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ABSTRACT

X-chromosome linked inhibitor of apoptosis, XIAP,
is cellular caspase inhibitor and a key regulator of
apoptosis. We and others have previously shown
that XIAP expression is regulated primarily at the
level of protein synthesis; the 50 untranslated
region (UTR) of XIAP mRNA contains an Internal
Ribosome Entry Site (IRES) that supports cap-
independent expression of XIAP protein during con-
ditions of pathophysiological stress, such as serum
deprivation or gamma irradiation. Here, we show
that XIAP is encoded by two distinct mRNAs that
differ in their 50 UTRs. We further show that the
dominant, shorter, 50 UTR promotes a basal level
of XIAP expression under normal growth conditions.
In contrast, the less abundant longer 50 UTR
contains an IRES and supports cap-independent
translation during stress. Our data suggest that
the combination of alternate regulatory regions
and distinct translational initiation modes is critical
in maintaining XIAP levels in response to cellular
stress and may represent a general mechanism of
cellular adaptation.

INTRODUCTION

The X chromosome-linked inhibitor of apoptosis, XIAP
(also known as BIRC4), is a key intrinsic regulator of
apoptosis, primarily by virtue of its ability to bind to
and inhibit both initiator and effector caspases (1).
Dysregulation of XIAP has been shown to correlate
with various human pathologies; loss of XIAP was
shown to sensitize cells to inappropriate cell death, as is
observed in X-linked lymphoproliferative syndrome (2),
while overexpression of XIAP is seen in a number of
human cancers and correlates with enhanced chemo- or
radiation resistance (3–6). Indeed, inhibition of XIAP

expression by small molecule inhibitors has shown thera-
peutic promise in clinical trials (7,8).
Although the cellular levels of XIAP are regulated by

several independent mechanisms, the predominant regula-
tion appears to be the control of XIAP mRNA translation
(9). Translation of XIAP is mediated by a 162-nt Internal
Ribosome Entry Site (IRES) element located within its
1.7-kb-long 50 untranslated region that allows synthesis
of XIAP protein during cellular stress and apoptosis
(10–12). IRES elements have emerged as important regu-
lators of selective mRNA translation, in particular under
conditions of reduced global, cap-dependent translation,
such as hypoxia, endoplasmic reticulum stress or serum
deprivation (13). Such conditions are frequently
experienced by cancer cells whose survival thus relies on
IRES-dependent translation of key pro-angiogenic,
hypoxia-response and survival mRNAs (13–15). In
contrast to cap-dependent initiation of translation,
which requires recognition of an mRNA by the cap-
dependent initiation complex eIF4F, IRES-containing
mRNAs are believed to recruit ribosomes directly to the
vicinity of the start codon, thus bypassing the requirement
for cap-binding and movement to the initiation codon
(16). There are some cellular mRNAs, however, including
those encoding vascular endothelial growth factor
(VEGF)-A, HIF1a (17) and Bcl-2 (18), that appear to
use a dual mechanism of translation initiation employing
either the cap or an IRES.
Here, we show that translation of XIAP is controlled by

alternative noncoding regions. The shorter, 323-nt 50 UTR
is present in the dominant XIAP mRNA variant that is
responsible for the high level of XIAP expression observed
under normal growth conditions. In contrast, the longer
1.7-kb 50 leader is present in the less-abundant mRNA
variant and contains an IRES element that mediates effi-
cient translation of XIAP under conditions of reduced
global protein synthesis. Our data suggest that the com-
bination of alternate regulatory regions and distinct
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translational initiation modes is critical in maintaining
XIAP levels in response to cellular stress.

