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ABSTRACT

Physiological and pathophysiological stress attenu-
ates global translation via phosphorylation of elF2a.
This in turn leads to the reprogramming of gene
expression that is required for adaptive stress re-
sponse. One class of cellular messenger RNAs
whose translation was reported to be insensitive to
elF2« phosphorylation-mediated repression of trans-
lation is that harboring an Internal Ribosome Entry
Site (IRES). IRES-mediated translation of several
apoptosis-regulating genes increases in response
to hypoxia, serum deprivation or gamma irradiation
and promotes tumor cell survival and
chemoresistance. However, the molecular mechan-
ism that allows IRES-mediated translation to
continue in an elF2s-independent manner is not
known. Here we have used the X-chromosome
linked Inhibitor of Apoptosis, XIAP, IRES to
address this question. Using toeprinting assay,
western blot analysis and polysomal profiling we
show that the XIAP IRES supports cap-independent
translation when elF2a is phosphorylated both
in vitro and in vivo. During normal growth condition
elF2a-dependent translation on the IRES is
preferred. However, IRES-mediated translation
switches to elF5B-dependent mode when elF2q is
phosphorylated as a consequence of cellular stress.

INTRODUCTION

A sizeable proportion of cellular messenger RNAs
(mRNAs) has been shown to be translated by a
cap-independent mechanism using an Internal Ribosome
Entry Site (IRES) element (1-3). Many mRNAs that
contain IRES encode proteins that play important roles
in cell growth, proliferation, differentiation and the

regulation of apoptosis. The IRES mechanism is utilized
preferentially ~ during  conditions when  normal
cap-dependent translation initiation is compromised and
in fact represents a critical survival ‘switch’ during onco-
genesis (3,4). Translational control by internal initiation
thus represents a novel and unique regulatory mechanism
that is critical for cell survival; however, the mechanistic
understanding of cellular IRES-mediated translation is
missing.

Initiation of translation in eukaryotes is a complex and
highly regulated process. Briefly, eukaryotic mRNAs
contain a m’G cap structure at the 5'-end that is essential
for their translation. Cap-dependent initiation requires
interaction of initiation factor elF4E (the cap-binding
protein) and its partners elF4A and elF4G with the
5-end of the mRNA, which is then followed by recruit-
ment of ribosomal subunits, recognition of the AUG start
codon and commencement of polypeptide chain elong-
ation (1,5). In contrast, IRES are thought to recruit 40S
ribosomal subunit directly to the vicinity of the initiation
codon, thereby bypassing the requirement for the 5
cap-structure and elF4E binding. With the exception of
some viral RNAs, there is no evidence to suggest that the
steps following 40S recruitment to the mRNA differ
between the cap- and IRES-dependent translation initi-
ation mechanisms of eukaryotic mRNAs.

Cells respond to physiological and pathophysiological
stress by phosphorylation of o subunit of elF2 which
results in an attenuation of global protein synthesis.
elF2 is required for the formation of ternary complex and
delivery of Met-RNA;™*" into the P-site of the ribosome to
initiate protein synthesis (6). Phosphorylation of elF2«
leads to reduced availability of ternary complex, and a
concomitant decrease in global translation rates (6).
However, translation of some mRNAs (such as ATF4
and GCN2) continues (or is even enhanced) under condi-
tions that cause elF2a phosphorylation since their trans-
lation is controlled by upstream open reading frames, a
setting in which low levels of ternary complex promote
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translation of the downstream open reading frame (6).
Continuous translation of several IRES-containing
mRNAs during conditions of phosphorylated elF2a and
reduced ternary complex availability has also been
reported. For example, translation of vascular endothelial
growth factor (VEGF) was substantially increased during
tumor hypoxia (4), while the IRES-mediated translation
of X-chromosome linked Inhibitor of Apoptosis (XIAP)
sustained during ER stress (7), or was increased in
response to serum starvation, low-dose gamma irradiation
or glucose deficiency (8—11). It is not clear, however, how
IRES-mediated translation of cellular mRNAs proceeds
under these conditions, and what is the precise molecular
mechanism that allows cellular IRES to function in an
elF2a-independent manner. We have used the XIAP
IRES element to address this question.

