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Abstract TNF-related apoptosis-inducing ligand (TRAIL)
is a prominent cytokine capable of inducing apoptosis. It
can bind to five different cognate receptors, through which
diverse intracellular pathways can be activated. TRAIL’s
ability to preferentially kill transformed cells makes it a
promising potential weapon for targeted tumor therapy.
However, recognition of several resistance mechanisms to
TRAIL-induced apoptosis has indicated that a thorough
understanding of the details of TRAIL biology is still
essential before this weapon can be confidently unleashed.
Critical to this aim is revealing the functions and regulation
mechanisms of TRAIL’s potent death receptor DRS.
Although expression and signaling mechanisms of DR5
have been extensively studied, other aspects, such as its
subcellular localization, non-signaling functions, and reg-
ulation of its membrane transport, have only recently
attracted attention. Here, we discuss different aspects of
TRAIL/DRS biology, with a particular emphasis on the
factors that seem to influence the cell surface expression
pattern of DRS, along with factors that lead to its nuclear
localization. Disturbance of this balance apparently affects
the sensitivity of cancer cells to TRAIL-mediated apopto-
sis, thus constituting an eligible target for potential new
therapeutic agents.
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Abbreviations
AR Androgen receptor
BNIP3 Bcl-2 19 kDa interacting protein

c-FLIP Cellular FLICE-like protein
DD Death domain

DED Death effector domain

ELAVL1 Embryonic lethal abnormal vision-like RNA-
binding protein 1

FADD FAD-associated death domain protein

FLICE FADD-like interleukin-1  beta-converting
enzyme

HuR Human antigen R

NLS Nuclear localization signal

PDAC Pancreatic ductal adenocarcinoma cells

RIP1 Receptor-interacting protein 1

SRP Signal recognition particle

TRAF2 TNF receptor-associated factor 2

TRAIL TNF-related apoptosis-inducing ligand

TRAIL-R TRAIL receptors

UPS Ubiquitin-proteasome system

UDPL 3’-UTR-dependent protein localization

YY1 Yin Yang 1

Background

TNF-related apoptosis-inducing ligand (TRAIL, APO2L)
is a member of the TNF cytokine superfamily, which was
first identified in 1995 through its 23 % C-terminal
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homology to TNF-o and 28 % homology to Fas ligand,
most clearly in the C-terminal ectodomain [1]. The 20-kb
human TRAIL gene TNFSFI0 is located on chromosome
3q26, comprising five exons and four introns [2]. TRAIL is
synthesized as a type II transmembrane protein that can
also be cleaved by cysteine proteases and matrix-metallo-
proteinase-2 (MMP-2) to be released as a 24-kDa soluble
form. Although both forms can initiate various intracellular
signaling pathways, the transmembrane form is usually
defined as a more potent ligand. TRAIL’s ability to induce
many different molecular pathways and its other distin-
guishing features, such as broad range of tissue expression
and multiple target receptors, is clearly reflected in its
proposed involvement in both the pathogenesis of and/or
possible treatment approaches for a variety of diseases
including but not limited to cancer, obesity, diabetes,
rheumatoid arthritis, and neurodegenerative diseases [3—8].

TRAIL’s having multiple target receptors is a significant
aspect that distinguishes it from the other TNF family
members. Five such receptors have been identified in
humans. TRAIL-R1 (DR4) and TRAIL-R2 (DRS5) are able
to induce apoptosis through their functional cytoplasmic
death domains (DD), when bound by the TRAIL ligand
[9-11]. By contrast, TRAIL-R3 (DcR1) and TRAIL-R4
(DcR2) are unable to transmit apoptotic signals due to
complete or partial lack of functional death domain,
respectively [12, 13]. TRAIL also has a soluble receptor
called osteoprotegerin (OPG/TRAIL-RS), which has a
weaker affinity for TRAIL, originally defined as a receptor
for the receptor activator of nuclear factor kappa-B ligand
(RANKL) [14]. Expression levels of transmembrane
receptors appear significant for TRAIL’s different actions,
and have been correlated with various parameters pertain-
ing to the cancer status or stage [15, 16].