MATERIALS AND METHODS

Cell culture, expression constructs and transfection

Human embryonic kidney (HEK293) cells were main-
tained in standard conditions in serum- and
antibiotic-supplemented Dulbecco’s modified Eagle’s
medium (DMEM). Reporter constructs monoCAT,
mono-L-CAT, pBic and pBic-XIAP (here termed
pBic-L) were previously described (10,19). The shorter 50

UTR of XIAP was RT-PCR amplified from total RNA
extracted from HEK293 cells using specific primers (see
Supplementary Table for primer sequence information)
and inserted into monocistronic or bicistronic reporter
plasmids to create mono-S-CAT and pBic-S, respectively.
Hairpin constructs (denoted by HP) were created by in-
sertion of a double-stranded DNA fragment containing an
internal PmeI site into the NheI site immediately 50 of the
UTR in each construct. The hairpin element was created
by annealing oligonucleotides: 50-CTAGCGTTTAAACC
CGGCCGGCCGGCCGGCCGGCCAAAGGCCGGCC
GGCCGGCCGGCCGG and 50-CTAGCCGGCCGGCC
GGCCGGCCGGCCTTTGGCCGGCCGGCCGGCCG
GCCGGGTTTAAACG. The presence of the hairpin was
verified by restriction digest and sequencing.
For DNA transfections, HEK293 cells were seeded 24 h

prior to transfection at 3� 105 cells per well, and trans-
fected with 1.5mg of construct DNA per well using
Lipofectamine 2000 (Invitrogen). Cells were harvested
48 h later in either CAT Lysis buffer (Roche) for protein
analysis, or in Lysis Buffer (Stratagene) for RNA analysis.
For synthetic RNA transfections, HEK293 cells were
seeded 24 h prior to transfection at 3� 105 cells per well.
Transient transfections of 1 mg synthetic RNA per well
were performed using LipofectamineTM 2000. Cells were
harvested 4 h later as described above. For siRNA experi-
ments, double-stranded siRNAs targeting the longer 50

UTR or the shorter 50 UTR were designed, and
nontargeting siRNA was used as a negative control
(Qiagen). As a positive control, SMARTpool siRNA tar-
geting the 30UTR of XIAP was used (Dharmacon).
HEK293 cells were seeded as for DNA transfections and
transfected with 20 nM siRNA, using DharmaFECTTM 1
(Dharmacon). Forty-eight hours later, cells were har-
vested in radioimmunoprecipitation assay (RIPA) buffer
for protein analysis, or for RNA in Stratagene Lysis
Buffer.
For serum deprivation experiments, 48 h after siRNA

transfection the media was removed from the wells, and
each well was carefully rinsed with warm phosphate-
buffered saline (PBS). To the control wells, complete
DMEM was added, while serum-free DMEM was added
to the wells to be serum starved. For polysome profiling,
this took place in 15-cm dishes. After 24 h, media was
removed, and cells were harvested in RIPA buffer for
protein quantification, or in CHX RNA Lysis Buffer
[0.3M NaCl, 15mM MgCl2, 15mM Tris pH 7.4, 1%

Triton-X100, 100U/ml RNAsin, 0.1mg/ml
Cycloheximide (CHX)] for polysome profiling.

Reporter activity assays

Cell lysates harvested in CAT lysis buffer (Roche) were
tested in three different assays, depending on the
reporter construct used. In lysates from cells transfected
with bicistronic or monocistronic DNA constructs, the
levels of neomycin phosphotransferase II (NEO) and
chloramphenicol acetyltransferase (CAT) were
determined. Lysates from cells transfected with bicistronic
DNA were also tested for levels of bgalactosidase (bgal),
while in the lysates from cells transfected with reporter
RNA, only the levels of CAT were determined. bGal
activity was assessed using an ONPG colorimetric assay
as described (20). CAT and NEO expression were
quantified by enzyme-linked immunosorbent assay
(ELISA) according to the manufacturer’s protocol
(CAT, Roche; NEO, Agdia). To correct for transfection
efficiency differences between the constructs, the expres-
sion of CAT and bgal reporter genes was normalized to
the levels of NEO, which is expressed from the same
plasmid but from an independent promoter. If
monocistronic plasmids were used, the amount of CAT
reporter protein produced was corrected to NEO
protein, and CAT and NEO RNA levels. Spurious
splicing and potential cryptic promoter activity that
could arise with the pBGAL/XIAP/CAT bicistronic
vector has been excluded as previously addressed (21).

