
Nucleotide Composition of Cellular Internal Ribosome Entry Sites
Defines Dependence on NF45 and Predicts a Posttranscriptional
Mitotic Regulon

Mame Daro Faye, Tyson E. Graber,* Peng Liu, Nehal Thakor, Stephen D. Baird, Danielle Durie, Martin Holcik

Apoptosis Research Centre, Children’s Hospital of Eastern Ontario, and University of Ottawa, Ottawa, Ontario, Canada

The vast majority of cellular mRNAs initiate their translations through a well-defined mechanism of ribosome recruitment that
occurs at the 5=-terminal 7-methylguanosine cap with the help of several canonical protein factors. A subset of cellular and viral
mRNAs contain regulatory motifs in their 5= untranslated regions (UTRs), termed internal ribosome entry sites (IRES), that
sidestep this canonical mode of initiation. On cellular mRNAs, this mechanism requires IRES trans-acting protein factors
(ITAFs) that facilitate ribosome recruitment downstream of the cap. While several ITAFs and their target mRNAs have been em-
pirically identified, the in silico prediction of targets has proved difficult. Here, we report that a high AU content (>60%) of the
IRES-containing 5= UTRs serves as an excellent predictor of dependence on NF45, a recently identified ITAF. Moreover, we pro-
vide evidence that cells deficient in NF45 ITAF activity exhibit reduced IRES-mediated translation of X-linked inhibitor of apop-
tosis protein (XIAP) and cellular inhibitor of apoptosis protein 1 (cIAP1) mRNAs that, in turn, leads to dysregulated expression
of their respective targets, survivin and cyclin E. This specific defect in IRES translation explains in part the cytokinesis impair-
ment and senescence-like phenotype observed in HeLa cells expressing NF45 RNA interference (RNAi). This study uncovers a
novel role for NF45 in regulating ploidy and highlights the importance of IRES-mediated translation in cellular homeostasis.

Translation is a process that is tightly regulated to ensure rapid
and specific protein expression in response to different stimuli

(1). Translation regulation occurs primarily at the initiation step
through a canonical mechanism in which the ribosome is re-
cruited at the 5=-terminal 7-methylguanosine cap with the help of
several protein factors (2). However, a subset of cellular and viral
mRNAs contains regulatory motifs in their 5= untranslated re-
gions (UTRs), termed internal ribosome entry sites (IRES), that
sidestep this canonical mode of translation initiation. First discov-
ered in picornaviruses (3), IRES are specific RNA elements that
permit the recruitment of the ribosome to the translation initia-
tion start, independently of the cap (1, 3). Unlike some viral IRES,
which can directly recruit the ribosome, eukaryotic IRES appear
to require IRES trans-acting protein factors (ITAFs) that facilitate
ribosome recruitment by acting as either scaffold proteins or RNA
chaperones (reviewed in references 4 and 5). While several ITAFs
and their target mRNAs have been empirically identified, in silico
prediction of targets has proved difficult due to the lack of con-
sensus regarding IRES binding motifs and an overall poor under-
standing of the biology of cellular IRES (6).

We previously characterized NF45 as an ITAF that regulates
the cellular inhibitor of apoptosis protein 1 (cIAP1) IRES during
the unfolded protein response (7). Indeed, NF45 was shown to
interact directly with the cIAP1 IRES and positively affect its ac-
tivity, resulting in the increased translation of its mRNA during
thapsigargin-induced endoplasmic reticulum (ER) stress. This
was the first report of NF45 having a bona fide function in IRES-
mediated translation, although there have been reports of the
involvement of NF45 and its binding partner NF90 in tran-
scription (8, 9), viral replication (10–12), and microRNA pro-
cessing (13, 14).

More recently, NF45 has been implicated in the mitotic control
of HeLa cells. Indeed, the depletion of NF45-NF90 complexes by
RNA interference leads to the generation of large multinucleated

cells, a result of impaired cytokinesis and cell growth (15, 16).
Multinucleation can arise from defects in DNA replication, cell
proliferation, or mitosis and from the aberrant expression of pro-
teins regulating these key cellular events. One such protein that is
essential to mitosis and whose aberrant expression has been linked
to multinucleation is survivin (17, 18). Survivin (BIRC5), a mem-
ber of the inhibitor of apoptosis protein (IAP) family, has been
shown to play a dual role in cell division by regulating microtubule
dynamics (19) and by being a member of the chromosomal pas-
senger complex (reviewed in reference 20). Cyclin E is another
protein that is crucial for cell cycle progression because of its in-
teraction with cyclin-dependent kinase 2 (Cdk2), which leads to
retinoblastoma protein (Rb) phosphorylation, the release of E2F
transcriptional activity, and the expression of genes that drive the
G1-to-S transition (21–23).

