIL-receptors 1 and 2, have pro-
apoptotic properties, and pro-apoptotic receptor ago-
nists targeting these death receptors hold promise for
cancer therapy based on their selective ability to kill
malignant versus healthy cells [19]. It was shown
that TRAIL induces tumor-selective cell death by
engaging the pro-apoptotic death receptors DR4 and
DRS5 in a wide variety of tumor cells while sparing
vital normal cells [20, 21]. The antitumor potential
of the TRAIL pathway has been targeted by seve-
ral therapeutic approaches including recombinant
TRAIL and TRAIL-receptor agonist antibodies
among others. Interest in sensitizing tumor cells to
TRAIL-mediated apoptosis has driven investiga-
tions of TRAIL-receptor gene regulation, though
regulation of the TRAIL gene has been less studied.
Furthermore, TRAIL serves as a pro-apoptotic ef-

20

fector molecule in the immune surveillance of can-
cer that is conditionally expressed by immune cells
upon stimulation via an interferon-response element
that was identified in early studies of the TRAIL gene
promoter. The regulation of TRAIL gene expres-
sion involves several modalities of gene regulation
including transcription factors, epigenetics, single-
nucleotide polymorphisms and functionally distinct
isoforms [20]. There is data that toll-like receptor 3
(TLR3) induces cell death via death receptors and
mitochondria by up-regulating the transactivation of
p63 isoform alpha (TAP63alpha), which is a crucial
regulator downstream of TLR3 [22].

The activation of cell-surface death receptors
represents an attractive therapeutic strategy to pro-
mote apoptosis of tumor cells. For this aim several
recombinant human Apo2L/TRAIL and monoclo-
nal agonist antibodies directed against death recep-
tors-4 or -5 have been investigated [23]. Recently,
it was shown that agonistic TNF-related apoptosis-
inducing ligand receptor-specific human monoclo-
nal antibodies (TR1-IgMs) are attractive antitumor
therapeutics [24]. These antibodies dramatically in-
hibited tumor growth in a xenograft model through
the caspase activation cascade and in human tumor
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cell lines bound to TRAILRI, activated the cas-
pase signal, and induced strong apoptosis (100-fold
higher compared with the IgG form which did not
demonstrate ideal apoptosis-inducing capacity in
the absence of additional antibodies) [24]. It is in-
teresting to note that cancer cells acquire TRAIL-
resistance and thus avoid TRAIL-induced apoptosis
and that PTBPI/HNRNPI (Polypyrimidine Tract
Binding Protein 1/Heterogeneous Nuclear Ribonu-
cleoprotein Polypeptide 1), a splicer protein that is
associated with pre-mRNAs in the nucleus and ap-
pears to influence pre-mRNA processing and other
aspects of mRNA metabolism and transport and
plays an important role in energy metabolism, is
highly expressed in TR AIL-resistant human colon
cancer DLD-1 [25]. Moreover, silencing PTBP1 by
using siRNA for PTBP1 (siR-PTBPI) resulted in a
significant increase in TR AIL-sensitivity along with
the switching of pyruvate kinase muscle (PKM) iso-
forms from PKM2 to PKMI, leading to impaired
Warburg effect, because the intracellular ATP levels
were significantly increased and the production of
lactate decreased. Notably, siR-PTBP1 canceled
the resistance by increasing the expression level
of TNFRSF10B/DRS5 and effectively inducing the
translocation of DRS to the cell surface membrane.
Also, siR-PTBPI up-regulated the expression level
of cysteine-rich angiogenic inducer 61 (CYR6I;
CCNI1), which contributed to the enhanced sensitivi-
ty to TRAIL-induced apoptosis [25].

Nogueira et al. [26] have shown that TNFRS-
F10B/DRS5 interacts with the core microprocessor
components Drosha and DGCRS, thus impairing
processing of primary let-7 miRNA in pancreatic
cancer cells and opened new horizons of miRNA
regulation. It has been shown that Xenografting
TNFRSF10B silenced pancreatic cancer cells in
SCID-mice indicated that there was notable suppres-
sion of tumor growth [26]. Recently, it was shown
that the TRAIL pathway is selectively activated
by small molecule ONC201/TIC10 in tumor cells
[27]. The anti-tumor activity of ONC201 has been
demonstrated in several preclinical models of can-
cer, including refractory solid tumors, a transgenic
lymphoma mouse modeland pediatric non-Hodgkin's
lymphoma (NHL) cell lines. ONC201 caused a dose-
dependent reduction in the cell viability of NHL cell
lines that resulted from induction of apoptosis [27].
An induction of TRAIL and its receptor TRAILR2/
DRS was also observed in these cell lines. Further-
more, dual induction of TRAIL and TNFRSF10B/

DRS appeared to drive the observed apoptosis in
these lymphoma cells.

Recently, Li et al. [28] have shown that TNFRS-
F10B/DRS participate in the apoptosis of Hep G2
cancer cells, which are significantly enhanced by the
combination of cisplatin with chrysin, a natural fla-
vonoid widely found in various plants and foods and
demonstrated effective anti-cancer activity. Cisplatin
in combination with chrysin increased the phospho-
rylation and accumulation of p53 through activating
ERK1/2 in Hep G2 cells, which led to the overex-
pression of the pro-apoptotic proteins TNFRSF10B/
DRS5 and Bax and the inhibition of the anti-apoptotic
protein Bcl-2 [28]. In addition, combination of cis-
platin and chrysin promoted both extrinsic apopto-
sis by activating caspase-8 and intrinsic apoptosis
by increasing the release of cytochrome ¢ and acti-
vating caspase-9 in Hep G2 cells and other human
cancer cells that are resistant to cisplatin [28]. It
was also shown that (E)-2,4-bis(p-hydroxyphenyl)-
2-butenal (a MRP) induces apoptosis in human
non-small-cell lung cancer (NSCLC) cells by p38
MAPK-mediated suppression of NF-kB and activa-
tion of TNFRSF10B/DRS, TNFRSF25/DR3, and
TNFRSF21/DR6, which then activates the caspase-3
and caspase-9 pathways [29]. Inhibitory effect of (E)-
2,4-bis(p-hydroxyphenyl)-2-butenal on the growth
of NSCLC cells due to induction of apoptosis was
concentration- and time-dependent. Concomitantly,
it significantly increased the expression of apoptotic
proteins such as cleaved Bax and p53, but down-
regulated the expression of anti-apoptotic proteins
Bcl-2, the inhibitor of apoptosis protein-1 and -2.
Of the death receptors activated, only TNFRSF10B
knock down with siRNA reversed the effect of (E)-
2,4-bis(p-hydroxyphenyl)-2-butenal. Moreover, only
pretreatment with a p38 MAPK inhibitor reversed
(E)-2,4-bis(p-hydroxyphenyl)-2-butenal-induced cell
growth inhibition, increase in cleaved caspase-3, -9
and TNFRSF10B expression, and NF-kB inactiva-
tion [29].