TRAIL’s unique ability to kill many transformed cells
through apoptosis while sparing normal cells has natu-
rally generated great hope and enthusiasm, such that
many preclinical studies and clinical trials involving
recombinant TRAIL or receptor agonists have been
implemented [17-19]. In fact, TRAIL’s apoptotic
potential is known to be essential for the cells of both
the innate and acquired immune systems; both the NK
and T cells utilize TRAIL in tumor immunosurveillance,
while themselves being resistant to TRAIL-mediated
cytotoxicity [20]. TRAIL-induced apoptosis was also
shown to switch to necroptosis at acidic extracellular
pH, in human H29 colon and HepG2 liver cancer cells
[21]. Yet, TRAIL’s potential use in cancer therapeutics
currently relies on its apoptotic effect on transformed
cells, which is unfortunately hampered by resistance to
TRAIL-mediated apoptosis in a considerable number of
cancer cell types [22]. Thus, a clear understanding of the
resistance mechanisms and unveiling the details of
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TRAIL/TRAIL-R biology is crucial for designing
rational and effective TRAIL therapies. In this review,
we aim to summarize the recent updates concerning the
biology and regulation of DRS5, an essential actor in
TRAIL-induced apoptosis. We give a particular empha-
sis on its differential localization patterns within the cell
and related consequences, evaluated in terms of resis-
tance to TRAIL-mediated apoptosis.

Overview of TRAIL signaling and resistance

Soon after TRAIL is synthesized, three molecules form a
homotrimer, which is stabilized by binding of a zinc ion
through the metal binding site generated by the 230th
amino acid of each monomer [23]. Either soluble or
membrane-associated, TRAIL induces receptor oligomer-
ization upon ligation [24]. In the case of death receptor
binding, this provides a docking site for the Fas-associated
protein with death domain (FADD), which interacts with
the death domain of either DR4 or DRS, through its own
death domain [25]. FADD serves as a bridge between DR4/
5 and not single but multiple procaspase-8 molecules,
according to recent quantitative mass spectrometry results.
Procaspase-8 molecules sequentially bind first to FADD’s
death effector domain (DED) and then to each other,
through their respective DEDs [26], and establish the
death-inducing signaling complex (DISC), also termed the
primary signaling complex. In fact, caspase-8 DED chain
formation was shown to be essential for the activation of
the caspase cascade and apoptotic death. Cleavage and
activation of procaspase-8/10 via proper DISC assembly
can activate effector caspases 3, 6, and 7, and ultimately
lead to apoptosis [27]. TRAIL receptor localization in lipid
rafts is closely related to TRAIL sensitivity in cells, and
enables the necessary components to initiate DISC for-
mation and the apoptotic process [28]. This process is
adequate to induce apoptosis in type 1 cells, while the
mitochondrial pathway needs to be involved as well in type
2 cells. In these cells, caspase 8 cleaves the Bid molecule,
to form truncated Bid, which, in turn, associates with Bak
and Bax proteins to trigger their oligomerization in the
mitochondrial membrane, thus promoting disruption and
permeabilization. Cleavage of Bid by caspase 8 and later
on its association with the outer mitochondrial membrane
were recently shown to be two critical processes that lead
to Bid activation during TRAIL-mediated apoptosis [29].
Membrane permeabilization results in cytochrome c¢
release, which is an essential component of the apoptosome
along with Apaf-1 that recruits and activates procaspase 9.
Activated initiator caspase 9 triggers the activation of the
effector caspases, thus leading to apoptosis. Recently,
TRAIL was also shown to induce caspase-mediated ER
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stress, and this way to expedite the apoptotic destruction
via PERK-elF2a-ATF4-CHOP pathways activation [30].

Intriguingly, non-canonical signaling pathways for
TRAIL death receptors have also been identified. In
addition to the cell death pathway, DR4 and DRS5 were
shown to also activate proliferative and survival path-
ways. Co-immunoprecipitation experiments have proved
that both DR4 and DRS5 can be part of a secondary sig-
naling complex, which also contains receptor-interacting
protein 1 (RIP1) and TNF receptor-associated factor 2
(TRAF2) [31]. This complex, independent of the DISC,
associates with different components to activate various
molecules related to pathways of survival, proliferation,
angiogenesis, and migration/invasion, such as NF-kB,
INKs, p38, ERKs, PKC, PI3 K/Akt, and Src (reviewed in
[32]).

