

















B o o
Load + Wash NS

Elution

}XIAP IRES RNA

C 80S

A G C T

AUG

|17 -19NT
from AUG

Full length

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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