In this study, we developed a screen to identify new targets of
NF45 regulation and to show that a high AU content in IRES-
containing 5= UTRs serves as an excellent predictor of NF45 de-
pendence. Moreover, we provide evidence that cells deficient in
NF45 ITAF activity exhibit reduced IRES-mediated translation of
X-linked IAP (XIAP) and cIAP1 mRNAs. This in turn leads to
dysregulated expression of their respective targets, survivin and
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cyclin E, thus explaining in part the multinucleated phenotype of
NF45-deficient cells. Hence, we report the identification of an
NF45-regulated operon that impinges on the regulation of cell
division and cell cycle progression.

MATERIALS AND METHODS
Cell cultures, expression constructs, and transfection. HeLa cells ex-
pressing a control (c) or NF45 (d5) small hairpin RNA (shRNA) were as
characterized previously (15) and maintained under selective pressure
conditions with 400 �g/ml of G418 (Invitrogen, Burlington, ON, Canada)
in serum-, antibiotic-, and sodium pyruvate-supplemented Dulbecco’s
modified Eagle’s medium (DMEM). HEK293 and HeLa cells were pur-
chased from the American Type Culture Collection (ATCC, Manassas,
VA) and were routinely cultured in DMEM supplemented with serum,
antibiotic, and L-glutamine. Transient DNA transfections were performed
using Lipofectamine Plus reagent (Invitrogen) or jetPRIME (Polyplus
Transfection, Illkirch, France) per the manufacturers’ protocols. For
Western blot analyses, the cells were transfected with 50 nM NF45 or
control (nontargeting) small interfering RNAs (siRNAs) using
RNAiMAX reagent (Invitrogen) for 72 h or 96 h. Unless otherwise stated,
all assays were performed 24 h following transfection, except for the res-
cue experiments, which were performed at 48 h posttransfection. Green
fluorescent protein (GFP) fusion expression plasmids were constructed
by first ligating Turbo GFP (from pTurboGFP-dest1; Evrogen, Moscow,
Russia) into a pcDNA3 backbone (Invitrogen), followed by ligation of the
appropriate open reading frame (ORF) (NF45 or XIAP). The GFP-NF45R
construct was obtained by introducing a silent mutation that is resistant to
the d5 shRNA to the GFP-NF45 plasmid by site-directed mutagenesis. All
plasmid constructs were verified by nucleotide sequencing.