TRAIL-induced apoptotic signaling pathways are
subject to inhibition at multiple levels, the majority of
which are extensively reported and reviewed in the
related literature. These include, among many others,
overexpression of caspase 8 homologue cellular FLICE-
like inhibitory protein (c-FLIP) preventing DISC for-
mation; competition of DcR1 and DcR2 decoy
receptors with DR4/5 for TRAIL binding, or activation
of intracellular molecules with antiapoptotic potential,
such as NF-xB [33-35]. Many additional means of
resistance to TRAIL-mediated apoptosis have been
reported, which have been thoroughly reviewed in a
recent report [36]. Recently, DcRs originating from
stromal cells have also been shown to affect TRAIL
sensitivity of tumors through transcellular regulation at
the supracellular level [37]. Furthermore, the nuclear
localization of DRS5 has started to attract attention as a
potent mechanism of resistance to TRAIL-induced
apoptosis in cancer cells, accordingly constituting a
potential therapeutic target.

Fig. 1 DR4 and DRS transcripts
compared. CDS coding sequence,
UTR untranslated region, miRDB
microRNA Database

DR4

Essentials of DR5 biology and regulation

DRS, encoded by TNFRSF10B, is quite conserved among
both close and distant lineages, including humans, mice,
and rats. Although the single TRAIL death receptor iden-
tified in mice is named mDRS, it has 60 % homology in
sequence to both human DR4 and DRS, which also exhibit
58 % homology to each other [1, 38]. Though TRAIL can
generate an apoptotic signal by binding to both DR4 and
DRS, these two receptors differ in various aspects. Apop-
tosis induction capacity of these receptors is unequal; there
are studies favoring either DR4 or DRS5 in different cell
types and conditions for more effective induction of
apoptosis upon TRAIL binding. However, DR5 is gener-
ally accepted to be a more potent apoptotic trigger
compared with DR4 [39, 40]. In a study investigating
TRAIL binding affinity at 37 °C, DRS was found to be the
strongest among all TRAIL receptors [41].

DR4 and DRS transcripts compared: 3'-UTR makes
the difference

In addition to physiological differences, some major
structural distinctions also exist between DR4 and DRS5 at
both DNA and RNA levels. Human DR4 gene is located on
chromosome 8p21 and spans 33.711 base pairs. On the
other hand, the gene coding for DRS5 resides on 8p22—p21,
and comprises 49.055 base pairs. This difference becomes
more pronounced when these genes are transcribed; DR4
transcript is 1764 nucleotide long, whereas the longest DR5
isoform is 4154 nucleotides, more than twice as long
(Fig. 1). The two transcripts differ greatly in length mainly
in the 3’-UTR regions. Whereas the 3’-UTR region of the
DR4 transcript is only 251 nt long, corresponding to one-
seventh of the whole mRNA, the 3’-UTR region of the DR5
mRNA spans 2538 nucleotides. This length corresponds to
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more than half of the entire transcript, even longer than the
total length of DR4 mRNA.

Transcriptional modulation of DR5: a long list
of regulators

To date, a vast number of studies have investigated the
transcriptional regulation of TNFRSFI0OB by a variety of
factors including proteins or other organic molecules. Not
surprisingly, pS3 occurs early in the list [42]. Second most
prominent of such transcription factors is the C/EBP-ho-
mologous protein (CHOP), which has an important role in
ER stress response and has a binding site on the
TNFRSFI10B promoter [43—45]. Promoter deletion and
mutation studies have identified Elk1, which is activated by
the ERK pathway, as a partner of CHOP in transcriptional
induction [46]. NF-xB is another major transcriptional
regulator of DRS [47]. Accordingly, DRS possesses an NF-
kB consensus binding site in its first intronic region [48].
The JNK pathway, on the other hand, activates transcrip-
tion factors c-Jun and c-Fos, which, in turn, form a dimeric
AP-1 complex. AP-1 upregulates DRS5 expression in
response to JNK activation [49]. JNK/Spl-dependent
upregulation of DRS expression by bile acids was also
shown [50]. Interestingly, FOXO transcription factors have
been reported to induce DRS transcription [51], although
there is no direct evidence of these transcription factors
binding to the DRS promoter. Yet, not all transcription
factors affecting DR5 mRNA levels are transcription
inducers. Yin Yang 1 (YY1) was shown to transcriptionally
repress DRS expression in certain cancer cell lines [52]. A
recent study also identified Bcl-2 19 kDa interacting pro-
tein (BNIP3) as a transcriptional repressor of DRS in
glioblastoma cell lines [53]. Detailed information on
specific transcription factors, their exact binding positions
on TNFRSFIOB promoter, and binding scores can be
obtained from the UCSC Genome Browser.