To achieve optimal clustering of TNFRSF10B/
DRS5, a novel multivalent nanobody approach was
taken with the goal of generating a significantly
more potent DR5 agonist [30]. Thus, trivalent DRS
targeting nanobodies mimic the activity of natural li-
gand, and furthermore, increasing the valency of do-
mains to tetramer and pentamer, markedly increased
potency of cell killing on tumor cells, with penta-
mers being more potent than tetramers in vitro. The
increased potency was attributed to faster kinetics of
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death-inducing signaling complex assembly and cas-
pase-8 and caspase-3 activation. Moreover, in vivo,
multivalent nanobody molecules elicited superior
anti-tumor activity compared to a conventional DR5
agonist antibody, including the ability to induce tu-
mor regression in an insensitive patient-derived pri-
mary pancreatic tumor model [30]. Therefore, many
agonistic monoclonal antibodies specific for TRAIL
receptors induce apoptosis in multiple tumor cell
types, but some TRAIL receptor-expressing tumor
cells, including Jurkat T cells, are resistant to TRAIL
receptor-specific monoclonal antibody-induced apo-
ptosis. Kobayashi et al. [31] constructed a chimeric
antigen receptor (CAR) of a TRAIL-receptor 1-spe-
cific single chain variable fragment (scFv) antibody
(TRAIL-receptor 1-scFv-CAR), which killed Jurkat
T cells via TRAIL-receptor 1-mediated apoptosis.

Recently, it was shown that methyl jasmonate,
a botanical hormone that serves as a signal transduc-
tion intermediate and regulates cell death in stressed
plants, induces cell cycle arrest, apoptosis and non-
apoptotic cell death selectively in cancer cells [32].
The molecular mechanism through which methyl
jasmonate induces apoptosis in human non-small cell
lung cancer (NSCLC) was studied. It was found that
methyl jasmonate triggered apoptosis via the DDIT3/
GADDI153-TNFRSF10B/DR5-CASP axis. Thus, me-
thyl jasmonate treatment significantly decreased the
expression of CFLAR (CASP8 and FADD-like apo-
ptosis regulator, an inhibitor of CASP8) in NSCLC
cells, and ectopic expression of CFLAR partly pro-
tected cells from methyl jasmonate-induced apop-
tosis [32]. The activity of pro-apoptotic genes ex-
pression such as TNFRSFIOBDRS or TP63 is also
regulated by the LTR12 from endogenous retrovirus
9 [33, 34]. When treating testicular cancer cells with
HDAC inhibitors as well as the death ligand TNF-re-
lated apoptosis-inducing ligand (TRAIL), rapid cell
death was observed, this depended on TNFRSF10B
expression [34]. The promoter activity of LTR12 is
largely confined to the testes, silenced in testicular
carcinoma, but reactivated in testicular cancer cells
by broad-range histone deacetylase (HDAC) in-
hibitors, which also induce LTR12 activity in cells
derived from many additional tumor species [33].
Moreover, HDAC inhibitors also cooperate with
cisplatin to promote apoptosis in testicular cancer
cells. ERV9-LTRs not only drive a large set of hu-
man transcripts, but a subset of them acts in a pro-
apoptotic manner [34].

The TRAIL is a potent and specific inducer
of apoptosis in cancer cells, but not all pancreatic
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cancer cells respond to this apoptosis inducing li-
gand. To overcome resistance and improve the ef-
fectiveness of TR AIL-based therapies the constructs
were created expressing soluble TRAIL variants
that were rendered specific for either TRAILR1/
DR4 or TRAILR2/DRS5 by amino acid changes
in the TRAIL ectodomain. It was shown that the
TRAILR1/DR4 specific variant had higher apopto-
sis-inducing activity in human pancreatic carcinoma
Colo357 cells as well as PancTul cells that were addi-
tionally sensitized by targeting of X-linked inhibitor
of apoptosis protein (XIAP), also known as inhibitor
of apoptosis protein 3 (IAP3) [35]. Furthermore, the
TRAILRI specific recombinant protein (DR4) was
more efficacious than recombinant wild type TRAIL
on Colo357 xenografts in nude mice. Thus, synthetic
biological approaches can potentially enhance the
therapeutic efficacy of TRAIL-based therapies in
pancreatic cancer, suggesting that they can possibly
become part of individualized and tumor specific
combination treatments in the future [35]. Most glio-
ma cells are also resistant to TRAIL-induced apop-
tosis and this resistance to TRAIL limits its poten-
tial use as a drug for therapy of glioma. Khan et al.
[36] have shown that evodiamine, a major bioactive
compound of the Chinese herb Evodiae fructus, sen-
sitizes U87 glioblastoma cells to TRAIL and inhibit
cell growth in a dose-dependent manner; however,
TRAIL alone failed to exert any cytotoxic effect.
Combining TRAIL with evodiamine significantly
increased the apoptotic rate of U87 glioblastoma
cells, as compared to evodiamine treatment alone
through increased expression of death receptors DR4
and DR5 as well as caspase-8 and cleaved caspase-3
[36].

It is interesting to note that mitochondrial divi-
sion inhibitor-1 (MDIVI-1), also known as dynamin
1-like (NDMIL), is able to enhance the sensitivity of
human ovarian cancer cells to death receptor ligands
including TRAIL, FAS ligands, and TNFA [37]. Im-
portantly, the combination of TRAIL and NDMI1L
has no apparent cytotoxic effect on non-transformed
human cells, indicating a significant therapeutic win-
dow. This effect is mediated by caspase-8 and not by
the two important pro-apoptotic Bcl-2 family pro-
teins Bax and Bak [37].

Hypoxia is a major problem that impairs the
sensitivity of human cancer cells to death by apop-
tosis. Certain miRNAs that regulate apoptotic genes
including miR-210 can be induced by hypoxia, re-
sulting in cell apoptosis. Tse et al. [38] observed a
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significant induction of miR-210 in primary ovarian
follicular cells exposed to hypoxia, and gene ontolo-
gy analysis further highlighted the potential roles of
miR-210 in cell proliferation, cell differentiation, and
cell apoptosis through a number of miR-210 target
apoptotic genes, including TNFRSF10B/DRS, de-
leted in liver cancer 1 protein (DLC1), STE20-like
serine/threonine-protein kinase (SLK), RNA binding
motif protein 25 (RBM25), and ubiquitin-specific-
processing protease 7 (USP7) [38]. Moreover, ec-
topic expression of miR-210 would result in down-
regulation of these apoptotic genes. On the other
hand, the inhibition of miR-210 promoted apoptotic
cell death and the expression of apoptotic marker -
caspase 3 in follicular cells under hypoxic treatment,
supporting the regulatory role of miR-210 in ovarian
cell apoptosis [38].

Recently, it was shown that apoptosis induced
by TRAIL in PC-3 cells is enhanced by inhibition of
transient receptor potential melastain 7 (TRPM?7), a
bifunctional protein with dual structure of both ion
channel and protein kinase, which participate in a
wide variety of diseases including cancer [39]. The
influence and potential function of TRPM7 on the
PC-3 cells apoptosis induced by TNF-related apopto-
sis inducing ligand (TRAIL) was also demonstrated.
The expression of TRPM7 is up-regulated in PC-3
cells after treating with TRAIL and subsequent in-
duction of apoptosis. Furthermore, the suppression
of TRPM7 by TRPM7 non-specific inhibitors not
only markedly eliminated TRPM?7 expression level,
but also increased the apoptosis of TRAIL-treated
PC-3 cells, which may be regulated by the phos-
phatidyl inositol 3-kinase/protein kinase B signaling
pathway accompanied with up-regulated expression
of cleaved caspase-3, TRAIL-receptor 1/DR4, and
TRAIL-receptor 2/DRS5 [39].