XIAP is a prototype member of the Inhibitor of
Apoptosis (IAP) protein family, which binds to and in-
hibits key caspases involved both in the initiation and exe-
cution steps of apoptosis (12). There is now overwhelming
evidence for a role for the IAP genes, and XIAP in par-
ticular, in cancer (13). Targeting of XIAP is a promising
therapeutic opportunity in the treatment of cancer and is
currently in clinical trials (14-17). XIAP is encoded by two
distinct mRNAs that differ in their 5-UTRs; the major,
shorter 5-UTR promotes a basal level of XIAP expression
under normal growth conditions, while the less abun-
dant, longer 5-UTR contains an IRES element and
supports cap-independent translation during stress (11).
Importantly, the TRES-mediated upregulation of XIAP
in response to irradiation, IL-6 treatment or cellular trans-
formation enhances cell survival, confirming that IRES-
dependent translation of XIAP is critically involved in
mediating tumor cell survival (8,9,18,19). In this report
we have extensively characterized the XIAP IRES by
toeprinting assay for its function in vitro. We demonstrate
that XIAP IRES is able to form translation-competent
initiation complexes in a cap-independent manner, both
in untreated and poly I[:C treated rabbit reticulocyte
lysate (RRL), which induces elF2a phosphorylation.
Furthermore, we describe the mechanism by which trans-
lation initiation proceeds on cellular IRES when elF2a is
phosphorylated. We identify an elF5B-dependent switch
that promotes IRES-mediated translation during condi-
tions of pathophysiological stress both in vitro and
in vivo. Our data demonstrate that the elF2a-dependent
pathway is utilized for IRES-dependent translation initi-
ation during normal growth conditions, whereas cellular
stresses that inactivate elF2a by phosphorylation cause
IRES-dependent translation to switch to an eIF5B-
dependent mode.

MATERIALS AND METHODS
Constructs, cell culture and transfection

The hepatitis C virus (HCV) IRES construct described pre-
viously (20,21), which contains both streptotag aptamer
and a unique toeprint primer-binding site, was obtained
as a gift from Dr Peter Lukavsky. The XIAP IRES con-
struct was generated by replacing the HCV IRES with the

XIAP IRES sequence (171 nt) along with 38 nt of coding re-
gion and T7 promoter sequences. Similarly, the human
B-globin 5-UTR (50 nt along with 248 nt coding sequence;
derived from clone 6663141, Open Biosystems) was used to
replace the HCV IRES. The PPT mutant and SC mutants
were created by site-directed mutagenesis of the XIAP IRES
construct using primers listed in Supplementary Table S1. All
plasmids were verified by restriction digest and sequencing.

HEK293T cells were maintained in standard condi-
tions in Dulbecco’s modified Eagle’s medium (DMEM)
and transfection of small interfering RNAs (siRNAs) was
performed using Lipofectamine RNAimax (Invitrogen).
Briefly, cells were seeded at a density of 2.5 x 10° cells/
well in 6-well plates and simultaneously transfected with
20nM of Stealth RNAi™ siRNAs targeting eIFSB or
non-targeting siRNA control (Invitrogen). Seventy-two
hours post-transfection, elF2a phosphorylation was
induced by poly I:C transfection (25ug/ml) using
Lipofectamine 2000 (Invitrogen). Eighteen hours after
poly I:C transfection cells were harvested in RIPA buffer
[50 mM Tris—HCI (pH 7.4), 150 mM NaCl, | mM EDTA,
1% (vol/vol) NP40, 0.05% (wt/vol) SDS, 0.5% (wt/vol)
Deoxycholic acid] for western blot analysis, or in RNA
lysis buffer [15 mM Tris (pH 7.4), 15mM MgCl,,
300mM NaCl, 1% (vol/vol) Triton-X100, 100 U/ml
RNAsin and 0.1 mg/ml Cycloheximide (CHX)] for
polysome profiling.

In vitro transcription

DNA templates used for the synthesis of RNAs for the
toeprinting assays and streptomycin affinity chromatog-
raphy were amplified by polymerase chain reaction (PCR)
from the above-mentioned constructs. The 5 primers
incorporated the T7 promoter sequence to allow for
RNA transcription; the reverse primer included strepto-
tag aptamer sequence and 51T residues (Supplementary
Table S1) which were added to the end of the PCR
products to provide poly-A tail for the transcribed
RNA. In vitro transcription was performed using the
Megashortscript and mMessage mMachine kit (Ambion)
was used to generate capped versions of RNA. The
newly-synthesized RNA was purified by size exclusion
chromatography (22) or ethanol precipitation.

Toeprinting assay

Toeprinting was performed as described by Locker and
Lukavsky (21), with some modifications. Briefly, the RRL
(Green Hectares) was treated with RNAsein (Promega) and
Guanosine 5-[B,y-imido]triphosphate (GMP-PNP) for
Smin at 30°C. RRL was treated first with poly I:.C &
adenosine triphosphate (ATP) at 37°C for 20min if
the toeprinting assay was performed in the presence of
poly I@:C. Subsequently, RNA, ATP and guanosine
triphosphatecDNA (GTP) were added, as indicated, and
the reactions were incubated at 30°C for further 5min.
The reaction volume was brought to 40 ul by the addition
of toeprinting buffer [20 mM Tris—HCI (pH 7.6), 100 mM
KOAc, 2.5mM MG(OAc),, 5% (wt/vol) sucrose, 2mM
DTT and 0.5mM spermidine] and incubated at 30°C
for 3min. Subsequently, 5pmol of toeprinting primer
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(5-CTCGATATGTGCATCTGTA-3) (5-end labeled with
IRDye™800) was added and reaction was incubated on ice
for 10 min. A quantity of 1 mM dNTPs, SmM Mg(OAc),
and 1 pl of avian myeloblastosis virus reverse transcriptase
(Promega) were added to the reaction and the final volume
was brought to 50 pul by toeprinting buffer. Primer exten-
sion was allowed to occur for 45min at 30°C. The cDNA
products were purified by phenol:chloroform extraction
and analyzed on a standard 6% sequencing gel using a
model 4200 IR2 sequence analyzer (LI-COR, Lincoln,
Nebraska, USA). The concentrations of the toeprinting
assay components are as follows unless otherwise specified:
RRL, 15ul; GMP-PNP, 1.7mM; ATP, 1.82mM; GTP,
1.8 mM; RNA, 800 ng; poly I:C, 150 ng/ml.