Recently, a comprehensive list of 161 transcription
factors has been investigated in a number of cell types
using chromatin immunoprecipitation technique within the
context of The Encyclopedia of DNA Elements
(ENCODE) Project [54]. Not included in this list is the
androgen receptor (AR). We have previously shown by
immunohistochemistry that DRS expression is increased in
prostate cancer patients who received androgen ablation
therapy (AAT) [55], which may indicate AR involvement
in transcriptional regulation of DRS5. Consistently, the
TNFRSF10B promoter appears in the list of AR binding
sites, determined by ChIP analysis (Supplementary data of
[56]). Taken together, our results and ChIP data imply that
AR binding might inhibit DRS transcription. Nevertheless,
elucidating AR’s role in death receptor regulation requires
further research.
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A good number of organic molecules have also been
reported to influence DRS transcription. One of them is
ibuprofen, a widely used non-steroidal anti-inflammatory
drug (NSAID) [57]. Ibuprofen increases DRS transcription
in HCT116 colon cancer cell line with no observable effect
on DR4 expression. Baicalein, a natural flavonoid, also
induces transcription of DR5 and triggers apoptosis in
TRAIL resistant cells. In SW480 colon cancer cells, CHOP
expression is upregulated by baicalein, followed by
induction of DRS5 expression and restoration of sensitivity
to TRAIL-induced apoptosis. However, in T-cell leukemia
Jurkat cells and prostate cancer cell lines PC3 and DU145,
baicalein increases DRS5 transcription in a reactive oxygen
species (ROS)-dependent manner [58]. A recently
reviewed extensive list of nutraceuticals upregulating DR4/
DRS5 expression can be found elsewhere [59].

HuR in the scene: DRS transcript stabilized
at the cost of supressed translation

Translational modulation of DRS also appears complicated.
The large 3’-UTR region of the DR5 gene implies exten-
sive post-transcriptional regulation. Many microRNAs
(miRNAs) are claimed to be involved in this process.
According to a recently updated bioinformatics tool
(miRDB) [60], DR5 3’-UTR region is predicted to be tar-
geted by 49 miRNAs, whereas only 6 miRNAs are
anticipated to bind to the DR4 3/-UTR region. Numerous
RNA binding proteins (RBPs) are known to be involved in
post-transcriptional regulation of gene expression (re-
viewed in [61]). These proteins bind mRNAs in the nucleus
and dictate their cytoplasmic fate by directly functioning in
or influencing diverse processes, such as transcription, pre-
mRNA splicing and polyadenylation, RNA modification,
transport, localization, translation, and turnover [62].
According to CLIPdb, a database generated based on
crosslinking immunoprecipitation-sequencing (CLIP-Seq)
data sets, 32 different RBPs bind to the DRS transcript
[63]. The embryonic lethal abnormal vision-like RNA
binding protein 1 (ELAVLI1) or Human antigen R (HuR) is
one such RBP, which not only binds to the DRS mRNA but
also to numerous other transcripts, such as p21 [64], beta-
adrenergic receptor [65], VEGF [66], and androgen
receptor [67]. HuR has two N-terminal RNA recognition
motifs (RRMs) which have a high affinity for AU-rich
sequences, a nucleoplasmic shuttling sequence, and a
C-terminal RRM, which can recognize poly(A) tails
[68, 69]. When bound to the AU-rich elements in the 3'-
UTR region of a target mRNA, HuR is reported to increase
the stability of the target transcript and generally inhibit its
translation [69-71]. Similarly, HuR binds to the 3’-UTR
sequence of the DRS transcript under stress conditions,
leading to its stabilization [72] (Fig. 1). This increased
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mRNA stability by HuR at the cost of suppressed transla-
tion of DR5 may naturally lead to little or no correlation
between its mRNA and protein levels. As shown in another
study, binding of HuR in response to various cancer-as-
sociated stressors in pancreatic ductal adenocarcinomas
represses DRS5 translation, inferred from increased DR5
protein levels following HuR silencing [73]. A recent study
carried out with non-small cell lung cancer (NSCLC)
patients has identified four important TNFRSFI10B gene
polymorphisms associated with high risk of death [74].
One of these four SNPs is located in the 3’-UTR sequence,
further supporting the significance of this region.