TNFRSF21 (death receptor-6, DR6) is an or-
phan TNF receptor superfamily member and is
expressed ubiquitously with high expression in the
lymphoid organs, heart, brain and pancreas. Ectopic
expression of DR6 in some cell lines leads to apopto-
sis and activation of the JNK and NF-kB pathways.
Some tumor cells overexpress DR, typically in con-
junction with elevated anti-apoptosis molecules. DR6
show normal development with no gross pathology
in any major organs. In the absence of DR6, B-cells
show increased proliferation, cell division and cell
survival upon mitogenic stimulation (anti-CD40
and LPS) [16]. Thus, DR6 plays an important regu-
latory role for the generation of adaptive immunity.

In addition, TNFRSF21 is highly expressed in many
tumor cell lines and tumor samples. Interestingly,
both of its transcriptional and cell surface expres-
sion are regulated by the NF-kB pathway and metal-
loproteinase in some tumor cell lines, respectively.
The role of DR6 as an apoptosis-inducing receptor
is less clear and perhaps cell type dependent [16].
It is interesting to note that DR6 can bind the amy-
loid precursor protein via the protein extracellular
regions, inhibits synapse formation and is important
for APP-induced dimerization and activation of cell
surface TNFRSF21/DR6 [40].

Mirzaei et al. [41] have shown significant
changes in the expression profile of apoptotic genes
in the AGS (gastric adenocarcinoma), 5637 (bladder
tumor), and U-87MG (brain tumor) cell lines trans-
fected with OCT4BI1, a newly discovered spliced
variant of transcription factor OCT4, which is pri-
marily expressed in pluripotent and tumor cells.
This variant of transcription factor OCT4 is signifi-
cantly overexpressed in tumors, where it endows an
anti-apoptotic property to tumor cells. The expres-
sion of TNFRSF1A/TRADD, TNFRSF21/DR6,
TNFRSF10B/DRS, TNFRSF11B (decoy receptor
osteoprotegerin, and CASP7) is up-regulated in all
three examined cell lines following OCT4BI1 sup-
pression with irrelevant siRNAs and down-regulated
in cells transfected with OCT4B1 [41]. Thus, with
some minor exceptions, the suppression of OCT4B1
caused up-regulation of pro-apoptotic and down-
regulation of anti-apoptotic genes in tumor cells.
Jang et al. [42] studied effect of the suppression of
adenine nucleotide translocase-2 (ANT2) by short-
hairpin RNA (shRNA) on the resistance of breast
cancer cells to TRAIL-induced apoptosis in vitro
and in vivo in breast cancer cells, which frequently
expressed high levels of ANT2. It was shown that
ANT2 shRNA treatment sensitized MCF7, T47 D,
and BT474 cells to TR AIL-induced apoptosis by up-
regulating the expression of TRAIL death receptors
4 and 5 (DR4/TNFRSF10A and DR5/TNFRSF10B)
and down-regulating the TRAIL decoy receptor 2
(DcR2/TNFRSF10D). In MCF7 cells, ANT2 knock-
down activated the stress kinase c-Jun N-terminal
kinase (JNK), subsequently stabilizing and increa-
sing the transcriptional activity of p53 by phospho-
rylating it [42]. Furthermore, ANT2 shRNA-induced
overexpression of DR4, DRS and TRAIL sensitiza-
tion were blocked by a p53 inhibitor, suggesting that
pS3 activation plays an important role in the tran-
scriptional up-regulation of these death receptors.
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However, ANT2 knockdown also up-regulated DR4
and DRS in the pS3-mutant cell lines BT474 and T47
D [42]. Treatment of the cells with a demethylation
agent or JNK inhibitor prevented the ANT2 shRNA-
induced down-regulation of DcR2 and activation of
pS3. In experiments in vivo using nude mice, ANT2
shRNA caused TRAIL-resistant MCF7 xenografts
to undergo TRAIL-induced cell death, up-regula-
ted DR4/TNFRSF10A and DR5/TNFRSF10B and
down-regulated the TRAIL decoy receptor 2 (DcR2/
TNFRSF10D). Moreover, co-treatment with adenine
nucleotide translocase-2 shRNA and TRAIL effi-
ciently suppressed tumor growth in these mice [42].

At the same time, there is cell type specifici-
ty of signaling from membrane receptors to their
downstream cell-type dependent transduction net-
works [43]. It was shown that similar response
of most cells to the same stimulus presented high
functional similarity. Likewise, in cancer cells most
signaling networks were generally dysfunctional
and less complete than in normal cells. However,
glioma emerged hyper-activated the transduction
mechanism in malignant state. Receptor ATP6AP2
and TNFRSF21 induced rennin-angiotensin and
apoptosis signaling were found likely to explain the
glioma-specific mechanism [43]. The ubiquitin-pro-
teasome system (UPS) has been shown to regulate
TRAILR members suggesting that pharmacological
inhibition of the UPS may be a novel strategy to aug-
ment TRAIL-based therapies and increase efficacies.
Recently, an inhibitor of proteasome deubiquitinase
activity b-AP15 was identified, and exposure of tu-
mor cell lines to this inhibitor resulted in increased
TRAILR2 expression and enhanced sensitivity to
TRAIL-mediated apoptosis and cell death in vitro
and in vivo [11].

Therefore, tumor necrosis factor receptors and
Fas-related death receptors play an important role
in the regulation of apoptosis and cell proliferation
through downstream cell-type dependent transduc-
tion networks and are regulated by multiple factors.

Tumor necrosis factor-related
decoy receptors

In addition to death receptors, several decoy
receptors have also been identified and include de-
coy receptor 1 (DcR1), also known as TNFRSF10C/
TRAILR3/TRID, DcR2, also known as TNFRS-
F10C/TRUNDD, DcR3, also known asTNFRSF6B,
and DcR4, also known as TNFRSF11B or osteo-
protegerin (OPG). The decoy receptors, which lack
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the pro-apoptotic death domain, do not transduce
apoptotic signals but rather compete with the death
receptors for ligand binding and thereby inhibit
ligand-induced apoptosis [10, 14]. DcR1 is not ca-
pable of inducing apoptosis, and is thought to func-
tion as an antagonistic receptor that protects cells
from TRAIL-induced apoptosis. This gene was
found to be a p53-regulated DNA damage-inducible
gene. However, p53 also regulates the expression of
TRAIL decoy receptors DcR1 and DR2. Although
the significance of p53-dependent regulation of de-
coy receptors remains unclear, evidence suggests
that DcR1 appears to inhibit p53-mediated apoptosis.
It is, therefore, possible that p53 may blunt its DRS5-
dependent apoptotic effects by controlling the levels
of decoy receptors. Pro-apoptotic ligand TRAIL
engages the apoptotic machinery through two pro-
apoptotic receptors, TRAILR1/DR4/TNFRSF10A
and TRAILR2/DRS5/TNFRSF10B. This cell death
program is tightly controlled by two antagonis-
tic receptors, TRAILR3/DcR1/TNFRSF10C and
TRAILR4/DcR2/TNFRSF10D, both devoid of a
functional death domain, an intracellular region of
the receptor, required for the recruitment and the ac-
tivation of initiator caspases. Upon TRAIL-binding,
TRAILR4/DcR2 forms a heteromeric complex with
the agonistic receptor TRAILR2/DRS leading to re-
duced caspase-8 activation and apoptosis [44]. The
inhibitory decoy receptors (DcR1 and DcR?2) co-
expressed with death receptors (DR4 and DRS) on
the same cell can block the transmission of the apo-
ptotic signal and also regulate TRAIL sensitivity at
a supracellular level and thus represent a mechanism
by which the microenvironment can diminish tumor
TRALIL sensitivity [10].