Cloning of IRES and bicistronic assays. Two databases, one with
nonredundant human 5= UTR sequences and one containing known IRES
sequences, were used to calculate the AU content of known human IRES
and 5= UTRs (6). The aquaporin 4 (AQP4), cIAP1, ELG, nuclear respira-
tory factor (NRF), and XIAP IRES have been cloned into the p�gal/CAT
bicistronic vector and characterized (7, 24). (As an aside, ELG1 is another
name for the gene ATAD5 that is involved in DNA repair; ELG is the alias
for the C17ORF85 ORF. In this study, “ELG” will be used to designate the
C17ORF85-related IRES.) In addition to these IRES, we cloned the previ-
ously characterized NRF (25), SNM1 (26), MYT2 (27), UNR (28), TEK
(29), and sphingolipid Ca2� release-mediating protein from endoplasmic
reticulum (Scamper) (30) IRES into the p�gal/CAT bicistronic vector
(31). The Scamper and MYT2 IRES were synthesized with flanking NheI-
XhoI sites and cloned into a pUC57 vector (Bio Basic, Inc., Toronto, ON,
Canada), followed by subcloning into the p�gal/CAT bicistronic vector. A
portion of the SNM1 (GenBank accession no. BI770136) 5= UTR contain-
ing IRES activity described by Zhang et al. (26) (nucleotides �669 to �1,
CTC TTC CT GCT AGC GGG ATT GTT CAT TGC TGC [forward
primer] and CTC TTC CT CTC GAG GGC AAA ATG ATT TTA TCA
[reverse primer]), the UNR (GenBank accession no. BI546285) 5= UTR
containing IRES activity described by Cornelis et al. (28) (nucleotides
�462 to �1, CTC TTC CT GCT AGC TGC TGC TTA TGG CGG CGC
[forward primer] and CTC TTC CT CTC GAG CGC AGT GAT ACT CAA
ATA [reverse primer]), and the TEK (GenBank accession no. BI546285)
5= UTR containing IRES activity described by Park et al. (29) (nucleotides
�354 to �1, CTC TTC CT GCT AGC GCA GCA GCA AAA GCA GCA
[forward primer] and CTC TTC CT CTC GAG GCT TCC CCA AAT CTC
TCC [reverse primer]) were amplified by PCR from mammalian gene
collection clones (all purchased from Thermo Fisher Scientific, Inc., Ot-
tawa, ON, Canada) using primers with NheI-XhoI sites. The NRF 5= UTR
(nucleotides �653 to �1, CTC GAG CAG AGT AAT GAC ATG GTT CC
[forward primer] and CTC TTC CAA GCG TGG GCT GTA CC [reverse
primer]) was PCR amplified from a liver cDNA library using primers with
NheI-XhoI sites. The amplified UTRs were then subcloned into the p�gal/
CAT bicistronic vector. All constructs were verified by sequencing, and
basal IRES activities in c cells (relative to cells transfected with empty

bicistronic vector) were confirmed. �-Gal and CAT assays were per-
formed as described previously (31).

Polysome profiling and quantitative reverse transcription-PCR
analyses. c and d5 cells were grown to 70 to 80% confluence on 15-cm
plates in DMEM supplemented with sodium pyruvate. For rescue exper-
iments, cells were transfected with 10 �g of GFP or 20 �g of GFP-NF45R
for 24 h prior to harvesting. The cells were then incubated with 0.1 mg/ml
cycloheximide for 3 min, washed with cold phosphate-buffered saline
(PBS)-cycloheximide, and lysed in cold polysome lysis buffer (15 mM
Tris-HCl [pH 7.4], 15 mM MgCl2, 300 mM NaCl, 1% [vol/vol] Triton
X-100, 0.1 mg/ml cycloheximide, 100 U/ml RNasin). Equal OD254 (opti-
cal density at 254 nm) units were loaded onto 10-to-50% linear sucrose
gradients (10 ml) and centrifuged at 39,000 rpm for 90 min at 4°C.
The gradients were fractionated from the top into 1-ml fractions using an
Isco gradient fractionation system (Teledyne Isco Inc., Lincoln, NE), and
the RNA was monitored at 254 nm. One hundred nanograms of in vitro-
synthesized CAT RNA was added to each fraction as an internal control,
and the total RNA was isolated from individual fractions by proteinase K
digestion followed by phenol-chloroform extraction. Equal volumes of RNA
from each fraction were used to generate cDNA from the qScript cDNA Su-
perMix reverse transcription kit (Quanta Biosciences, Gaithersburg, MD).
PCR primers specific for XIAP (AGGGCACATGTATGTCATGG [for-
ward] and TAGAGGGTGGCTCAGGAAAA [reverse]), cIAP1 (TCTGGA
GATGATCCATGGGTAGA [forward] and TGGCCTTTCATTCGTATC
AAGA [reverse]), NRF (AAATCTGGTGAGGGCATACG [forward] and
TCAAATCTGTGTGGCTCTCG [reverse]), SNM1 (TTCCTAGCCATTG
CTGATGTT [forward] and TTGCATCATTGGGAGAAGGT [reverse]),
ELG (AAACCCATCACCCCTAAATG [forward] and GGGCGGGGAAT
ATATAAAGG [reverse]), apoptotic protease activating factor 1 (APAF1)
(CTTGAGCCCTGGAGTTTGAG [forward] and TGCATGAACTGCCA
TGAAAT [reverse]), and CAT (GCGTGTTACGGTGAAAACCT [for-
ward] and GGGCGAAGAAGTTGTCCATA [reverse]) were used to
quantify mRNAs by quantitative PCR (qPCR) using PerfeCTa SYBR
green supermix (Quanta Biosciences). The mRNA distribution profiles
were plotted for each fraction (normalized to CAT RNA), and the ratios of
heavy polysomes (HPs) (fractions 5 to 10) to light polysomes (LPs) (frac-
tions 2 to 4) were calculated for each transcript. For steady-state mRNA
levels, RNA was extracted from cells using the Absolutely RNA miniprep
kit (Agilent Technologies, Cedar Creek, TX), and cDNA and qPCR anal-
yses were performed as described above.