Nuclear localization of DRS resists to apoptosis:
importin-p1 as the culprit

Subcellular localization of TRAIL death receptors is
recently recognized as a phenomenon influencing the out-
come of TRAIL signaling and treatment approaches. In a
2012 study carried out with 231 early stage colorectal
carcinoma (CRC) patients, membrane DR4 staining was
detected in 71 % of samples. In contrast, positive DRS
staining on the membrane was observed in a mere 16 % of
cases, the remaining 84 % being exclusively cytoplasmic
or negative [75]. Jin and coworkers have elegantly
demonstrated that TRAIL-resistant colon cancer cells
(SW480), negatively selected by repetitive treatment
with soluble TRAIL, were deficient in transporting DR4 to
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Fig. 2 Factors affecting intracellular fate of DRS. Two different
routes for the DRS protein to follow within the cell are: plasma
membrane localization via mechanisms still not fully elucidated, and

the cell membrane [76]. In addition to disrupted cell sur-
face expression of DR4, they observed a lack of resistance
to Fas and paclitaxel, and no change in the expression
levels of various apoptosis mediators including DR4. This
clearly indicates that failure in death receptor transport
alone is sufficient to confer resistance to apoptosis.
Although the fact that DRS functions as a plasma
membrane-bound receptor might imply exclusive trans-
membrane expression, we and several other groups have
reported cytoplasmic and nuclear expression of both death-
inducing TRAIL receptors [77-79] (cellular compartments
containing TRAIL receptors are reviewed elsewhere [80]).
We already know examples of cell surface receptors that
undergo proteolytic cleavage or internalization upon ligand
binding and subsequently translocate into the nucleus to
affect various cellular events [81-83]. On the other hand, a
death receptor’s presence in the nucleus may also reflect a
mere mislocalization due to dysregulation of cellular pro-
cesses, a well-known characteristic of cancer cells. Under
careful scrutiny, however, DR5 was recently shown to bear
two nuclear localization signals (NLS) [84], suggesting that
nuclear translocation does not occur accidentally but is a
regulated event. The same study demonstrated physical
association between DRS and importin B1, suggesting the
presence of a nuclear import pathway mediated by importin
B1 (Fig. 2). In fact, knockdown of importin f1 by an
siRNA approach inhibited nuclear transport of DRS5 and
upregulated its expression on the cell surface, providing
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increased sensitivity to TRAIL-induced apoptosis in HeLA
and HepG2 cells.

Suspecting that DR5 might translocate to nucleus for a
specific function, Haselmann and colleagues investigated
whether it associated with any nuclear proteins in human
pancreatic ductal adenocarcinoma cells (PDAC) [85]. DR5
was found to interact with Drosha and DGCRS, the core
components of the microRNA processing complex, and the
related regulatory proteins p68, hnRNPAI1, NF45, and
NF90. This interaction inhibits maturation of let-7 miRNA
family members, resulting in impaired suppression of
particularly the let-7 target genes LIN28B and HMGA2,
thereby providing a growth advantage to tumor cells. The
above-mentioned data clearly indicate that DRS has dual
but evidently opposite functions; it is capable of inducing
apoptotic cell death when bound by TRAIL on the cell
surface, but facilitates cell survival and/or proliferation
once inside the nucleus. Thus, further investigation of
spatial receptor regulation and elucidation of factors
mediating receptor trafficking is crucial. A first step toward
achieving this goal was taken in 2004 [86]. In the quest for
factors differentially affecting regulation of death receptors
DR4 and DRS5, the authors inhibited the functions of
around 550 genes by various siRNAs. Intriguingly,
silencing genes responsible for the signal recognition par-
ticle (SRP) pathway, a well-known canonical mechanism
for sorting membrane and secreted proteins, resulted in
suppression of DR4 surface expression and DR4-induced
apoptosis. There was no change in the total protein level of
DR4, and no significant effect on DRS surface expression
or DR5-mediated apoptosis. Thus, to be expressed on the
cell surface, DRS seems to utilize a non-canonical mech-
anism, the details of which still remain elusive.