The tissue restricted expression of the decoy
receptors on normal but not cancer cells provides a
therapeutic rational for the development of selective
TRAIL-mediated anti-tumor therapies. It was shown
that the membrane expression of decoy receptors for
TRAIL DcR1 and DcR2 is greater in the normal
endometrium than endometrioid endometrial can-
cer [45]. Moreover, the TNFRSF10C copy number
variation in patients with colorectal cancer is asso-
ciated with distant metastatic disease [46]. DcR2/
TRAILR4 promotes tumor growth and resistance to
apoptosis in cervical carcinoma Hela cells through
AKT, may contribute to cervical carcinogenesis [44].
Furthermore, this decoy receptor can directly inhibit
TRAIL-induced cell death at the membrane and also
trigger the activation of signaling pathways leading
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to cell survival and proliferation in HeLa cells. Shin
et al. [46] demonstrate that the TNFRSF10C/DcR1
as well as TNFRSF10A/DR4 and TNFRSF10B/
DRS5 participate in apoptotic and antioxidant effects
of vitisin A, derived from wine grapes, the under-
lying antitumor mechanism in prostate cancer cells.
Upregulation of TNFRSF10B/DR5 and production
of reactive oxygen species mediate sensitization of
PC-3 prostate cancer cells to TRAIL induced apop-
tosis by vitisin A [47]. Combined treatment of PC-3
cells with vitisin A and TRAIL increased the pro-
duction of reactive oxygen species, DR5 promoter
activity, its cell surface expression, and enhanced
cytotoxicity. Furthermore, the reactive oxygen spe-
cies inhibitor NAC and silencing of DR5 by siRNA
transfection inhibited the ability of combination to
generate ROS [47].

Recently, it was shown that epigenetic inac-
tivation of TRAIL decoy receptors TNFRSF10C
and TNFRSF10D in the majority of cervical cancer
patients downregulated expression of these decoy
receptors and confers sensitivity to TNFRSF10C/
trail-cisplatin combination therapy in cervical cancer
[48]. Moreover, the cervical cancer cell lines harbo-
ring epigenetic inactivation of TRAIL decoy recep-
tors effectively activate downstream caspases sug-
gesting a critical role of inactivation of these genes
in efficient execution of extrinsic apoptotic pathway
and therapy response. Analysis of TNFRSF10D/
DcR2 DNA-methylation status in melanoma patients
revealed that methylated TNFRSF10D is associated
with the survival of melanoma patients [49]. There
is data that the increased DcR2 protein levels might
play a role in TRAIL resistance in solid tumors and
that hypoxia, which is an important feature of solid
tumors and renders tumor cells resistant to some
chemotherapeutic agents, including TRAIL, is re-
sponsible for this effect [S0]. Thus, hypoxia upregu-
lated DcR2 protein expression on the cell surface
membrane in five different human colon cancer cell
lines (HCT116, HT29, SW480, SW620, and WiDr).
In contrast, hypoxia had no effect on TNFRSF10A/
DR4, TNFRSF10B/DRS, or TNFRSF10C/DcR1
protein levels [50]. Furthermore, hypoxia-inducible
factor la played a crucial role in up-regulation of
the transcription of DcR2, but that neither p53 nor
NF-kB contributed to this regulation. Moreover,
TRAIL-induced cell death was attenuated under hy-
poxic conditions [50].

Mansour et al. [S1] have recently shown that de-
coy receptor 1 mediates malignant glioma resistance

to temozolomide, which is used widely to treat this
tumor. Resistance to temozolomide has been related
to the induction of anti-apoptotic proteins including
the transcription factor NF-kB, which has been sug-
gested to participate in promoting the survival of
cells exposed to chemotherapy. It was shown that the
decoy receptor DcR1 as a temozolomide response
gene induced by a mechanism relying upon pS0/NF-
kB1 through NF-kB-binding site identified in the
promoter of TNFRSF10C/DcR1 gene [S1]. Moreover,
both loss-of-function and gain-of-function studies
reveal that the atypical IxB protein, Bcl3, is also re-
quired for induction of DcR1 by temozolomide.
DcR3/TNFRSF6B also protects against apop-
tosis because it can neutralize the cytotoxic ligands
TNFS14/LIGHT, TNFSF15 and TNFSF6/FASL.
Higher DcR3 expression was related to the status of
invasion, lymph node metastasis and recurrence in
bladder urothelial carcinoma [52]. Overexpression
of DcR3 was found in bladder urothelial carcinomas
and cell lines, with significant elevation as compared
to normal bladder tissues and negatively correlated
with caspase-3 and positively associated with Bcl-2,
VEGF, and p53. Thus, decoy receptor 3 may play
an important role as an oncogene in tumorigenesis
and progress of bladder urothelial carcinoma via
influencing related pathways of apoptosis, prolifera-
tion and angiogenesis [52]. DcR3 is also involved in
development and prognosis of female reproductive
cancers, including cervical cancer, ovarian cancer,
and breast cancer [53]. Recently, it was shown that
the alteration of decoy receptor 3 leads to resistance
of idiopathic pulmonary fibrosis fibroblasts to Fas li-
gand-dependent apoptosis [54]. These fibroblasts in-
teract with collagen matrix, and aberrantly activated
Akt increases DcR3 expression and protects these
cells from the FasL-dependent apoptotic pathway.
TNFRSF6B is also induced by TNFA-induced pro-
tein 8, a recently identified protein that is considered
to be associated with various malignancies, inclu-
ding esophageal, breast, gastric, and pancreatic can-
cer [55]. The expression of DcR3 is regulated by the
mitogen-activated protein kinase (MAPK)/MAPK
kinase/extracellular signal-regulated kinase (ERK)
signaling pathway. The expression of TNFA-induced
protein 8, ERK1/2 and DcR3 in the tumor tissues
of GC was significantly increased compared with
paracarcinoma tissues and TNFA-induced protein
8 expression positively correlated with DcR3 and
ERK1/2 levels, which may be involved in the cell
apoptosis of gastric and pancreatic cancer [55, 56].
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The level of DcR3 protein and ERK1/2 phosphoryla-
tion in pancreatic carcinoma cells is up-regulated
and RNAi knockdown of DcR3 expression reduced
resistance to FasL-induced apoptosis and elevated
expression of caspase 3, 8 and 9 as well as reduced
ERK1/2 phosphorylation [56]. Thus, DcR3/TNFRS-
F6B enhances ERK1/2 phosphorylation and opposes
FasL signaling in pancreatic cancer cells.
DcR4/TNFRSF11B, also known as osteoprote-
gerin (OPQ), acts as decoy receptor for TNFSF11/
RANKL and thereby neutralizes its function in
osteoclastogenesis. TNFRSF11B may also act as a
soluble decoy receptor for TNFSF10/TRAIL, plays
an inhibitory role in TRAIL-induced cell apoptosis
and protects against TRAIL-mediated apoptosis
[57]. OPG was initially discovered to contribute to
homeostasis of bone turnover due to its capability
of binding to receptor activator of nuclear factor-
kB (NF-kB), but apart from bone turnover, OPG
plays important and diverse roles in many biologi-
cal functions. Upon TRAIL-binding, OPG forms
a heteromeric complex with the agonistic receptor
TRAILR2/DRS leading to reduced caspase-8 acti-
vation and apoptosis. Along with inhibiting TRAIL
induced apoptosis, it can induce proliferation by
binding to various cell surface receptors and thus
turning on the canonical cell survival and prolifera-
tive pathways as well as induces angiogenesis, one of
the hallmarks of cancer, thus facilitating cancer pro-
gression, especially breast cancer [57]. Furthermore,
osteoprotegerin has tumor-promoting roles in the
pathogenesis of lymphangioleiomyomatosis, contri-
butes to the metastatic potential of cells with a dys-
functional TSC2 tumor-suppressor gene, selectively
induced migration and stimulates proliferation of
cells cultured from explanted lymphangioleiomyo-
matosis lungs, which is characterized by cystic lung
destruction, lymphatic infiltration, and abdominal
tumors [58]. The expression of OPG mRNA was sig-
nificantly increased in lung nodules and serum OPG
level was ssignificantly higher in lymphangioleio-
myomatosis patients than in normal volunteers.
Bosman et al. [59] have shown that recombi-
nant human tumor necrosis factor-related apoptosis-
inducing ligand (thTRAIL) D269H/E195R is specific
for TNFRSF10B/DRS5 and displays a significantly
decreased affinity to osteoprotegerin and overcomes
TRAIL resistance mediated by the bone marrow mi-
croenvironment, which provides important signals
for the survival and proliferation of hematopoietic
and malignant cells. OPG also participates in osteo-
clast differentiation induced by vascular endothe-
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lial growth factor, a key cytokine for angiogenesis,
which increased the osteoblastic the receptor activa-
tor of nuclear factor kappa-B ligand (RANKL)/OPG
ratio and induces osteoblast proliferation, migration,
and invasion potentials in vitro [60].