RNA immunoprecipitation. HeLa c cells were plated on 10-cm plates
at 50% confluence and were transfected the next day with 10 �g of
pcDNA3-FLAG or pcDNA3-FLAG-NF45 plasmid using jetPRIME trans-
fection reagent (Polyplus-Transfection). Twenty-four hours later, 1%
formaldehyde was added to the cells to cross-link RNA-protein complexes
for 30 min at room temperature. Glycine (0.2 M) was added to quench the
cross-linking, and cells were lysed for 30 min at 4°C in RNA immunopre-
cipitation (RIP) buffer (50 mM HEPES-KOH [pH 7.5], 140 mM NaCl, 1
mM EDTA [pH 8.0], 1% Triton X-100, 0.1% SDS, 0.1% sodium deoxy-
cholate) supplemented with 1 �g/ml each of aprotinin, leupeptin, pepsta-
tin, and phenylmethylsulfonyl fluoride (PMSF) and 40 U/ml of RNase
inhibitor (Promega). Cell lysates were sonicated and treated with DNase I
for 30 min. Immunoprecipitation was carried out using 20 �l of anti-
FLAG-M2 affinity gel (Sigma) per sample for 2 h at 4°C. The beads were
washed 3 times in PBS, treated with 20 �g of proteinase K at 55°C for 1 h,
and the cross-linking was reversed at 70°C for 45 min. RNA was extracted
by phenol-chloroform purification, and cDNA was generated using
qScript cDNA supermix (Quanta Biosciences). RNA immunoprecipitates
were detected using primers specific to XIAP, cIAP1 (QuantiTect primer
assay; Qiagen), NRF, ELG, and APAF1.

Western blot analyses. Cells were lysed in radioimmunoprecipita-
tion assay (RIPA) buffer for 30 min at 4°C, followed by centrifugation
at 10,000 � g to remove debris. Equal amounts of proteins were resolved
by 10% SDS-PAGE, transferred to polyvinylidene difluoride (PVDF)
membranes using a wet-transfer protocol, and probed with antibodies to
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NF45 (7), XIAP (anti-RIAP3 [24]), survivin (6EA; Cell Signaling Tech-
nology, Danvers, MA), cyclin E (clone C-19; Santa Cruz Biotechnologies,
Santa Cruz, CA), or glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (BD Biosciences, Mississauga, ON, Canada). Membranes were
incubated with Alexa 680-conjugated (Invitrogen, Burlington, ON, Can-
ada) or IR800-conjugated (Li-Cor Biosciences, Lincoln, NE) secondary
antibodies, followed by detection using the Li-Cor Odyssey infrared scan-
ner (Li-Cor Biosciences, Lincoln, NE). Densitometry analyses were per-
formed using the Li-Cor Odyssey software.

Metabolic labeling and immunoprecipitation. Cells were plated on
10-cm dishes and transfected with 50 nM nontargeting siRNA or NF45
siRNA. After 96 h of knockdown, cells were metabolically labeled with
[35S]methionine for 45 min at 37°C and lysed as described previously (7).
Coimmunoprecipitations of cIAP1, XIAP, and GAPDH proteins were
performed at 4°C overnight using protein G/protein A-agarose beads
(EMD Chemicals) coated with, respectively, the antibodies anti-cIAP1
(R&D Systems, MN) at a 1:150 dilution, anti-GST-XIAP (32) (Aegera) at
a 1:150 dilution, and anti-GAPDH (clone 6C5; Advanced Immuno-
Chemical, CA) at a 1:250 dilution. The immunoprecipitated beads were
then washed with cold wash buffer (50 mM Tris [pH 7.4], 300 mM NaCl,
0.1% Triton X-100), resuspended in Laemmli buffer, and boiled to elute
bound proteins. The immunoprecipitated proteins were separated on
10% SDS-PAGE gels along with 5% of the input proteins. The gel was
stained with Coomassie blue, incubated with Amplify fluorogenic reagent
(GE Biosciences, Baie d’Urfé, QC, Canada) for 30 min, and dried before
exposure to film. The input proteins were also analyzed by Western blot-
ting to verify the knockdown of NF45.