In vitro transcription

DNA templates for the synthesis of the reporter RNAs
were generated from a corresponding 50UTR-containing
monocistronic plasmid by PCR. The 50 primers
incorporated the T7 promoter sequence to allow for
RNA transcription; the reverse primer included the 30-
end of the CAT gene, as well as 31 T’s, which were
added to the end of the polymerase chain reaction
(PCR) product to provide a polyA tail. The PCR
products were purified by agarose gel electrophoresis.
In vitro transcription and capping were performed with
the mMessage mMachine kit (Ambion), as per the manu-
facturer’s protocol, and the newly synthesized RNA was
purified using a Megaclear column (Ambion).

Quantitative reverse transcriptase-PCR

To measure relative mRNA expression, total RNA was
isolated from HEK293 cells following indicated treatment
(Absolutely RNA miniprep, Stratagene) and cDNA
generated (First-Strand cDNA synthesis kit, GE
Biosciences). Quantitative PCR was performed on a
Stratagene Mx3005PTM real-time thermocycler using
1 mg of total RNA together with SYBRGreen (Qiagen)
and gene-specific primers for XIAP coding region,
shorter 50 UTR, longer 50 UTR, CAT, NEO, bgal,
GAPDH and b-actin (see Supplementary Table for
primer sequence information). Relative expression levels
were determined using the standard curve method.
Controls lacking reverse transcriptase (RT) demonstrated
no significant genomic DNA amplification (>10 cycle
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difference). Semi-quantitative PCR was performed using
Taq polymerase (Invitrogen) in DNA Engine Dyad�

Peltier Thermal cycler (MJ Research) and PCR products
were resolved on a 1.5% agarose gel, visualized with EtBr,
and quantified using Odyssey densitometry software
(Licor). The RT-PCR efficiency controls were done by
performing PCR directly on construct DNA
(mono-L-CAT and mono-S-CAT), or on cDNA
obtained from synthetic longer and shorter 50

UTR-containing RNAs.

Western blot analysis

Cells were lysed in RIPA buffer for 30min at 4�C,
followed by centrifugation at 10 000 g to remove debris.
Equal amounts of protein were resolved by 10% sodium
dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE), transferred to PVDF membranes using a
semi-dry transfer protocol and probed with antibodies to
XIAP [rabbit aRIAP3, (22)], GAPDH (BD Laboratories),
b-actin (Sigma), rpS6 and P-rpS6 (Cell Signalling
Technology). Membranes were then incubated with
species-specific horseradish peroxidase-conjugated sec-
ondary antibody (GE Biosciences) followed by detection
with ECL Plus substrate (GE Biosciences) and were
quantified using Odyssey densitometry software (Licor).

Polysome profiling

HEK293 cells from three 15-cm plates per condition were
lysed in cold polysome lysis buffer (15mM Tris–HCl, pH
7.4, 15mM MgCl2, 300mM NaCl, 1% (v/v) Triton
X-100, 0.1mg/ml cycloheximide, 100U /ml RNasin).
Equal OD254 units were loaded onto 10–50% linear
sucrose gradients and centrifuged at 39 000 r.p.m. for
90min at 4�C. Gradients were fractionated from the top
(Densi-Flow, Labconco) and RNA/protein was moni-
tored at 254 nm using a HPLC system (Åkta Explorer,
GE Biosciences). One-milliliter fractions were collected
and flash-frozen in liquid nitrogen. After thawing on ice,
the fractions were spiked with 10 ml of a 10 ng/ml solution
of in vitro transcribed CAT RNA, to ensure technical con-
sistency in RNA extraction. RNA was isolated from indi-
vidual fractions by proteinase K digestion followed by
phenol/chloroform extraction and was recovered by
ethanol precipitation. Equal volumes of RNA from each
fraction were used to generate cDNA using oligo-dT
primers and a reverse transcription kit (First-Strand
cDNA synthesis kit, GE Biosciences). PCR primers
specific for XIAP isoforms, CAT, GAPDH or b-actin
(Supplementary Table) were used to amplify messages
using a quantitative PCR as described above.

Statistical analysis

Data are expressed as mean±standard deviation. Unless
otherwise stated, all results reported here were obtained
through minimum three independent experimental repli-
cations. For all reporter assays, each independent replicate
consisted of biological triplicates. Unpaired t-test was
used to determine data significance.