Western blot analysis

Cells were lysed in RIPA buffer for 30min at 4°C,
followed by centrifugation at 13 000 rpm to remove debris.
Equal amounts of protein were resolved by 10% sodium
dodecyl sulfate—polyacrylamide gel electrophoresis (SDS—
PAGE), transferred to nitrocellulose membranes and
probed with antibodies against GST-XIAP (23), B-actin
(Abcam), phospho-elF2a (Abcam), elF2a (Abcam) and
elF5B (Protein Technology). Membranes were then in-
cubated with species-specific horseradish peroxidase-
conjugated secondary antibody (Cell Signaling) followed
by detection with ECL substrate (Pierce), and quantified
using Odyssey densitometry software (LI-COR).

Polysome profiling and quantitative reverse transcription—
PCR

HEK?293T cells from two 6-well plates per condition were
lysed in RNA lysis buffer and polysomal profiling was
performed as described (11). Gradients were fractionated
using ISCO gradient fraction collector machine. The frac-
tions (1 ml) were spiked with 100 ng of an in vitro trans-
cribed chloramphenicol acetyltransferase (CAT) RNA, to
ensure technical consistency in RNA isolation. RNA was
isolated as described (11) and cDNA was %lenerated from
equal volumes of RNA using the qScript™ reverse tran-
scription kit (Quanta Biosciences). Quantitative PCR
was performed on a Realplex® real-time thermocycler
with PerfeCTa™ SYBR® Green FastMix™ (Quanta
Biosciences) using primers specific to IRES containing
(longer UTR) and non-IRES (shorter UTR) mRNA of
XIAP, CAT or B-actin (Supplementary Table S2).

RNA-streptomycin affinity chromatography

Untreated RRL of 4ml (Green Hectares) was incubated
with 150ng/ml poly I:C, 1mM ATP, 10 ul ribonuclease
inhibitor (Promega) and 0.1 mg/ml CHX at 37°C for
20 min. Binding buffer of 12ml [20mM Tris (pH 7.6),
10mM MgCl,, 120mM KCIl, 8% sucrose, 2mM dithio-
threitol] containing EDTA-free protease inhibitor cocktail
(Roche) and I mM puromycin was mixed with RRL and
the reaction was incubated at 37°C for 10 min. An in vitro
transcribed, uncapped strepto-tagged XIAP IRES RNA,
I mM GTP and 40S and 60S ribosomal subunits purified
from HeLa cells were added to the RRL and further
incubated for 10min at 37°C to form the 80S initiation

Nucleic Acids Research, 2011 3

complex. RNA-dihydrostreptomycin affinity chromatog-
raphy was performed as described (20,21) and the isolated
initiation complex was analyzed by Tris/Borate/EDTA
(TBE) agarose gel electrophoresis and a toeprinting
assay. The negative control experiment was performed in
the same manner using 1 ml RRL and 3 ml binding buffer
but XIAP IRES RNA was omitted.

RESULTS

In vitro characterization of the XIAP IRES initiation
complex

Stress-induced translation of XIAP mRNA is driven by
an IRES element (24); however, the mechanism of XIAP
IRES function is not known. The ability of the XIAP
IRES to nucleate the formation of initiation complex
was determined using toeprinting assay on an in vitro
transcribed uncapped XIAP IRES RNA (Fig. 1A). After
XIAP IRES initiation complexes were allowed to form in
RRL, reverse transcription of the mRNA-ribosome
complex typically yielded toeprints +17 to +19nt down-
stream of AUG (Fig. 1B, lanes 1-6), which is a hallmark
of ribosome recruitment to the AUG and stable ribo-
some—-RNA complex formation (25-27). The ability of
XIAP IRES to recruit ribosomes was impaired in the ab-
sence of a poly A tail (Figure 1B, lanes 7 and 8) which is in
accordance with previously published reports (28). XIAP
IRES initiation complexes could be further differentiated
depending on the distribution of fluorescence intensities
between +17 to +19nt (Fig. 1C) as described previously
(27). The type of initiation complex observed was depend-
ent on the type of guanine nucleotide treatment. When
RRL was pretreated with GMP-PNP or GMP-PNP and
ATP, a 48 S initiation complex was formed (characterized
by toeprint distribution +17 > +18 > +19; Figure 1C, lanes
2 and 5). In contrast, 80S complex was observed in GTP,
ATP or GTP+ATP treated, or untreated RRL
(characterized by toeprint distribution +17<+18> +19;
Figure 1C, lanes 1, 3, 4 and 6). Importantly, reverse tran-
scription of XIAP IRES RNA in the absence of RRL,
GMP-PNP, GTP or ATP did not yield any toeprints in
the +17 to +19 range (Supplementary Figure SI1A),
strongly indicating that the +17 to +19 toeprints are not
due to hindrance by the structure of the mRNA during
reverse transcription, but rather are the result of specific
ribosome recruitment to the XIAP IRES. We will refer to
these toeprints as 40S leading edge toeprints.