Membrane trafficking of DRS still unsolved

The importance of spatial distribution of death receptors
and particularly membrane trafficking issues is rapidly
gaining ground, as reflected in several recent reviews
[87, 88]. TRAIL sensitive breast cancer cells (MDA-MB-
231) developed resistance to TRAIL upon prolonged
exposure to subtoxic doses of soluble TRAIL molecule
[89]. This acquired resistance was found to result from
diminished surface expression, with unaltered total
amounts of DR4 and DRS, as well as upregulated c-FLIP
and Stat5 expressions. As stated above, unlike DR4, the
routes controlling DRS localization at the cell membrane
and the related regulatory mechanisms are still unrevealed
(Fig. 2). In a study published in 2006, the authors
demonstrated that apigenin, a widely found dietary flavo-
noid in nature, sensitized malignant cells to TRAIL
treatment [90]. This effect of apigenin was shown to be due
to increased protein stability of DRS, rather than increased
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transcriptional activity on its promoter. Interestingly,
increased DRS levels appeared in the membrane fractions,
but not in the cytosolic fractions. Researchers also reported
that no change was evident in DR4 levels.

Accumulation of autophagosomes can confer TRAIL
resistance via DR4 and DRS sequestration within the
cytoplasm, resulting in downregulation of their surface
expressions. Inhibition of autophagy leads to increased
TRAIL responsiveness via restoration of receptor surface
expressions, without altering the total protein levels [91].
Liu et al. showed that detachment of esophageal carcinoma
cells (EC9706) did not affect total DRS protein levels in
cells but provided relocalization of DRS on the cell surface
[92]. DRS5 oligomerization also occured, rendering cells
sensitive to anoikis, a special form of apoptosis triggered
by detachment of anchorage-dependent cells. These find-
ings may have especially important implications,
considering that in order for metastasis to occur, epithelial
cells must first detach from their original tissue. Supporting
observations have come from skin carcinoma cells,
detachment of which increased sensitivity to TRAIL
treatment [93]; as well as MCF-7 cells, anchorage of which
suppressed TRAIL sensitivity [94]; and ovarian cancer cell
lines, which acquired increased sensitivity to TRAIL upon
detachment [95]. On the contrary, a number of studies have
described strong association between TRAIL signaling and
metastasis [96-98]. However, triple-negative metastatic
breast cancer cells injected into mammary glands of female
mice exhibited decreased metastatic potential upon DRS5-
agonistic mAb (lexatumumab) treatment [99].

In human tumor samples, high DRS5 expression has been
correlated with pancreatic ductal adenocarcinoma cell
invasion into lymph vessels and diminished metastasis-free
survival of patients with KRAS-mutated colorectal cancer
[100]. Taken together with Liu’s findings [92], these data
may indicate that increased surface expression of DRS in
detaching cells occurs as a defense mechanism against
metastasis, rather than being a cause of the metastatic
phenotype. However, more research is required to test this
hypothesis before jumping to any conclusion.

Excessive internalization disrupts sensitivity:
also valid for DR5/TRAIL relationship

In addition to disturbance of membrane trafficking,
excessive internalization of death receptors can also influ-
ence the outcome of TRAIL treatment. On its cytoplasmic
domain, DRS5 contains ESEHLL and YTML sequences
which are clathrin-dependent endocytosis motifs ([D/
EIXXXL[L/], YXX@) [101, 102]. In contrast to Fas and
TNF receptors, DR4/DRS internalization upon ligand
binding is cell type-dependent and is not obligatory for
induction of apoptosis [103]. Investigation of a variety of
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breast cancer cell lines revealed that constitutive endocy-
tosis of DR4 and DRS causes deficient cell surface
expression of these receptors regardless of mRNA and total
protein levels, resulting in TRAIL resistance [104]. The
same group also showed in MDA-MB-231 breast cancer
cells that the reduced cell surface expressions of TRAIL
death receptors was evident following rapid internalization
of TRAIL with DR4 and likely DRS via endocytosis [105].
Another study had also reported clathrin-mediated DR5
endocytosis upon TRAIL binding in several different cell
lines [106]. In this setting, DISC activation was shown to
lead to cleavage of proximal components of the endocytic
machinery, which, in turn, resulted in inhibition of endo-
cytosis, augmentation of the caspase cascade, and
apoptosis. This suggested existence of a feedback loop.