RESULTS

The XIAP 50 UTR is encoded by two exons and is �1.7 kb
long (23). The 50 UTR contains an IRES element that is
required for the expression of XIAP protein during
various pathophysiological conditions (6,10–12).
Recently, it has been suggested that splicing occurs
within the XIAP 50UTR creating an alternative 50 UTR
that lacks an IRES (24–26) (Figure 1A). We used
semi-quantitative multiplex PCR to analyze the expression
pattern and abundance of both XIAP mRNA isoforms in
a panel of 10 different cell lines (Figure 1B). Both mRNA
isoforms could be detected in all cell lines tested. We noted
that the relative intensity of the bands representing each
transcript was fairly consistent over the cell line panel.
Interestingly, the band representing the shorter 50 UTR
variant was always much more intense (�10-fold) than
the band representing the longer 50 UTR variant, suggest-
ing that the shorter 50 UTR is more abundant than the
longer UTR variant. To eliminate the possibility that this
discrepancy is due to different efficiencies of the PCR
primers, or the inability of RT to efficiently transcribe
the structured IRES-containing 50 UTR (19), we per-
formed control PCR reactions on either DNA templates,
or on chimeric, in vitro synthesized RNA templates in
which the XIAP coding region was replaced with the
sequence of the chloramphenicol acetyl transferase
(CAT) gene. In all cases, the relative intensities of
shorter and longer 50 UTR variants were virtually identi-
cal (Figure 1C). We therefore conclude that the relative
transcript abundance indicated by semi-quantitative PCR
is correct; the longer XIAP 50 UTR variant is present at
much lower levels than the shorter variant.

The shorter and longer XIAP 50 UTR variants support
distinct modes of translation

The existence of two XIAP mRNA isoforms that differ in
their 50 UTRs suggests that the distinct UTRs might play a
role in the translational control of XIAP expression. To
verify this hypothesis, we generated a set of reporter con-
structs; each XIAP 50 UTR variant was cloned into
monocistronic (monoCAT) and bicistronic (pBic)
reporter plasmids (Figures 2 and 3). Transient transfec-
tions with these constructs were carried out in HEK293
cells, and the amount of each reporter gene product
present was determined using enzyme activity assays (for
bgal) and ELISAs for CAT and neomycin
phosphotransferase II (NEO) gene products. The
monocistronic assays reflect the sum of cap-dependent
and IRES-dependent translation, while the bicistronic
assays provide information about cap-independent,
IRES-dependent translation.
As reported previously (10), the longer XIAP 50UTR

does not repress translation of a downstream cistron in
a monocistronic context (Figure 2A). When expressed in
the context of a bicistronic DNA reporter, the longer
50 UTR exhibited more than 50-fold increase in CAT
translation, compared to a reporter plasmid lacking the
50 UTR (Figure 2B). Since the validity of XIAP IRES in
this assay has been questioned (24,25,27), we performed
two additional experiments to validate XIAP 50 UTR as
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a bona fide IRES. First, we used a monocistronic con-
struct that incorporates a strong hairpin structure
(�G=�38 kcal/mol) immediately upstream of the UTR.
This hairpin is quite efficient at impeding cap-dependent
translation, as evidenced by the dramatic reduction in
translation of the empty control vector following hairpin
insertion (Figure 2C). However, the insertion of a hairpin
in the longer XIAP UTR-containing vector had no effect
on the expression of CAT reporter gene. This indicates
that nearly all translation driven by this UTR is
IRES-mediated. Second, we confirmed the IRES activity
of the longer UTR by direct RNA transfection. The

capped and polyadenylated reporter RNA was in vitro
transcribed from the DNA template. To create transcripts
restricted in their capacity for cap-dependent translation,
a strong hairpin structure was included in the 50 end of
each RNA. Following transfection of these synthetic tran-
scripts into HEK293 cells, CAT protein and RNA levels
were quantified. The addition of a hairpin strongly re-
pressed CAT expression from the control transcript
(Figure 2D). In contrast, the transfection of the RNA
containing the longer XIAP UTR showed only a small
reduction in CAT translation with hairpin inclusion
(Figure 2D). These data confirm the capacity of the