RNA-streptomycin affinity chromatography. S10 cytoplasmic lysate
from HeLa cells was prepared as described previously (7). Briefly, HeLa-S
cells (2-ml packed cell volume [PCV]) (BioVest International, Tampa,
FL) were resuspended in 2 ml of hypotonic buffer (10 mM Tris-HCl [pH
7.6], 1.5 mM MgCl2, 10 mM KCl, 0.5 mM dithiothreitol [DTT]) contain-
ing EDTA-free protease inhibitor cocktail (Roche) and lysed using a
Dounce homogenizer (30 strokes, pestle B). A mixture of 4 ml of HeLa S10
cytoplasmic lysate and 12 ml binding buffer (20 mM Tris [pH 7.6], 10 mM
MgCl2, 120 mM KCl, 8% sucrose, 2 mM DTT) containing EDTA-free
protease inhibitor cocktail (Roche) and RNase inhibitor (Promega) was
incubated at 37°C for 10 min. An in vitro-transcribed, poly(A)-tailed and
strepto-tagged XIAP IRES or �-hemoglobin 5= UTR RNAs were added to
the mixture and incubated further for 10 min at 37°C. RNA-dihydrostrep-
tomycin affinity chromatography was performed as described previously
(33), and the RNA-associated proteins were analyzed using Western blot
analysis.

Fluorescence microscopy. d5 and c cells (1.0 � 105) were seeded onto
12-well flat-bottom plates. For HeLa cell immunofluorescence, 1.0 � 105

cells were seeded on coverslips in 6-well plates and transfected with 50 nM
nontargeting or NF45-targeting siRNA for 72 h. Twenty-four hours later,
the cells were fixed in 3.7% formaldehyde, permeabilized with 0.1% Tri-
ton X-100, and simultaneously stained for nuclei (5 �g/ml Hoechst 3342)
and filamentous actin (F-actin) filaments (0.2 U/ml Alexa Fluor 568-con-
jugated phalloidin) for 30 min at room temperature. The staining for d5
and c cells was captured using a Cellomics ArrayScan VTI automated
fluorescence imaging system (Thermo Fisher Scientific, Inc., Ottawa, ON,
Canada), and staining for HeLa cells was captured using an Olympus
Fluoview FV1000 confocal microscope (Richmond Hill, ON, Canada).

Propidium iodide staining and flow cytometry. d5 and c cells (3.0 �
105) were seeded onto 6-well flat-bottom plates. Twenty-four hours post-
transfection, the cells were scraped from the plates, resuspended in 500 �l
of PBS, and fixed in 500 �l of chilled ethanol for 30 min at 4°C. The cells
were then spun down at 300 � g for 5 min at 4°C and resuspended in 500
�l of PBS. DNase-free RNase (Qiagen, Toronto, ON, Canada) was added
to the suspension at 9 �g/ml, and the samples were briefly vortexed and
incubated for 1 h at 37°C. Propidium iodide (Sigma, Oakville, ON, Can-
ada) was added to a final concentration of 13 �g/ml, and the samples were
incubated for 30 min at room temperature. Flow cytometry was per-

formed using a BD FACSCanto flow cytometer (BD Biosciences, Missis-
sauga, ON, Canada).

Statistical analyses. All data are expressed as the mean � standard
error of the mean (SEM). Unless otherwise stated, all results were ob-
tained through a minimum of three independent experimental replica-
tions. A t test analysis was performed to determine the significance of the
data using GraphPad Prism version 5.00 for Windows (GraphPad Soft-
ware, San Diego, CA).