Ubiquitination as a regulatory mechanism of DR5
as well as DR4 actions: another uncompleted story

Ubiquitin-mediated degradation is a prevalent mechanism
utilized by the cell to get rid of misfolded, malfunctioning or
aged proteins and is vital for maintaining cellular home-
ostasis. An array of specific proteins and enzymes
participate in this process. Ubiquitin, named for being
ubiquitously expressed in almost all eukaryotic cells, is
covalently attached to target proteins. The position (such as
K48, K29, K63, and others) and number (monoubiquitina-
tion/polyubiquitination) of bonds determine the nature of the
signal and dictate the outcome. Multiple membrane proteins
including TRAIL receptors are regulated by ubiquitin-me-
diated degradation. The E3 ubiquitin ligase c-Cbl has been
shown to bind to both DR4 and DRS, enabling regulation of
these receptors via proteosomal and lysosomal pathways
[107]. The differential action of c-Cbl in this setting is
thought to be determined by its phosphorylation status at the
Tyr-731 residue. c-Cbl was shown to catalyze monoubig-
uitination of TRAIL receptors and take part in both steady-
state turnover of receptors and development of early phase
of acquired resistance to TRAIL.

Preferential ubiquitination of DR4 over DRS, to be
downregulated from the cell surface leading to TRAIL
resistance, was also reported via exogenous overrepresen-
tation of the membrane-associated RING-CH (MARCH)
proteins, such as MARCH-1 and -8 [108]. Endogenous
MARCH-8 was directly correlated with steady-state ubiq-
uitination of DR4, and the conserved membrane-proximal
lysine 273 was reported as one of the potential acceptor
sites. Yet, there is still a large lack of information on
ubiquitin-mediated regulation of both death receptors,
regarding the degree of specificity, location, the particular
type, and outcome of the ubiquination reactions.

The use of various proteasome inhibitors were shown to
affect TRAIL sensitivity in different cell types. Bortezomib

(VELCADE) was shown to increase both total and surface
expressions of DR4 and DRS in NSCLC cell lines [109].
ALLN, on the other hand, upregulated DRS total protein
expression while having no effect on DR4 levels in LNCaP
cells [110]. Similarly, proteasome inhibitors PSI-1 and
MG132 were found to upregulate DRS mRNA and protein
levels and enhance TRAIL-mediated apoptosis in human
lung cancer cells, without altering DR4 or TRAIL
expressions [48]. This effect was at the transcriptional level
with the involvement of NF-«xB and ROS-dependent p53
activation. A parallel outcome, albeit through a different
mechanism, was referred to above [72]. According to the
results of the mentioned report, proteasomal inhibition by
bortezomib resulted in a sixfold increase in mRNA levels
after 24-h treatment, while protein levels increased three-
fold following 18 h of treatment. The authors report an
eightfold rise in HuR bound to DR5 mRNA following
bortezomib treatment in LNCaP cells. These data indicate
that the ubiquitin—proteasome system (UPS) plays an
important role in regulation of DR5 expression, and is
capable of rendering cells resistant to TRAIL-mediated
apoptosis. The UPS system contributes to TRAIL resis-
tance not only by its effect on DRS, but also on DR4,
TRAIL, and numerous downstream participants of TRAIL
signaling. A review of UPS’s role in TRAIL/TRAIL-R
system has been recently published [111].