Figure 1. The two variants of the human XIAP mRNA are present in a number of cell lines. (A) Schematic of the genomic arrangement of XIAP, at
Xq25. The numbering of the genomic sequence is arbitrary, where 1 is the first nucleotide of the shorter 50 UTR. Exons are indicated as boxes; an
arrow (AUG) indicates the location of the start codon. The splicing is indicated by dotted lines. Positions of PCR primers are indicated by black bars
below the exons. (B) Total RNA was extracted from indicated cell lines, reverse-transcribed with a random hexamer RT primers, and XIAP coding
region (cDNA), longer (L) and shorter (S) 50 UTRs were amplified in a multiplex PCR reaction using specific forward primers, and a common
reverse primer, as described in ‘Material and Methods’ section. (C) The efficiency of PCR primers was tested as in (B), using monocistronic DNA
constructs containing either the longer or the shorter 50 UTR as a template (left), or using equal amounts of cDNA template reverse-transcribed from
synthetic monocistronic RNAs containing either the longer or the shorter 50 UTR. In place of the XIAP coding region primers, primers specific to
the CAT coding sequence were used.
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longer 50 UTR to support IRES-dependent translation
initiation. These results, along with previously published
validation of XIAP IRES (21) also definitively exclude
confounding of apparent XIAP IRES activity by cryptic
promoter activity or splicing.

In contrast to the longer 50 UTR, the shorter XIAP
50 UTR exhibited completely different behavior in the
above-described set of experiments. The presence of the
shorter 50 UTR in the context of the monocistronic

reporter construct markedly reduced translation of the
CAT gene (Figure 3A). When placed in the bicistronic
DNA reporter, the shorter 50 UTR did not exhibit any
appreciable IRES activity (Figure 3B). Similarly, the
shorter 50 UTR did not support CAT translation if it con-
tained a strong hairpin structure either in DNA transfec-
tion (Figure 3C) or RNA transfection (Figure 3D)
experiments. These results indicate that although
cap-dependent translation of the shorter 50 UTR of

Figure 2. The longer XIAP 50 UTR supports cap-independent translation. (A) HEK293 cells were transfected with indicated monocistronic
constructs and assayed for reporter protein and mRNA levels. Relative translation is expressed as a ratio of CAT protein to CAT mRNA; expression
of monoCAT was set to 1. (B) HEK293 cells were assayed following transient transfection of an indicated bicistronic DNA reporter construct. IRES
activity is expressed as the ratio of CAT expression over b-gal activity; expression of pBic-HP was set to 1. (C) HEK293 cells were transfected
with indicated monocistronic constructs and assayed for reporter protein and mRNA levels. Relative translation is expressed as a ratio of CAT
protein to CAT mRNA; expression of monoCAT was set to 1. (D) HEK293 cells were transfected with indicated synthetic RNA constructs and
assayed for reporter protein and mRNA levels. Relative translation is expressed as a ratio of CAT protein to CAT mRNA; expression of monoCAT
was set to 1.
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XIAP is inefficient, there is no cap-independent transla-
tion being supported by this 50 UTR. Furthermore, these
data are in accordance with our hypothesis that the two
distinct 50 UTRs of XIAP play a role in the translational
control of the XIAP protein expression.

The longer XIAP 50 UTR mediates an increase in XIAP
protein levels during serum deprivation

IRES-dependent translation is believed to predominate
during cellular stress, when cap-dependent translation is
attenuated (13). We therefore reasoned that the longer 50

UTR of XIAP will mediate preferential translation of
XIAP mRNA during stress. When HEK293 cells were
deprived of serum for 24 h, this resulted in a marked
increase in XIAP protein levels (Figure 4A), without a
concomitant increase in XIAP mRNA levels (Figure
4B). We then employed polysomal profiling to examine
the association of both XIAP mRNA isoforms with
translating ribosomes. As expected, serum deprivation
resulted in a marked loss of heavy polysomes and an
increase in monosomes with a concomitant redistribution
of b-actin mRNA (Figure 4C), indicating a repression
of global protein synthesis. Significantly, RT-PCR