Moreover, DcR2/TRAILR4 promotes tumor
growth and resistance to apoptosis in cervical car-
cinoma HeLa cells and can also exhibit, in a ligand
independent manner, signaling properties in the cer-
vical carcinoma cell line Hela, through Akt [44].
Ectopic expression of TNFRSF10D/TRAILR4 in
HeLa cells induced morphological changes, with cell
rounding, loss of adherence and markedly enhanced
cell proliferation in vitro and tumor growth in vivo,
but disruption of the PI3K/Akt pathway using the
pharmacological inhibitor LY294002, siRNA targe-
ting the p85 regulatory subunit of phosphatidylino-
sitol-3 kinase, or by PTEN over-expression, partially
restored TRAIL-mediated apoptosis in these cells
[44]. Moreover, the Akt inhibitor, LY294002, resti-
tuted normal cell proliferation index in HeLa cells
expressing TNFRSF10D. TNFRSFI0D is a p53 tar-
get gene and its overexpression or CCNG?2 gene, a
negative cell cycle regulator, induces cell cycle arrest
and may contribute to thiopurine resistance [61]. At
the same time, cross-platform array screening identi-
fies TNFRSF10D and thrombospondin 1 as well as
ubiquitin carboxy-terminal hydrolase L1 as genes
frequently silenced by methylation in melanoma,
which was shown in a large panel of melanoma cell
lines and resected melanomas [62].

Decoy receptors also regulate TRAIL sen-
sitivity at a supracellular level and thus represent
a mechanism by which the microenvironment can
diminish tumor TRAIL sensitivity. Moreover, these
receptors do not only act in a cell-autonomous or
cis-regulatory manner, but also exert trans-cellular
regulation originating from stromal cells and affect
tumor cells, highlighting the potent inhibitory effect
of decoy receptors in the tumor tissue and the neces-
sity of selective targeting of the two death-inducing
TRALIL receptors to maximize efficacy [10, 14]. To-
dorova et al. [63, 64] have shown that TNF-related
apoptosis-inducing ligand receptor 4 is controlled
by poly(ADP-ribose) polymerase-13 (PARP13), also
known as ZC3HAV1 and zinc-finger antiviral protein
(ZAP), which is an antiviral factor, regulates cellu-
lar mRNA post-transcriptionally and functions as a
pro-apoptotic factor by destabilizing TR AILR4 tran-
script. PARP13 binds RNA via its four CCCH-type
zinc-finger domains and targets it for degradation
by recruiting cellular messenger RNA decay factors



O. H. Minchenko, D. O. Tsymbal, D. O. Minchenko, O. O. Ratushna

such as the exosome complex and XRN1. PARP13
binds to and regulates cellular mRNAs in the ab-
sence of viral infection. Knockdown of PARP13 re-
sults in the misregulation of hundreds of transcripts
including TRAILR4/DcR2. PARPI13 destabilizes
TRAILR4 mRNA post-transcriptionally in an exo-
some-dependent manner by binding to a region in its
3" untranslated region. As a consequence, PARP13
represses TRAILR4 expression and increases cell
sensitivity to TRAIL-mediated apoptosis, acting as
a key regulator of the cellular response to TRAIL
[63]. Post-transcriptional regulation of RNA is an
important mechanism for activating and resolving
cellular stress responses. Moreover, these functions
of PARP13 are important components of the cellular
response to stress. In addition, the ability of PARP13
to restrict oncogenic viruses and to repress the pro-
survival cytokine receptor tumor necrosis factor
(TNF)-related apoptosis-inducing ligand receptor 4
suggests that it can be protective against malignant
transformation and cancer development [64].
Recently, it was shown that the expression of
TRAIL and TRAIL receptors as well as TRAIL-
induced apoptosis is significantly increased in hepa-
tocellular carcinoma by interferon-a and celecoxib,
a cyclooxygenase-2 inhibitor, respectively, because
cyclooxygenase-2 is overexpressed in this carcinoma
cells and is considered to play a role in hepatocar-
cinogenesis [65]. Thus, interferon-a and cyclooxy-
genase-2 inhibitor synergistically inhibit cell prolife-
ration in a dose- and time-dependent manner and
cooperatively mediateTR AIL-induced apoptosis in
hepatocellular carcinoma [66]. Moreover, the regu-
lation of interferon-a- and COX-2 inhibitor-induced
cell death is impaired in a subset of TR AIL-resistant
cells. It was also shown that doxorubicin-induced
recruitment of death receptor 5 to the cell surface
impacts the enhanced apoptotic effect that can be
longitudinally monitored by apoptosis imaging [66].
It is interesting to note that pancreatic tumor sam-
ples have increased levels of nuclear TRAILR2/
DRS5/TNFRSF10B and that this form of TRAILR2
inhibits maturation of the microRNA let-7 in
pancreatic cancer cell lines and increases their pro-
liferation [67]. Moreover, knockdown of TRAILR?2
increased Drosha-mediated processing of the let-7
microRNA precursor primary let-7 (resulting in in-
creased levels of mature let-7), reduced levels of the
let-7 targets (LIN28B and HMGA2), and inhibited
cell proliferation. Nuclear TRAIL-R2 inhibits matu-
ration of the microRNA let-7 in pancreatic cancer

cell lines and increases their proliferation [67]. Gup-
ta et al. [6] found that a limonoid tetranortriterpene,
azadirone, sensitizes human cancer cells to TRAIL,
induces death receptors DR5 and DR4 signaling,
down-regulates of cell survival proteins, and up-
regulates of proapoptotic proteins.