To further authenticate the formation of 40S leading
edge toeprints on the XIAP IRES, additional control ex-
periments were performed. First, the initiation codon
AUG was mutated to AAC (highlighted by a circle in
Figure 2A; referred to as Start Codon, SC, mutant). The
40S leading edge toeprints were not observed with the SC
mutant (Figure 2B, lane 4). These data confirm that XIAP
IRES initiation complexes are formed on the authentic
initiation AUG codon. Second, the substitution of UU
to AA in the polypyrimidine tract (PPT) of XIAP IRES
(highlighted by a rectangle in Figure 2A) was shown to
result in a complete loss of XIAP IRES activity in the
bicistronic reporter assay (24). Toeprinting assay was
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Figure 1. Initiation complex formation on uncapped XIAP IRES RNA. (A) Schematic diagram of the DNA construct of the streptomycin
aptamer-tagged XIAP IRES RNA used for analysis of initiation complexes by toeprinting and affinity purification. (B) XIAP IRES initiation
complexes were formed on the in vitro transcribed RNA with or without poly-A tail in RRL pre-treated with GMP-PNP or GTP and/or ATP.
Subsequently, initiation complexes were analyzed by toeprinting. (C) A magnified portion of the toeprinting gel showing toeprints from +17 to +19
downstream of the AUG with the distribution of fluorescence intensities indicated. XIAP IRES initiation complexes 48S, 80S or 48S+80S were

determined as described by Shirokikh et al. (27).

therefore performed using the same PPT mutant. The
absence of 40S leading edge toeprints indicates the inabil-
ity of the XIAP IRES PPT mutant to form an initiation
complex (Fig. 2B, lane 2). Strikingly, the PPT mutant
was able to form an initiation complex once a m’G cap
was added to the 5-end of the in vitro transcribed

RNA (Figure 2B, lane 3). Finally, the 48S initiation
complex was detected only on m’G-capped human
B-globin RNA, and not in the absence of the cap
(Supplementary Figure S1B). Together, these data
confirm that the in vitro conditions established in the
RRL system do not allow for random recruitment of the
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Figure 2. XIAP IRES initiation complexes are IRES dependent.
(A) Secondary structure model of the XIAP IRES (54) with the
introduced mutations within the IRES indicated. The UU sequence
of the polypyrimidine tract was mutated to AA in the PPT mutant
(indicated with a rectangle); the initiation codon AUG was replaced
with AAC in the SC mutant (indicated with a circle). (B) Toeprinting
analysis was carried out to determine the ability of PPT, capped PPT
and SC XIAP IRES mutants to form initiation complexes in RRL
pre-treated with GMP-PNP and ATP.

ribosome to uncapped RNA; importantly, either a 5 m’G
cap or a functional IRES element are stringent require-
ments for ribosome recruitment and initiation complex
formation.
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In addition to the +17 to+19 toeprints we also
observed toeprints at +8 to +11, +29 to +30 and +35 to
+39 nt downstream of the AUG in XIAP IRES RNA. It
was suggested previously that such toeprints could repre-
sent ‘ribosomal jumps’ (29). However, the addition of
cycloheximide (which freezes the ribosome) to RRL did
not eliminate these toeprints (Supplementary Figure S1C,
lane 4), thus ruling them out as ‘ribosomal jumps’.
Furthermore, these additional toeprints were absent
from the PPT or SC mutants of XIAP IRES RNA,
which are unable to recruit the ribosome (Figure 2B
lanes 2 and 4). These observations suggest that ribosome
recruitment to the AUG induces overall structural re-
arrangement of XIAP IRES RNA, which results in add-
itional toeprints at +8 to +11, +29 to +30 and +35 to
+39 nt downstream of AUG.