Figure 3. The shorter XIAP 50 UTR does not support cap-independent translation. (A) HEK293 cells were transfected with indicated monocistronic
constructs and assayed for reporter protein and mRNA levels. Relative translation is expressed as a ratio of CAT protein to CAT mRNA; expression
of monoCAT was set to 1. (B) HEK293 cells were assayed following transient transfection of an indicated bicistronic DNA reporter construct. IRES
activity is expressed as the ratio of CAT expression over b-gal activity; expression of pBic-HP was set to 1. (C) HEK293 cells were transfected with
indicated monocistronic constructs and assayed for reporter protein and mRNA levels. Relative translation is expressed as a ratio of CAT protein to
CAT mRNA; expression of monoCAT was set to 1. (D) HEK293 cells were transfected with indicated synthetic RNA constructs and assayed for
reporter protein and mRNA levels. Relative translation is expressed as a ratio of CAT protein to CAT mRNA; expression of monoCAT was set to 1.
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amplification of longer 50 UTR XIAP isoform from indi-
vidual fractions showed that this XIAP isoform is re-
cruited into the heavier polysomes following serum
deprivation, confirming that the translation of the longer
50 UTR XIAP mRNA is enhanced during repression of

cap-dependent translation. In contrast, the distribution of
shorter 50 UTR XIAP isoform following serum depriv-
ation changed from heavy to light polysomes indicating
that this mRNA isoform is no longer efficiently translated.
We wished to further verify that the enhanced translation

Figure 4. The longer XIAP 50 UTR mediates translational up-regulation of XIAP during cellular stress. (A) HEK293 cells were grown in
serum-depleted growth media for 24 h, and the levels of XIAP protein and mRNA were determined by (A) western blotting and (B) qPCR. (C)
Polysomal profiling of HEK293 cells. The RNA profile (indicated by absorbance at 250 nm) is shown on top for control and serum-deprived cells.
Individual fractions were probed for the presence of longer and shorter XIAP 50 UTR variants and b-actin by qPCR, which is shown as the percent
distribution of specific mRNAs relative to internal CAT RNA control across the gradient. LMWP, low-molecular-weight polysomes; HMWP,
high-molecular-weight polysomes. Data from a representative polysomal profiling experiment are shown. (D) HEK293 cells were transiently trans-
fected with the indicated bicistronic reporter DNA constructs and the reporter activity was assayed after 24 h of serum-deprivation. IRES activity is
expressed as the ratio of CAT expression over b-gal activity; IRES activity of each reporter plasmid in control cells was set to 1. (E) HEK293 cells
were transiently transfected with siRNA targeting the shorter XIAP 50 UTR variant, or a non-targeting control siRNA, and the expression of XIAP
protein was determined by western blotting following 24 h of serum-deprivation. XIAP levels are expressed as the ratio of XIAP to b-actin, and this
ratio was set to 1 in control, nonstarved cells. Densitometric analysis is shown below the representative western blot (n=3, P< 0.05, mean±SD).
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is indeed mediated by the IRES element present in the
longer 50 UTR. HEK293 cells were thus transfected with
the bicistronic reporter constructs harboring either the
longer or the shorter XIAP 50 UTR and the reporter
activity was determined following serum deprivation.
Indeed, the translation mediated by the longer 50 UTR,
but not the shorter 50 UTR, was increased following serum
deprivation (Figure 4D). Furthermore, mutation of the
XIAP IRES that renders it nonactive (10) prevented the
serum deprivation-mediated increase in CAT expression.
In addition, the integrity of bicistronic reporter mRNA
was not affected by serum deprivation (Supplementary
Figure S2).
We wished to demonstrate that the longer 50 UTR