Other aspects of DRS5 regulation

Post-translational modifications are well known to be cru-
cial in regulation of cellular processes. Membrane-
associated or secreted proteins are especially highly subject
to these modifications. Death receptor O-glycosylation was
found to control TRAIL sensitivity in tumor cells,
according to a comprehensive study carried out with 119
human cancer cell lines [112]. O-Glycosylation of DRS,
which bears four o-glycosylation sites, promotes receptor
clustering and increases TRAIL responsiveness. Knock-
down of syndecan-1, the dominant form of syndecans in
multiple myeloma, via a siRNA approach provided
increased TRAIL-induced apoptosis through elevated
expression of TRAIL receptor o-glycosylation enzyme
[113].

Analysis of the genome-wide mRNA expression data of
the NCI60 panel of human cancer cell lines revealed con-
sistently upregulated expression of H-ras in TRAIL
resistant cancer cell lines [114]. Accordingly, suppression
of H-ras sensitized these cells to anti-DR5 antibody-in-
duced apoptosis via increased translocation of DRS to the
cell surface, with unaltered total DRS protein levels.
However, the same group also reported that expression of a
constitutively active H-ras mutant (H-RasV12) elevated
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DRS5 but not DR4 surface expression in OSCC3 oral
squamous cancer cell lines, with little or no effect on the
mRNA or protein levels of either receptor [115]. This
treatment restored TRAIL sensitivity in these cells. Whe-
ther Ras can be used as a biomarker for TRAIL sensitivity
in cancer cells, however, is an issue that requires further
analysis.

Clustering of receptors in specific membrane domains is
another important factor in determining TRAIL sensitivity.
Quercetin, a ubiquitous flavonoid and a potential anti-
cancer molecule, was demonstrated to increase TRAIL
sensitivity of colon cancer cells by simply mediating
redistribution of DR4 and DRS5 into lipid rafts at the plasma
membrane with no effect on mRNA or protein levels [116].
Toad venom bufalin also enhanced TRAIL-induced apop-
tosis in breast cancer cells via a similar effect on death
receptor distribution [117].

Concluding remarks and future perspectives

TRAIL is an important molecule with crucial roles in
maintaining vertebrate homeostasis, tumor surveillance,
immune system, and metabolism. Discovery of its ability to
selectively kill tumor cells and its relatively low cytotox-
icity to normal cells has put a focus on potential use of
TRAIL in cancer treatment. Nevertheless, diverse resis-
tance mechanisms identified in various cancer cells
constitute a challenging obstacle for its efficient use in
targeted therapy approaches. Although such mechanisms
have been intensively studied and frequently reviewed,
intracellular localization of DR5 and related regulatory
mechanisms seem to have been underestimated so far as an
important means of resistance to TRAIL-mediated apop-
tosis. Yet unraveling the fact that DR5 contains NLS
sequences and performs specific oncogenic functions in the
nucleus has obliged scientific community to revise the
understanding of TRAIL biology. Current data suggest that
there is still an unknown mechanism which determines
whether DRS will translocate into the nucleus or head for
the plasma membrane. Disruption of this balance in favor
of nuclear transport seems to greatly contribute to TRAIL
resistance. Elucidation of the molecular mechanisms con-
trolling the membrane trafficking of DRS is necessary for
the development of novel approaches to tip the balance
toward the opposite direction. Surprisingly, for over
10 years, since the 2004 publication excluding SRP-me-
diated pathway involvement in DR5 membrane
localization [86], this mechanism has remained elusive.
In 2010, translocation of the beta-adrenergic receptor to
the cell membrane was shown to be mediated by the HuR
protein, which binds to the f-AR mRNA and accompanies
it to the cell’s periphery [118]. Recently, HuR was

@ Springer

demonstrated to mediate membrane localization of several
proteins by binding to the 3’-UTR sequences of various
transcripts including TNFRSF13C, where a new model of
3/-UTR-dependent protein localization (UDPL) was pro-
posed [119]. Although HuR suppresses the translation of
DR5 under stress conditions by binding to its 3'UTR
sequence, it may also assist its membrane transport under
other conditions. This assumption requires a thorough
investigation for further evaluation.

Metastasis is one of the major obstacles on the way to
effective cancer therapy. DR5 seems apparently to be
linked to it, however, with contrasting evidence supporting
either a suppressive [120] or promoting [121] effect. We
favor the former possibility and think that the membrane
trafficking process of DR5 may be related to its association
with metastasis, again an area requiring thorough
investigation.
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