RESULTS
AU content of 5= UTRs correlates with NF45-dependent IRES
activity. We initially identified NF45 as an ITAF that positively
regulates the cIAP1 IRES during the unfolded protein response
(7). In that study, NF45 was found to interact with an AU-rich
stem-loop within the cIAP1 IRES. We noticed that the entire
cIAP1 IRES region, and indeed its entire 5= UTR, was unusually
AU rich (68%). This was in stark contrast to several GC-rich IRES,
whose activities were found to be unaffected by changes in NF45
expression (Bcl-xL, DAP5 APAF1, and VCIP) (Fig. 1A, square data
points). It is important to note that the nucleotide composition of
cellular IRES identified to date does not deviate significantly from
those of their 5= UTRs (6). Therefore, on its own, this constraint
cannot be used to predict novel IRES. We hypothesized, however,
that we could predict whether known IRES with a high AU con-
tent would be dependent on NF45 for their activities.

To address this hypothesis, we surveyed the set of known IRES-
containing RNAs (6) and calculated the AU content of their 5=
UTRs and, if known, their minimal IRES regions (Fig. 1A). We

FIG 1 The AU content of 5= UTRs correlates with NF45-dependent IRES
activity. (A) Diagonal plot of the AU content of human 5= UTRs and IRES. We
showed previously (7) that NF45 expression does not affect Bcl-xL, DAP5,
APAF1, or VCIP IRES activities, but it does impact the cIAP1 IRES. (B) List of
IRES-containing human mRNAs that have a �50% AU content within their 5=
UTRs. The percent AU content of the minimal IRES is indicated in brackets (if
unknown, the content is equivalent to that of the 5= UTR).

NF45-Dependent RNA Regulon

January 2013 Volume 33 Number 2 mcb.asm.org 309

http://mcb.asm.org


ranked a list of 58 known eukaryotic IRES and 38 viral IRES based
on their AU content and further considered only human IRES
with AU contents of �50% (Fig. 1A). This resulted in a list of 9
IRES (including cIAP1) that we would anticipate to be depen-
dent on NF45, and we decided to test them in the wet labora-
tory, along with the GC-rich IRES of Bcl-xL, DAP5, VCIP, and
APAF1 (Fig. 1B).

AU-rich 5= UTRs harboring IRES are regulated by NF45. To
determine whether NF45 acts as an ITAF for AU-rich IRES, we
measured IRES activities using an experimental system consisting
of HeLa cells that stably express shRNA targeting NF45 d5 cells)
and cells expressing a nontargeting shRNA (c cells). These previ-
ously characterized cells exhibit significantly reduced expression
of NF45 (7, 15). We transiently transfected these cell lines with
bicistronic p�gal/CAT vectors harboring selected cellular or viral
IRES and determined IRES activity levels in the cells deficient in
NF45 relative to the cells expressing normal levels of NF45. Using
this system, we showed in our previously published assessment of
six cellular IRES that decreased expression of NF45 considerably
affects the activity levels of the AU-rich cIAP1 IRES (�2-fold de-
crease in activity) but spares the activity of GC-rich IRES, such as
APAF1, Bcl-xL, DAP5, and VCIP (7). In the present study, we
extended the screen to include the AU-rich IRES that are pre-
dicted to be NF45 dependent (Fig. 1B). We observed that the
ratios of IRES activities in d5 versus c cells were significantly less
(�50% of that in c cells) for cIAP1, XIAP, NRF, and ELG IRES
(Fig. 2A) and were indeed significantly affected compared to that
of the encephalomyocarditis virus (EMCV) IRES that was used as
a control. The EMCV IRES (60% GC content) does not require
most of the known cellular ITAFs for its optimal activity, except
for the polypyrimidine tract binding (PTB) and La proteins (34,
35); therefore, it is not affected by the lack of NF45 in d5 cells (Fig.
2A, black bar). IRES with an AU content of �60% (MYT2, UNR,
AQP4, TEK, Bcl-xL, DAP5, VCIP, and APAF1) were largely unaf-
fected by the decreased expression of NF45 in d5 cells (Fig. 2A).
Importantly, the decrease in IRES activity levels observed for
XIAP, NRF, and ELG in d5 cells was not due to an increase in
�-Gal expression but to a decrease in the CAT protein level (data
not shown). We also controlled for possible splicing of the bicis-
tronic p�gal/CAT plasmids used and found that the ratios of
�-Gal to CAT transcripts were equal in all cases (data not shown);
this shows that NF45 regulation of these AU-rich IRES is specific
and not due to spurious events associated with the use of reporter
constructs. Although we did see a measurable decrease in SNM1
activity (59% AU content, 24% decrease), it was not significant
compared to the EMCV IRES; therefore, we did not consider it
further. Altogether, these data strongly argue that NF45 is re-
quired for the optimal activity of AU-rich IRES.