XIAP mRNA isoform indeed gives rise to XIAP protein
during serum deprivation. Since both the longer and the
shorter 50 UTR isoforms encode the same XIAP protein,
the antibodies directed against XIAP protein are unable to
distinguish which mRNA is used to produce the protein.
We therefore wished to employ an RNA interference
approach. We designed siRNAs specifically targeting
either the longer or the shorter 50 UTR variant of XIAP
mRNA, and tested their efficacy and specificity on both
transfected reporter mRNAs as well as endogenous XIAP
mRNA (Supplementary Figure S1). While the siRNA tar-
geting the shorter isoform was consistently able to reduce
the levels of XIAP mRNA and protein, none of the nine
siRNAs targeting the longer 50 UTR variant was able to
do so (data not shown). This result is perhaps not unex-
pected, given the relative abundance of the endogenous
longer and shorter variants (Figure 1B). We therefore
used only the shorter 50 UTR targeting siRNA in subse-
quent experiments. HEK293 cells were transiently trans-
fected with either the control or the shorter 50 UTR-
targeting siRNAs, and the levels of XIAP protein were
determined following serum deprivation (Figure 4E). We
observed that XIAP protein levels were reduced upon
transfection with the shorter 50 UTR-targeting siRNA,
confirming that the shorter 50 UTR isoform is the major
XIAP mRNA isoform. However, serum deprivation
elicited induction of XIAP expression even in cells with
reduced levels of the shorter 50 UTR variant, suggesting
that it is the longer 50 UTR variant that mediates XIAP
mRNA translation upon serum deprivation. Together,
our data strongly suggest that the longer 50 UTR of
XIAP harbors a stress-inducible IRES element that
mediates preferential translation of XIAP mRNA during
cellular stress.

DISCUSSION

We describe here characterization of two alternative
isoforms of XIAP mRNA that differ in their 50 UTRs
and impose distinct translational regulation on XIAP
protein expression during cellular stress. The two 50

UTRs share the 33 nt immediately upstream of the initi-
ation AUG codon; the remaining sequence is encoded by
three different exons. The EST support for the existence of
both isoforms has been provided previously (25); however,
the confirmation of the existence of these isoforms in cells,

and their potential effect on the translation of XIAP
mRNA was lacking. We demonstrate that the shorter,
323 nt 50 UTR is the predominant isoform of the XIAP
mRNA. Interestingly, when cloned upstream of a reporter
gene, this 50 UTR attenuates translation of the down-
stream gene. This is likely a consequence of the high GC
content (66.5%) and a high degree of predicted secondary
structure that would be expected to have an inhibitory
effect on recruitment or movement of the ribosome to
the initiation codon, and thus translation (28). However,
the translation supported by this 50 UTR is
cap-dependent, as evidenced by almost complete inhib-
ition of translation when a strong hairpin structure was
placed in front of this UTR. In addition, this 50 UTR did
not exhibit any IRES activity when tested either in a
bicistronic DNA reporter construct, or by direct RNA
transfection. The siRNA-mediated targeting of the
shorter 50UTR XIAP isoform provided evidence that
despite the rather inefficient translation, the shorter 50

UTR isoform is the mRNA that produces the majority
of XIAP protein under normal growth conditions. This
is likely a result of the high abundance of this mRNA
isoform, which would compensate for the inefficient
translation.

The longer, 1.7 kb XIAP 50 UTR isoform is significantly
less abundant than the shorter isoform. Based on our
RT-PCR data in various cell lines, we estimate that the
longer 50 UTR isoform represents �10% of the total
cellular XIAP mRNA pool. In contrast to the shorter 50

UTR, the longer 50 UTR exhibits efficient cap-
independent translation. Recently, the validity of XIAP
IRES has been challenged, based on the fact that the
longer 50 UTR mediates spurious splicing in the context
of a bicistronic DNA reporter (24–26,27). Some of the
spurious splicing was later attributed to the use of the
dual luciferase reporter system (21). Our present data
provide additional and unequivocal evidence that the
longer XIAP 50 UTR is a bona fide IRES. In addition,
our data help to understand the confounding issue of
spurious splicing exhibited by this 50 UTR, which was
reported by above-mentioned laboratories. The endogen-
ous XIAP coding sequence contains a 30 splice acceptor
sequence that is located 33 nt upstream of the initiation
AUG codon, and the alternative use of this site gives rise
to two distinct 50 UTRs. Since the longer 50 UTR contains
the full, unprocessed 30 splice site, this site may be used
when placed in the appropriate context of the bicistronic
DNA, as reported (24,25,21). Interestingly, this spurious
splicing of the reporter gene was never 100% efficient;
rather, a ratio of spliced versus unspliced mRNA similar
to that observed with the endogenous XIAP mRNA was
reported irrespective of the reporter system used
(24,27,21). To bypass this confounding effect, we have
assessed XIAP IRES activity by direct RNA transfections,
or through the use of monocistronic DNA constructs in
which the cap-dependent translation was blocked by a
strong hairpin. In both cases, the longer 50 UTR, but
not the shorter 50 UTR supported efficient translation of
the reporter gene confirming that XIAP IRES is a true
IRES.
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The characterization of the 50UTR of each XIAP
mRNA variant led to an interesting hypothesis. As these
two isoforms appear to utilize exclusive mechanisms of
translation initiation, it is likely that they are used under
distinct cellular conditions to regulate XIAP expression.
Indeed, we observed that serum starvation resulted in the
recruitment of the longer 50 UTR isoform into heavy poly-
ribosomes, indicating that this isoform is preferentially
translated during serum starvation. Importantly, serum
starvation leads to increased levels of XIAP protein, and
our data confirm that it is the IRES element within the
longer 50 UTR that is responsible for this translational
increase. These data are in agreement with the strong
in vivo evidence for cap-independent translation of XIAP
in cellular stress (6,11,12).