Thus, targeting TRAIL and TRAIL recep-
tors, which control many aspects of tumor cell death
(Fig. 1), is important in the treatment of cancer be-
cause defective apoptosis contributes to the survival
of cancer cells [10, 13, 14, 19, 68]. TRAIL-targeted
therapy with an outlook towards the future included
recombinant human proteins, small molecules and
agonistic monoclonal antibodies targeting death re-
ceptors that trigger TR AIL-mediated apoptosis.

Endoplasmic reticulum stress modulates
the expression of TNF-related genes

Recently, it was demonstrated the expression
of most TNFA-related genes responsible for endo-
plasmic reticulum stress, which had been shown to
trigger cell proliferation through reprogramming
genome and cell death through apoptosis [69-71].
Apoptosis related proteins TNFRSF10D/TRAILRA4,
TNFRSF10B/TRAILR2/DR5, TNFRSF21/DR6,
TRADD, TNFRSF11B/OPG, TNFAIP1, TNFAIP3,
and TNFSF7/CD70 were among them. The endo-
plasmic reticulum (ER) is the primary organelle
able to activate a distinct cellular stress response,
termed the unfolded protein response in which an
aggregate of misfolded proteins triggers activation
of a complex set of signaling pathways to execute a
resolution to the causative stress. Malignant tumors
utilize the endoplasmic reticulum stress response to
adapt to stressful, environmental conditions [72-74].
The rapid growth of solid tumors generates micro-
environmental changes in association to hypoxia,
nutrient deprivation and acidosis, which induce new
blood vessels formation and cell proliferation and
surviving [72, 74]. Those processes rely on the ac-
tivation of endoplasmic reticulum stress signalling
pathways. UPR is mediated by three interconnected,
endoplasmic reticulum-resident sensors. IRE1 (inosi-
tol requiring enzyme-1), also known as ERNI (endo-
plasmic reticulum to nucleus signaling 1), is the most
evolutionary conserved sensor that responds to pro-
tein misfolding with a highly tuned program aimed
to either resolve the stress or direct the cell towards
apoptosis in the case rectification is not viable; thus
making it a key regulator of life and death processes
[71, 73, 75, 76].
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Inhibition of IREIl significantly decreases
glioma cell proliferation and tumor growth and af-
fects the expression of numerous genes responsible
for regulation of cell proliferation, surviving and
apoptosis including TNFA related genes [69, 70, 75,
77-84]. Thus, inhibition of IREI signaling enzyme
activity causes a strong increase (more than 8-fold)
in the levels of TNFRSF21 mRNA, which is known
as death receptor 6, in U87 glioma cells (Fig. 2). It
is interesting to note that the changes observed in
the above studied gene, which has relation to TNF-
directed apoptosis, correlate well with slower cell
proliferation in cells harboring dnIREI, attesting
to the fact that endoplasmic reticulum stress is a
necessary component of malignant tumor growth
and cell survival [72, 74, 80, 83]. There is data that
TNFRSF21/DR6 induced apoptosis through a new
pathway that is different from the type I and type II
pathways through interacting with Bax protein [85].
Moreover, B-cells lacking TNFRSF21/DR6 show
increased proliferation rate and cell survival upon
mitogenic stimulation [16]. However, this gene is
highly expressed in many tumor cell lines and tu-
mor samples and the role of TNFRSF21/DR6 as an
apoptosis-inducing receptor is less clear and perhaps
cell type dependent.
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Another death receptor, DRS/TNFRSF10B, is a
receptor for TRAILR2 and can initiate the extrinsic
apoptotic pathway characterized by the recruitment
of death domains, assembly of the death-inducing
signaling complex (DISC), caspase activation and
ultimately apoptosis. At the same time, TNFRS-
F10B/DR5 mRNA expression is down-regulated
upon inhibition of IRE1 signaling enzyme (Fig. 2).
Therefore, the changes observed in the TNFRSFI0B
gene, as initiator of apoptosis, do not correlate with
slower cell proliferation in cells harboring dnIREI.
It is possible that TNFRSF10B/DRS facilitate only
endoplasmic reticulum stress-mediated apoptosis
and inhibition IREl-mediated endoplasmic reticu-
lum stress signaling causes down-regulation of this
gene expression, because recently it was shown
that DDIT3/CHOP and KAT2A proteins regulate
TNFRSF10B expression and endoplasmic reticulum
stress-mediated apoptosis in human lung cancer cells
via formation of the KAT2A-DDIT3-phospho-JUN
complex and knockdown of KAT2A down-regulated
TNFRSF10B [86].

At the same time, significant up-regulation of
TRAILR4/TNFRSF10D/DcR2 and TNFRSF11B/
DcR4/OPG in glioma cells upon inhibition of IRE1
was observed (Fig. 2). These decoy receptors lack
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Fig. 2. Expression of DR6/TNFRSF21, DR5/TNFRSFI10B, DcR4/OPG/TNFRSFI1IB, TNFRSFI0D/DcR2/
TRAILR4, and TNFRSFIA/TNFRI mRNAs in glioma cell line U87 (Vector) and its sublines with a deficiency
of both protein kinase and endoribonuclease of the signaling enzyme IREI (dnIREI) measured by gPCR. The
expression values of TNF receptor superfamily member mRNAs were normalized to f-actin mRNA expression
and represented as percent control (vector, 100%); mean + SEM; n = 4; * P < 0.001 versus control [69]
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the pro-apoptotic death domain, could not induce
apoptosis and have been shown to play an inhibi-
tory role in TRAIL-induced cell apoptosis [11, 44,
57]. The induction of TNFRSF10D and TNFRSF11B
mRNAs in glioma cells upon inhibition of IRE1 cor-
relates with down-regulation of TNFRSF10B/DRS5.
Similar negative correlation was observed in breast
cancer cells treated by short-hairpin RNA for sup-
pression of adenine nucleotide translocase-2 (ANT2)
[42]. Suppression of ANT2 restores susceptibility of
breast cancer cells to TRAIL-induced apoptosis by
activating JNK and modulating TRAIL receptor
expression: up-regulating the expression of TRAIL
death receptors 4 and 5 and down-regulating the
TRAILR4/DcR2 [42].

Interestingly, the silencing of TNFRSF10D
is related to melanoma genesis [49]. It is possible
that TRAILR4/TNFRSF10D as well as TRAILR2/
TNFRSF10B have relation to regulation of endoplas-
mic reticulum stress-mediated apoptosis. Moreover,
modulation of CCAAT/enhancer binding protein
homologous protein (CHOP)-dependent TRAILR2/
TNFRSF10B/DR5 expression by nelfinavir sensi-
tizes glioblastoma multiform cells to tumor necrosis
factor-related apoptosis-inducing ligand (TRAIL)
[70]. Therefore, a better understanding of the mecha-
nisms underlying TRAILR4/TNFRSF10D as well as
TRAILR2/TNFRSF10B is required.