Formation of the XIAP IRES initiation complex is not
dependent on elF2a

Poly (I)-poly(C) (poly I:C) treatment of RRL activates
double stranded RNA (dsRNA)-dependent protein
kinase (PKR), which leads to phosphorylation of elF2a
and subsequent attenuation of cap-dependent protein
translation (30). Treatment of RRL with poly L:C
(150 ng/ul) for 5 to 8 min results in a complete shut-off
of protein synthesis (30,31).We wished to use this system
to study XIAP IRES initiation under conditions of
cellular stress. Sustained phosphorylation of elF2a was
observed in RRL following poly I:C treatment (Figure
3A), which resulted in the inhibition of translation as
indicated by the inability of the capped XIAP IRES
PPT mutant to form the 40S leading edge toeprint
(Figure 3C, lane 2). Strikingly, the uncapped wt XIAP
IRES RNA was able to form an initiation complex in
the poly I:C-treated RRL (Figure 3B, lanes 2 and 3),
and in fact the fluorescence intensity of the 40S leading
edge toeprints was enhanced by poly I:C treatment
(Figure 3B, lanes 2 and 3). These data indicate that
XIAP IRES-dependent translation initiation proceeds in
poly I:C treated RRL, whereas cap-dependent translation
initiation is inhibited. Reverse transcription of XIAP
IRES RNA in the absence of RRL, GMP-PNP, GTP
and ATP, but in the presence of poly I:C, did not show
any toeprints +17 to +19nt downstream of AUG
(Supplementary Figure S2). This result confirms that
these toeprints are not due to XIAP IRES RNA structure
changes that may be potentially caused by poly I:C treat-
ment, which could hinder the reverse transcriptase.

We further wished to confirm the nature of the observed
40S leading edge toeprints, and therefore used a strepto-
mycin—RNA affinity chromatography approach (20,21) to
isolate and characterize initiation complex formed on the
XIAP TIRES RNA. An in vitro transcribed uncapped
strepto-tagged XIAP IRES RNA was incubated with
poly I:C and cycloheximide-treated RRL. In order to
achieve higher yield of XIAP IRES RNA ribosome
complex, the nuclease untreated RRL was supplemented
with purified 40S and 60S from HeLa cells. Following
initiation complex formation, strepto-tagged XIAP IRES
RNA was captured on dihydrostreptomycin resin, washed
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Figure 3. elF2a phosphorylation-independent formation of the XIAP IRES initiation complexes. (A) RRL was treated with poly I:C (to induce
elF2o phosphorylation) and ATP for the indicated times; western blot analysis was performed to confirm phosphorylation of elF2a. (B) Toeprinting
assay of XIAP IRES initiation complexes was performed in the presence of GMP-PNP or GTP in RRL pre-treated with poly I:C and ATP. (C) The
ability of the capped PPT mutant to form initiation complexes in poly I:C treated and untreated RRL was determined by toeprinting assay as in (B).

and eluted using streptomycin solution (Figure 4A). The
eluate was then analyzed by TBE agarose gel electrophor-
esis. The presence of 40S and 60S RNA and free XIAP
IRES RNA in the eluate confirmed that the 80S was
indeed formed on XIAP IRES RNA in poly I:C treated
RRL (Figure 4B). Toeprinting analysis of the eluate
further confirmed the presence of 80S initiation complexes
(Figure 4C). In contrast, the 80S initiation complex could
not be isolated in a control reaction (Supplementary
Figure S3A). These data indicate that XIAP IRES 80S
initiation complex was purified specifically using XIAP
IRES RNA affinity chromatography.

An elF5B-dependent mode of XIAP IRES-mediated
translation initiation

We have shown that the XIAP IRES is capable of recruit-
ing ribosomes and forming translation initiation complex

even when elF2a is inactivated by phosphorylation.
Previous reports identified a bacterial-like mode of trans-
lation initiation on viral IRES [HCV, (32); CSFV, (31)]
that utilizes eIF5B when elF2« is inactivated by phos-
phorylation. This prompted us to investigate if elF5B
could also be used by a cellular IRES when elF2a is
phosphorylated. Initiation factors elF2a and/or elF5B
were thus immuno-inactivated in RRL prior to perform-
ing the toeprinting assay on the XIAP IRES RNA. We
observed that initiation complex formation was partially
inhibited when either elF2a or eIF5B were immuno-
inactivated; however, XIAP IRES initiation complex for-
mation was completely abrogated when both elF2a and
elF5B were immuno-inactivated (Figure 5A).

In order to extend our in vitro data, we wished to verify
the alternative role of elF2a and elF5B in translation ini-
tiation on XIAP IRES in cells. HEK293T cells were tran-
siently transfected with siRNA targeting either eIF5B
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Figure 4. Isolation of XIAP IRES initiation complexes formed in poly
I:.C-treated RRL. RRL was supplemented with purified 40S and 60S
subunits from HeLa cells and subsequently treated with poly I:C, ATP
and cycloheximide. Initiation complexes were formed on strepto-tagged
XIAP IRES RNA and affinity purified using streptomycin affinity
chromatography as described by Locker er al. (20). (A) A typical
profile of RNA/initiation complex elution from the dihydro-
streptomycin column. (B) Agarose gel electrophoresis analysis of the
cluate from the streptomycin column. (C) Without further purification
Sul of eluate was analyzed by toeprinting assay for XIAP IRES initi-
ation complexes.