IRES-mediated initiation of translation has emerged as
an important mechanism that allows fine-tuning of the
cellular stress response (13). It is not clear, however, pre-
cisely how the IRES mechanism operates, or how strict the
distinction is between cap- and IRES-dependent transla-
tion of a given mRNA. Unlike some uncapped viral
RNAs that use IRESes to recruit ribosomes, cellular
mRNAs are naturally capped and could therefore use
both cap-dependent and IRES-dependent modes of
recruitment. Indeed, some cellular mRNAs, such as
those encoding VEGF-A, HIF1a (17) and Bcl-2 (18)
appear to use both the cap-structure and IRES elements
as ribosomal recruitment sites. The data presented here for
the XIAP mRNA suggest a third mechanism: two distinct
50 UTRs, which are generated by alternative splicing or
alternative transcription start sites, that support either
cap-dependent (shorter 50 UTR) or IRES-dependent
(longer 50 UTR) translation. While we have not
observed changes in the ratio of the two XIAP mRNA
isoforms, either in control or in serum-deprived cells, it
will be informative to investigate if the splicing of the
XIAP 50 UTR is affected by cellular factors, or is regulated
in response to a particular cellular event. Splicing factor
hnRNP A1 is known to affect the choice of alternative
splice sites and is a candidate for affecting alternative
splicing in the XIAP mRNA. We have reported previously
that hnRNP A1 regulates XIAP translation during
osmotic shock; the cytoplasmic form of hnRNP A1
binds to and represses XIAP IRES activity (29). One of
the binding sites for hnRNP A1 within the XIAP IRES
overlaps the alternative 30 splice acceptor site and it is
therefore possible that in addition to regulating XIAP
IRES function directly, hnRNP A1 may influence the
usage of the 30 splice site and thus the relative abundance
of the two XIAP mRNA isoforms.

Interestingly, Baranick et al. (25) described possible
30 splice sites in a number of IRES-containing mRNAs
that may give rise to alternative 50 UTRs. It is tempting
to speculate that the expression of proteins encoded by
these mRNAs will be regulated by a manner analogous
to XIAP. There is some evidence in the published litera-
ture that this indeed may be the case. Several proteins
expressed via mRNAs containing IRES elements are
also subject to regulation by alternate noncoding
regions. For example, the mRNA encoding the angiogenic
factor, fibroblast growth factor-1 (FGF-1), exists as four

mRNA isoforms; two of these are capable of driving high
amounts of IRES-mediated translation initiation, while
the remaining two use the cap-dependent mode of initi-
ation (30). Similarly, the neurotrophin receptor TrkB (31),
and the transcription factor AML1/RUNX1, are ex-
pressed as alternative transcripts, one of which utilizes
an IRES for its translation (32). Recently, mRNAs with
alternatively spliced 50 UTRs were found to regulate ex-
pression of the cold-inducible RNA binding protein CIRP
(33). Interestingly, the longest 50 UTR of CIRP mRNA
harbors an IRES; while the activity of this IRES is not
inducible by hypothermia, the expression levels of this
transcript increase in response to hypothermia resulting
in an enhanced expression of CIRP. These examples
suggest that the combination of alternate regulatory
regions and distinct modes of translational regulation,
such as we report here for XIAP, likely represent a more
general mechanism of regulation of expression of genes
involved in cellular stress response and adaptation.
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