Tian et al. [70] have shown that nelfinavir treat-
ment led to endoplasmic reticulum stress-induced
up-regulation of the TNFRSF10B/DRS5 expression.
This transactivation was mediated by the tran-
scription factor CCA AT/enhancer binding protein
homologous protein (CHOP). Furthermore, endo-
plasmic reticulum stress-induced ATF4 up-regu-
lation was responsible for modulation of CHOP. In
contrast, DR4 receptor expression was unchanged
by nelfinavir treatment. Combining nelfinavir with
TRAIL led to a significantly enhanced level of apop-
tosis that was abrogated by siRNA silencing of DRS5.
Thus, nelfinavir-induced endoplasmic reticulum
stress modulates DRS expression in human glioblas-
toma multiforme cells and can enhance TRAIL ef-
ficacy [70].

Endoplasmic reticulum stress-induced sensiti-
zation of p53-deficient human colon cancer cells to
TRAIL-mediated apoptosis through upregulation of
DRS5 was observed by Edagawa et al. [87]. They have
shown that the stress response gene ATF3 is required
for endoplasmic reticulum stress-mediated TNFRS-
F10B/DR5 induction upon zerumbone and celecoxib

in these colorectal cancer cells. Both agents activa-
ted PERK-elF2a kinases and induced the expression
of activating transcription factor 4 (ATF4)-CCAAT
enhancer-binding protein (C/EBP) homologous pro-
tein, which were remarkably suppressed by reactive
oxygen species scavengers. In the absence of ATF3,
the induction of DR5 mRNA and protein was ab-
rogated significantly, and this was associated with
reduced cell death by cotreatment of TRAIL with
zerumbone and celecoxib [87]. By contrast, exo-
genous expression of ATF3 caused a more rapid and
elevated expression of DRS5, resulting in enhanced
sensitivity to apoptotic cell death by TRAIL/zerum-
boneor TRAIL/celecoxib. A reporter assay demon-
strated that at least two ATF/CAMP response ele-
ment motifs as well as C/EBP homologous protein
motif at the proximal region of the human DRS5 gene
promoter were required for zerumbone-induced DRS
gene transcription. Thus, ATF3 is an essential trans-
cription factor for p53-independent TNFRSF10B/
DRS induction upon both zerumbone and celecoxib
treatment and this may be a useful biomarker for
TRAIL-based anticancer therapy [87]. Essential
role of ATF3 transcription factor in synergistic
cancer cell killing by a combination of histone de-
acetylase (HDAC) inhibitors and agonistic anti-DRS
antibody through ER stress in human colon cancer
cells was also shown by Liu et al. [88]. In this case
they used the combination of TR AIL/agonistic anti-
DR5 monoclonal antibody and agents that increase
the expression of DR5, which is expected as a novel
anticancer therapeutic strategy. It was shown that six
different HDAC inhibitors activated endoplasmic re-
ticulum stress sensor PERK and elF26 and induced
the ATF4/ATF3/CHOP pathway in p53-deficient hu-
man colon cancer cells. This resulted in an increased
expression of DRS on the cell surface and sensitized
cells to apoptosis by agonistic anti-DRS monoclonal
antibody. Stress response gene ATF3 was required
for efficient DRS induction by HDAC inhibitors, and
DRS reporter assay showed that ATF3 play crucial
role for the HDAC inhibitors-induced activation of
death receptor 5 gene transcription [88].

Recently, it was shown that hypoxia, which is
a major problem that impairs the sensitivity of hu-
man cancer cells to death by apoptosis, affects the
expression of most TNFA related genes responsi-
ble for apoptosis in gene specific manner and that
inhibition of IRE1 significantly modulates effect of
hypoxia on these genes expression in glioma cells
(Fig. 3 and 4) [69].
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Fig. 3. Effect of hypoxia (3% oxygen — 16 h) on the
expression levels of TNFRSF2I/DR6 mRNA (by
qPCR) in control glioma cells (Vector) and cells with
a deficiency of IREI (dnIREI). TNFRSF21 mRNA ex-
pressions values were normalized to f-actin mRNA
expression and represented as percent control (con-

trol glioma cells transfected by vector, 100%); mean
+SEM; n =4 [69]

Hypoxia strongly suppress the expression of
TNFRSF21/DR6 mRNA (8.3-fold) in control glioma
cells and inhibition of IRE1 significantly reduces ef-
fect of hypoxia on this mRNA expression (Fig. 3).
Thus, TNFRSF21 gene expression is responsive
to hypoxia preferentially through IREI signaling
pathway of endoplasmic reticulum stress [69]. At
the same time, hypoxia slightly down-regulates the
expression level of TNFRSF11B/DcR4 mRNA in
control glioma cells (-19%), but inhibition of IRE1
strongly enhances this effect of hypoxia (2.4 fold
down-regulation) (Fig. 4). It is interesting to note that
the expression of genes encoding for TNFRSF10B/
DRS5/TRAILR2 as well as TNFRSFIA/TNFR1
does not change significantly in control glioma cells
treated by hypoxia; however, inhibition of IREI
introduces sensitivity of these gene expressions to
hypoxia (up-regulation 39 and 47%, respectively)
[69]. These results demonstrate that the expression
of TNFRSFI0B and TNFRSFIA genes is resistant
to hypoxia in wild type glioma cells, but inhibition
of the IREI activity leads to up-regulation of these
genes expression. At the same time, the expression
level of TNFRSF10D/TR AILR4/DcR2 mRNA is up-
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Fig. 4. Effect of hypoxia (3% oxygen — 16 h) on the
expression levels of TNFRSF11B/DcR4/OPG mRNA
(by qPCR) in control glioma cells (Vector) and
cells with a deficiency of IREI (dnIREI). TNFRS-
F1IB mRNA expressions values were normalized
to p-actin mRNA expression and represented as
percent control (control glioma cells transfected by
vector, 100%); mean = SEM; n = 4 [69]

regulated by hypoxia in glioma cells independent of
IREL1 signaling enzyme function [69]. There is data
that the increased DcR2 protein levels might play a
role in TRAIL resistance in solid tumors and that
hypoxia, as an important feature of solid tumors, and
renders tumor cells resistant to some chemothera-
peutic agents, including TRAIL, up-regulates this
decoy receptor, but has no effect on TNFRSF10A/
DR4, TNFRSF10B/DRS, or TNFRSF10C/DcR1 pro-
tein levels [50].

Because TRAIL-mediated apoptosis of cancer
cells is responsible for endoplasmic reticulum stress
and oxidative stress new approaches are created: an-
ticancer drugs for the modulation of these stresses
[89, 90]. It is important that targeting of endoplas-
mic reticulum stress response induced apoptosis
in gliomas [89]. The endoplasmic reticulum func-
tions as a multifunctional organelle and as a well-
orchestrated protein-folding unit. It consists of sen-
sors which detect stress-induced unfolded/misfolded
proteins and it is the place where protein folding is
catalyzed with chaperones. Protein folding and the
generation of reactive oxygen species as a protein
oxidative byproduct in endoplasmic reticulum are
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crosslinked. An endoplasmic reticulum stress-in-
duced response also mediates the expression of the
apoptosis-associated gene CHOP and death receptor
5. The endoplasmic reticulum stress induces the up-
regulation of tumor necrosis factor-related apopto-
sis inducing ligand (TRAIL) receptor and opening
new horizons for therapeutic research [90]. These
findings can be used to maximize TRAIL-induced
apoptosis in xenografted mice. This review sum-
marizes the current understanding of the interplay
between ER stress and ROS. It is important that
natural products and drugs have shown potential in
regulating endoplasmic reticulum stress and reactive
oxygen species in different cancer cell lines. Drugs
as inducers and inhibitors of ROS modulation may
respectively exert inducible and inhibitory effects
on endoplasmic reticulum stress and unfolded pro-
tein response. Reconceptualization of the molecular
crosstalk among ROS modulating effectors and en-
doplasmic reticulum stress will lead to advances in
anticancer therapy [89].