(si-eIF5B) or non-targeting control siRNA (siC). A sub-
stantial reduction of eIF5B expression was achieved 72 h
following siRNA transfection (Figure 5B, lower panel), at
which point poly I:C transfection for an additional 18 h
was used to induce elF2a phosphorylation. The levels of
endogenous XIAP protein were determined by western
blot analysis (Figure 5B). As anticipated from our
in vitro results, XIAP protein levels remained unchanged
by either eIF2a phosphorylation or reduced eIF5B expres-
sion. However, XIAP protein levels were decreased by
50% when elF5B expression decreased and elF2a was
phosphorylated simultaneously (Figure 5B).

We have shown recently that the translation of XIAP is
alternatively regulated by two 5-UTRs: a 323 nucleotide
UTR (shorter) or a 1700 nucleotide UTR (longer). The
longer UTR contains the IRES eclement and is used
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preferentially during stress, whereas translation mediated
by the shorter UTR is cap dependent (11). To directly
measure the effect of eIF2a phosphorylation and eIF5B
reduction on the translation of the endogenous XIAP
IRES-containing mRNA, polysome profiling was per-
formed to determine the association of XIAP IRES con-
taining mRNA with translating polysomes. HEK293T
cells were transfected with elF5B-specific siRNA and sub-
sequently transfected with poly I:C, and the polysomal
distribution of mRNAs was analyzed by density gradient
centrifugation (Figure 5C). Western blot analysis was per-
formed to verify eIF5B knockdown and phosphorylation
of elF2a in the lysates prepared for polysome profiling
(Supplementary Figure S4A). Treatment of cells with
poly I:C resulted in an attenuation of cap-dependent
translation due to elF2a phosphorylation, as demonst-
rated by a loss of high molecular weight polysomes and
an increase in the non-polysomal peaks (Figure 5C).
Surprisingly, we did not observe significant decrease in
high molecular weight polysomes when elF5B levels
were reduced by siRNA. Although, eIF5B is known to
play a role in ribosomal subunit joining (33), Pestova
et al. (31) reported that eIF5B is dispensable to form elong-
ation competent 80S initiation complex on CSFV IRES.
This suggests that eIF5B is not essential for ribosomal
subunit joining. The quantitative RT-PCR analysis of
individual fractions showed that the endogenous
IRES-containing XIAP mRNA remains in polysomes
even when elF2a is phosphorylated (Figure 5D,
Supplementary Figure S4C). In contrast, B-actin and
non-IRES XIAP (shorter-UTR) mRNAs shifted toward
non-polysomes upon elF2a phosphorylation (Figure 5D,
Supplementary Figure S4C). Similarly, the reduced ex-
pression of eIF5B did not affect the association
of IRES-containing XIAP mRNA with polysomes
(Figure 5D, Supplementary Figure S4C). In contrast, the
IRES-containing XIAP mRNA was shifted toward
non-polysomes from polysomes when elF5B expression
was reduced and elF2a was phosphorylated. However,
steady-state levels of XIAP IRES mRNAs were not sig-
nificantly affected by poly I:C transfection, reduced ex-
pression of eIF5B or by combination of both
(Supplementary Figure S4B). These data indicate that
XIAP IRES-dependent translation relies on elFSB when
elF2a is phosphorylated. Together, these observations
support a model in which translation initiation mediated
by the XIAP IRES switches from an elF2-dependent
mode to an elF5B-dependent mode when the availability
of ternary complex decreases due to eclF2a
phosphorylation.

DISCUSSION

XIAP is a potent IAP that interacts directly with caspases
3, 7 and 9 to block cell death (34). Cell survival during
pathophysiological stress conditions depends on the abun-
dance and activity of XIAP protein, which is determined
at least partially by the expression mediated by its IRES.
Interestingly, several groups reported that the
IRES-mediated translation of XIAP is sustained during
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Figure 5. Translation initiation on XIAP IRES RNA switches to an elF5B-dependent mode when elF2 is inactivated. (A) A quantity of 5ul of RRL
was incubated with the anti-eIF20 and/or anti-eIF5B antibodies at 4°C overnight. Following the immuno-inactivation of the indicated initiation
factors, the toeprinting assay of the XIAP IRES initiation complex was performed. (B) HEK293T cells were transiently transfected with siRNA
targeting eIF5B or non-targeting control siRNA and poly I:C as indicated. Western blot analysis (upper panel) was performed to verify eIF5B
knockdown and phosphorylation of elF2a, and the levels of endogenous XIAP protein. XIAP levels are represented as the ratio of XIAP to B-actin
(lower panel; n = 4, mean + SEM). The actin blot used for XIAP normalization is indicated with an asterisk. (C) Polysome profiling of HEK293T
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pathophysiological stress (8—11,35), despite the fact that
these conditions lead to phosphorylation of elF2« and a
consequent reduction in the levels of available ternary
complex which is required for translation of both
capped and uncapped mRNAs. Here, we present the
first functional characterization of cellular IRES in vitro
and explain the mechanism by which translation initiation
on XIAP IRES occurs during pathophysiological stress
condition when elF2a is phosphorylated. We show that
XIAP IRES-dependent translation initiation switches to
an elF5B-dependent mode to avoid attenuation due to
elF2a phosphorylation.