Next, we analyzed the steady-state mRNA levels of the affected
IRES-containing mRNAs by quantitative reverse transcription-
PCR (qRT-PCR) and found that they were not significantly de-
creased in d5 relative to c cells or in d5 cells overexpressing a
GFP-NF45 construct harboring a silent mutation resistant to the
d5 shRNA (GFP-NF45R) (Fig. 2B, d5-NF45R). These results fur-
ther confirm that the decreases in IRES activities observed for
cIAP1, XIAP, NRF, and ELG in d5 cells are not due to changes at
the mRNA level (transcription or mRNA stability) but likely occur
through a specific effect on protein translation. To ensure that the
NF45-dependent changes in IRES activity assays reflect the trans-
lational efficiencies of endogenous mRNAs, polysome profiling of

select IRES-containing mRNAs was performed. Cycloheximide-
treated d5 and c cell extracts were fractionated on a 10- to -50%
linear sucrose gradient by ultracentrifugation. In vitro-transcribed
CAT RNA was introduced into each fraction to serve as an internal
control, and total RNA was extracted. The distributions of specific
transcripts were analyzed by quantitative RT-PCR and normal-
ized to CAT RNA. NF45 knockdown in d5 cells resulted in a de-
crease in XIAP, cIAP1, NRF, and ELG polysomal loading, as
shown by a decrease in the ratio of heavy polysomes (HPs) to light
polysomes (LPs) (Fig. 2C, right, white bars); this is reflective of a
shift in their mRNA distribution towards less charged polysomes.
Importantly, this decrease in polysome loading could be rescued
for all target mRNAs by overexpression of the GFP-NF45R com-
plex (Fig. 2C, right, black bars). Unexpectedly, we found that
polysome loading of the GC-rich IRES, APAF1, was also decreased
in d5 cells. However, this reduction could not be rescued by NF45
overexpression and possibly reflects an indirect effect of NF45-
NF90 transcriptional regulation of a wide array of genes. These
results confirm that the translation of AU-rich IRES-containing
mRNAs of XIAP, cIAP1, NRF, and ELG is enhanced specifically by
NF45. Moreover, NF45 knockdown or overexpression did not
affect the general translation rates, as indicated by polysome
profiles (Fig. 2C, left) or by [35S]methionine incorporation (see
Fig. 4C). These observations further demonstrate that NF45 is
not a general modulator of translation but is a regulator of
IRES-mediated translation of specific transcripts.

To demonstrate that NF45 interacts specifically with the
cIAP1, XIAP, ELG, and NRF IRES in cells, we set out to identify
interactions between NF45 and these mRNAs by RNA immuno-
precipitation. HeLa c cells were transfected with a pCDNA3-
FLAG-NF45 plasmid or a control pcDNA3-FLAG plasmid, and
RNA immunoprecipitation was carried out using anti-FLAG-M2
affinity beads. Immunoprecipitates were analyzed by qPCR for the
presence of the target mRNAs using specific primers. Indeed, we
observed an enrichment of the cIAP1, XIAP, and NRF mRNAs in
FLAG-NF45 compared to the FLAG immunoprecipitates, indi-
cating specific interactions between NF45 and these transcripts in
cells (Fig. 2D). However, we could not detect the ELG mRNA in
any of the precipitates (Fig. 2D). ELG has two different transcripts,
of which the one containing IRES, ELGa (24), is not very abundant
in c and d5 HeLa cells and is therefore likely below the PCR detec-
tion limit in our assay. Importantly, the GC-rich IRES mRNA
APAF1, whose polysome distribution was unaffected by NF45 res-
cue (Fig. 2C), was not present in FLAG-NF45 immunoprecipi-
tates, further suggesting that NF45 specifically interacts with a
select group of AU-rich IRES mRNAs.

Taken together, these data demonstrate that NF45 is an ITAF
that specifically regulates IRES activities and translation of the
human AU-rich IRES-containing mRNAs of cIAP1, XIAP, ELG,
and NRF.