To date, the majority of studies on TRAIL re-
ceptors have explored the role of these receptors as
initiators of apoptosis. However, sporadic reports
also suggest that TRAIL receptors can lead to other
outcomes such as cytokine and chemokine produc-
tion, cell proliferation and cell migration. Indeed, al-
though transformed cells frequently express TRAIL,
most do not undergo apoptosis upon engagement of
these receptors, and a significant effort has been de-
voted toward exploring how to sensitize such cells to
the pro-apoptotic effects of death receptor stimula-
tion [41, 85, 91-93].

POJIb PELEIITOPIB TNF TA
TNF-3AJIE’XKHUX JIITAHJIIB,
1O IHAYKYIOTh ANIOIITO3,
3A POCTY NYXJIMH
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CyneppoanHa penenTtopiB (akropa HEKpo3y
nyxiuH (TNF) ta TNF-3anexHux Jiranfmis, 1o
IHIYKYIOTh arolTo3, BIAIrpaloTh BaXKIUBY POJb Y
peamizanii ¢yHkiii TNF 1 KOHTpONIOIOTH picT myX-
suH. 3anexHi Big TNF mwisxu perynsiii KoHTpo-

JIOIOTHCS CUTHAJIAMH, OTIOCEPEAKOBAHUMH CTPECOM
€H/IOMJIa3MAaTHYHOTO PETUKYJIyMa, SKUH BiJlirpae
KJIIOYOBY pOJIb Y KOHTPOJI mpodidepanii KIiTHH
Ta POCTY IMYyXJIMH. bijblle TOro, MPUTHIYCHHS
IRE1 (inositol requiring enzyme-1), sikuii € LeH-
TpaJbHUM MEIiaTOpoOM CTpecy eHJOoIIa3MaTny-
HOT'O PETUKYJIyMa i 3HAYHOI0 MIpOIO BiJIMOBiJIA€E 32
npomidepaniro i anonTo3 KIITHH, OMOCEPEIKOBYE
OPUTHIYEHHS POCTY MyXJIMH HUISIXOM criel(iaHrx
3MiH B ekcrpecii reHiB. Cepesl HUX BaXJIUBE MiCIe
3aiiMaloTh Ti I'eHU, M0 KOJAYITh TPAHCKPHUIILIHHI
(akTopu, MyXJIUHHI CyTIPECOPH, a TAKOXK MPOTETHH,
BIAIMOBIJAJIbHI 3a aHriOreHe3 1 aloITo3, BKIIIO-
yaroun cyneppoauny peuentopiB TNF ta TNF-
3aJIeKHHUX JIIraHdiB, SKi iHAYKYIOTh amonrto3. Ta-
KMM YHHOM, 3MiHU piBHs ekcripecii TNF-3anexunx
IeHiB, LI0 KOAYIOTh MPOTEIHW CYNEPPOIHHH
peuentopiB TNF ta TNF-3anexxHux jgiranmaiB Mox-
JIMBO BiJIJ3€PKANIOIOTh META0ONIYHE pernporpamy-
BaHHS MYXJUHHUX KJIITHH 32 YMOB iHTiOyBaHHS
IREl-onocepeqkoBaHOTO CHUTHAIIOBAHHSI CTPECY
€H/IOTIa3MAaTHYHOTO PETHKYJIyMa 1 KOPEIIoITh 13
OPUTHIYEHHSIM Mpodtidepantii KIiTHH TITiOMH.

Knwouosi ciaoBa: CyneppoarHa
petentopie  TNF, TRAIL, nmekoi-penentopu,
npuraiderds IRE1, xmituau rioiomu.

POJIb PELIEIITOPOB TNF
TNF-3ABUCUMBIX JIMTAH/IOB,
UHAYLIHUPYIOIUX AIIOINITO3, IPU
POCTE OIIYXOJIEN
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CymniepceMelcTBO perenTopoB (pakTopa HEKPO-
3a onyxodeit (TNF) u TNF-3aBUCHMBIX JIUTaHJIOB,
HHIYIHUPYIOIUX Aol TO3, UTPAIOT BAXKHYIO POJIb B
peanmuzanuu GyHkuun TNF 1 KOHTpOIUPYIOT POCT
omyxonei. 3aBucumble oT TNF myTu perynsmuun
KOHTPOJIUPYIOTCSl CUTHAJIAMH, OINOCPEIOBaHHBIMH
CTPECCOM 3HJIOMJIA3MATHUECKOr0 PETUKYIyMa, KO-
TOPBII UrpaeT KIIOYEBYIO pOJib B KOHTPOJIE MPO-
mudepanyu KJIETOK U pocTa onmyxoieid. bosiee Toro,
yraerenue IRE1 (inositol requiring enzyme-1),
KOTOPBII SIBJISIETCA LEHTPAJIbHBIM MEIUaTOPOM
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cTpecca 3HJIOIUIA3MATHUYECKOrO0 PETUKYJIyMa U B
3HAUUTEIBHOW CTENEeHH OTBeYaeT 3a npoiudepa-
LU0 U aIllONTO3 KJIETOK, ONIOCPENYET YTHETEHUE PO-
CTa OMyXoJiel MmyTeM crerupuIecKux U3MEHCHHU I
B aKcripeccuu reHoB. Cpenu 3THX I'€HOB Ba)kKHOE
MECTO 3aHMMAIOT T€, KOTOPbIE KOJUPYIOT TpPaHC-
KPUIIHOHHBIE (DAKTOPBI, CYIPECCOpPhl OIMYyXOJIeH,
a Tak>ke NPOTEHUHBI, OTBETCTBEHHBIE 32 AHTMOT'€HES
U aloNTO3, BKJIIOUYAs CyNEPCEMENCTBO PELENTOPOB
TNF u TNF-3aBUCHMBIX JIMTAaHZIOB, UHIAYLHPYIO-
IIUX anonTo3. TakuM 00pa3oM, H3MEHEHUS YPOBHS
skcrpeccu TNF-3aBUCHMBIX T'€HOB, KOTOPBIE KO-
JUPYIOT NMPOTEUHBI CYNEPCEMENCTBA PELENTOPOB
TNF n TNF-3aBUCUMBIX JTUTaHA0B BO3MOXKHO OTO-
OpakaloT MeTaboJIMYecKoe penporpaMMHUpOBaHHE
OITYXOJICBBIX KJIETOK IPU UHTUOMPOBAHUU OIOCPE-
noanHoro IRE1 curnanmura crpecca saaoria3ma-
TUYECKOT'O PETUKYJyMa U KOPPEIUPYIOT C yrHETE-
HUeM nponudepanuu KISTOK IITHOMBI,

KnroueBbie citoBa: cynmepceMeicTBo pe-
uentopoB TNF, TRAIL, aexoii-penenTopsl, yrue-
tenue IRE], xaeTKkH rimoMEl.
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