We have used a toeprinting assay in RRL to show that
the XIAP IRES recruits ribosome in the absence of a m’G
cap and thus supports bona fide cap-independent transla-
tion. Since the validity of the XIAP IRES has been ques-
tioned in several recent reports (36,37) our data add
unequivocal evidence to support the authenticity of the
XIAP IRES. Previously it was shown that translation of
cellular IRES is enhanced by the presence of poly-A tail in
a cell-free translation system (28). Indeed, this is also true
for the XIAP IRES, as we observed impaired ability of the
IRES to form an initiation complex in the absence of
poly-A-tail. In vitro initiation on the XIAP IRES forms
either a 48S or a 80S initiation complex depending
on available guanine nucleotides. These two types of ini-
tiation complexes were revealed by determining distribu-
tion of fluorescence intensities of the 40S leading edge
toeprints (Figure 1). Toeprinting assays performed in
cycloheximide-treated RRL yielded enhanced intensity of
the 40S leading edge toeprints (Supplementary
Figure S1C, compare lanes 1 and 4). This indicates that
a high proportion of XIAP IRES RNAs harbor an
elongation-competent 80S initiation complex, which can
be inhibited by cycloheximide treatment, and provides
evidence that the initiation complex formed on uncapped
XIAP IRES RNA is indeed translation competent. We
have shown previously that in vivo XIAP IRES activity
is abolished by point mutations within the PPT of XIAP
IRES (24). We have expanded this observation here in an
in vitro toeprinting assay and demonstrate that mutations
within the PPT abolished the ability of uncapped XIAP
IRES to form an initiation complex probably due to al-
teration in the secondary structure and/or IRES
trans-acting factors (ITAFs) binding site. Interestingly,
the formation of the 40S leading edge toeprints was re-
stored by the addition of a 5 m’G cap to the PPT mutant
IRES RNA, indicating that the recruitment of the
ribosome and the subsequent formation of the initiation
complex is sequence-specific and requires a functional
IRES (Figure 2).

Published toeprinting analyses performed in RRL using
HCV IRES, capped human B-globin or capped Hsp70
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RNAs obtained 40S leading edge toeprints +16 to
+18 nt downstream of the AUG (20,21,27,29). Using a
capped human B-globin RNA, we have also observed
40S leading edge toeprints +16 to +18 nt downstream of
the AUG (Supplementary Figure S1B). In contrast,
toeprinting analysis of XIAP IRES RNA or the capped
PPT mutant of XIAP IRES identified 40S leading edge
toeprints +17 to +18nt downstream of the AUG, for
both 48S and 80S initiation complexes. It was suggested
that changes in the structural organization of the 40S
subunit within the initiation complex result in a change
in the distribution of fluorescence intensities of 40S
leading edge toeprints (27,29). Therefore, our data
suggest that the conformation of 40S subunit in either
the 48S or 80S initiation complexes formed on the XIAP
IRES or capped PPT mutant is different from that formed
on HCV IRES, or capped non-IRES RNAs.

Having established a faithful in vitro system to study
XIAP IRES-dependent translation, we sought to dissect
the mechanism that allows the translation of cellular
IRES-containing mRNAs during conditions of cellular
stress, which are typified by phosphorylated elF2a.
Several lines of evidence suggest that translation of
IRES-containing mRNAs may continue even in the pres-
ence of phosphorylated elF2a. For example, the
IRES-mediated translation of VEGF and p120 catenin is
resistant to the global translation attenuation due to
elF2a phosphorylation in the hypoxic environment of
the inflammatory breast tumor (38,39). Similarly,
enhanced translation of XIAP was observed in hypoxic
breast cancer cell lines (40-42) in which the elF2a
remains phosphorylated due to higher abundance and
activity of PKR (43). In addition, glucose deficiency
induces phosphorylation of elF2o and inhibition of
protein synthesis but the XIAP mRNA can bypass this
translational block (10). Our group has shown previously
that the IRES-containing variant of XIAP mRNA is pref-
erentially translated during serum deprivation which also
leads to elF2a phosphorylation (11). Here, we confirm
these observation in an in vitro system and show that
XIAP IRES forms an initiation complex in poly I:C
treated RRL where elF2a is phosphorylated (Figure 3).
Using a RNA affinity chromatography approach we have
isolated 80S initiation complex formed on the XIAP IRES
RNA in poly I:C-treated RRL and show that the 80S
initiation complex can be formed without the participa-
tion of elF2 (Figure 4). Importantly, translation of the
endogenous XIAP mRNA was not decreased in poly
I:C-transfected HEK293T cells as determined by western
blot analysis and polysome profiling (Figure 5). This indi-
cates that the IRES-mediated translation of XIAP is
indeed resistant to the global translation attenuation
imparted by elF2a phosphorylation. Interestingly, only

Figure 5. Continued

cells transiently transfected with siRNA targeting eIF5B or non-targeting control siRNA and poly I:C as indicated. Non-polysome (translationally
inactive) and polysome (translationally active) fractions are separated by broken vertical lines. Representative profile of three independent experi-
ments is shown. (D) Individual fractions were probed for the presence of B-actin and IRES-containing endogenous XIAP mRNAs by qRT-PCR.
Percent distribution of specific mRNAs relative to the spiked CAT RNA control across the gradient was determined. The amount (%) of specific
mRNA present in polysomes relative to non-polysomes quantifies the change in translation efficiency (n = 3, mean & SEM).
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the 48S but not the 80S initiation complex could be
formed and isolated from RRL treated with GMP-PNP
(Figure 1B, lane 2; Supplementary Figure S3B). Under
these conditions elF2a is not inactivated by phosphoryl-
ation and therefore our data suggest that XIAP IRES
RNA preferentially utilizes an elF2a-dependent transla-
tion initiation mechanism under normal conditions when
elF2 is fully active, whereas translation initiation on XIAP
IRES RNA switches to an alternative, elF2a-independent
mode when the availability of ternary complex is reduced.

A few elF2-independent modes of translation initiation
have been proposed recently for the translation of viral
RNAs. elF2D (44), Ligatin, and MCT-1/DENR (45)
have all been reported to deliver tRNA into the P-site of
ribosome during HCV IRES-mediated translation. An
elF2-independent mode of translation initiation on
CSFV IRES has been reported in which eIF5B, an eukary-
otic homologue of bacterial IF2, delivers tRNA into the
P-site of the ribosome to form a translation-competent
initiation complex (31). Similar switch from an eukaryotic
to a bacterial-like mode of translation initiation has been
reported for the HCV IRES when elF2a is inactivated by
phosphorylation (32). The ability of HCV and CSFV
IRES to recruit and place the 40S subunit in the vicinity
of initiation codon in a scanning-independent manner
allows them to utilize an eIF5B dependent mode of trans-
lation initiation (31,32). We report for the first time that a
cellular IRES-containing mRNA utilizes a similar, elF2a-
independent mode of translation. A stable complex
between the purified ribosome and XIAP IRES RNA
could not be detected by a gel-shift assay performed in
the absence of ITAFs or by a toeprinting assay performed
in the absence of RRL (data not shown). However, the
XIAP IRES initiation complex could be formed in RRL
treated with hippuristanol (a small molecule inhibitor of
elF4A), indicating that elF4A-dependent ribosome
scanning is not required and the ribosome is likely
placed in the vicinity of the AUG codon to form an initi-
ation complex (Supplementary Figure S5). These observa-
tions strongly suggest the possibility that an
elF5B-dependent pathway operates on the XIAP IRES.
Our in vivo data confirm this model, since we find that
expression of XIAP protein decreases only when e¢IF5B
expression is reduced and elF2a is phosphorylated
(Figure 5). This is in contrast to the cap-dependent trans-
lation of B-actin mRNA, which is decreased when elF2a
is phosphorylated (Figure 5). Thus we show that like viral
IRES, a cellular IRES can operate in an el[F5B-dependent
manner when the availability of ternary complex de-
creases due to elF2a phosphorylation. We wished to
extend our observations to other cellular IRES-containing
mRNAs, and therefore assessed the polysomal distri-
bution of mRNAs that encode other regulators of apop-
tosis, namely Bcl-xL, cIAP1, Apaf-1 and p97/DAPS.
Surprisingly, we find that translation of these mRNAs is
unable to utilize eIF5B when global translation is
attenuated due to phosphorylation of e¢lF2a (data not
shown), suggesting that not all cellular IRES operate in
an elF5B dependent mode.

Chemoresistance of many cancer cell types have been
correlated with overexpression of XIAP (17,46-49). In

fact, XIAP has been validated as a potent therapeutic
target and various anti-XIAP strategies for cancer treat-
ment are currently being tested in clinical trials (50). The
specificity of these therapeutics for tumor cells is desirable,
since XIAP deficiency in non-cancerous cells can lead to
disorders such as X-linked lymphoproliferative disease
(51,52). It is tempting to propose that specific targeting
of the elF5B-dependent mode of XIAP IRES-mediated
translation may allow a reduction of XIAP levels only
in cancer cells which express high levels of elF2 (53).
Therefore, it is crucial to understand the process of
IRES-mediated translation initiation of XIAP during
pathophysiological stress. The mechanism proposed in
this report is the first step toward understanding the
process of ribosome recruitment and initiation complex
formation on XIAP IRES during pathophysiological
stress.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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