Prediction of NF45-dependent IRES. We intended to use our
results from the IRES screen described above to establish specific
constraints that could be used to predict NF45-dependent IRES in
silico. From a plot of log2-transformed mean IRES activities versus
the AU content of the IRES-containing 5= UTRs, we can see that
those IRES whose activities are reduced by �2-fold (log2 � �1) in
NF45-deficient cells all lie within 5= UTRs with an AU content of
�60% (Fig. 3A). From these data, we propose that IRES-contain-
ing 5= UTRs with AU content of �60% can be predicted to require
NF45 for optimal IRES activity. To confirm this prediction on an
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FIG 2 AU-rich 5= UTRs harboring IRES are regulated by NF45. (A) IRES activity was tested in d5 (NF45 shRNA) stable cells relative to c (nontargeting shRNA)
cells using a p�gal/IRES/CAT-based bicistronic assay (schematic) with the IRES listed in Fig. 1B, as described in Materials and Methods. Note that a ratio of 1.0
is indicative of no change in IRES activities between the two cell lines. The IRES are ranked in order of decreasing IRES activities and 5= UTR AU content from
left to right (bottom panel). P values are shown for the identified NF45-dependent IRES compared to the EMCV IRES used as a control. (B) Steady-state mRNA
levels of the indicated mRNAs were determined by qPCR in c and d5 cells, as well as in d5 cells transfected with GFP (d5-GFP) or a GFP-NF45R (d5-GFP-NF45R).
Their expression was normalized to that of �-actin and expressed as a ratio of d5 to c or d5-NF45R to d5-GFP for each transcript. (C) Polyribosome-associated
mRNAs from the indicated cell lines were determined as described in Materials and Methods. General polysome profiles, as well as heavy-to-light polysome ratios
(HP/LP), are shown for d5 relative to c (d5-to-c ratio) and for d5-GFP-NF45R relative to d5-GFP (d5-NF45R–to– d5 ratio). (D) Detection and enrichment of
cIAP1, XIAP, and NRF mRNAs from FLAG-NF45 RNA immunoprecipitation compared to a FLAG control, showing that NF45 specifically associates with these
transcripts in vivo.
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unrelated AU-rich IRES that was not part of the original screen,
we tested for the activity of the Canis lupus subsp. familiaris IRES,
Scamper, in d5 cells. The AU content of the Scamper 5= UTR and
its respective IRES is 63% and therefore fits our constraint. As
predicted, we found that Scamper IRES activity was decreased by
50% in d5 relative to c cells, confirming that Scamper expression is
regulated by human NF45 (Fig. 3B). It is important to note that C.
lupus subsp. familiaris NF45 is 99.7% identical to that of Homo
sapiens, suggesting the presence of functional NF45-IRES interac-
tions in C. lupus subsp. familiaris.

NF45 regulates XIAP protein levels through interaction with
its IRES. We previously investigated the effect of NF45 on modu-
lating cIAP1 IRES activity in the context of endoplasmic reticulum
stress (7). To further characterize NF45 regulation of predicted
IRES-containing mRNAs, we next focused our attention on the
other inhibitor of apoptosis protein from our screen, XIAP, as its
IRES (31, 36, 37), and the downstream cellular functions are well
demarcated (reviewed in reference 38). Our initial screen of XIAP
IRES activity in d5 versus c cells revealed a significant (75%) de-
crease in activity (Fig. 2A). Next, we assessed the steady-state levels
of XIAP protein in c and d5 cells by Western blotting to determine
whether they correlated with impaired IRES activity and transla-
tion. As was reported previously (7), we observed a significant
decrease in cIAP1 protein levels in d5 cells compared to those in
the control c cells (Fig. 4A). Similarly, there was a 50% decrease in
XIAP protein levels in d5 cells relative to those in the control cell
line (Fig. 4A). Next, we attempted to rescue XIAP protein expres-
sion in HeLa cells that were transiently knocked down for NF45
expression, since the chronic state of d5 cells makes them refrac-
tory to efficient steady-state protein rescue. Similarly to the stably
transfected cells, the transient knockdown of NF45 in HeLa cells
caused a comparable decrease (41%) in the XIAP protein level
compared to that of control siRNA-transfected cells (Fig. 4B). In
addition, the transient NF45 knockdown recapitulated the multi-
nucleated phenotype observed in d5 cells (Fig. 5A, bottom right
panel), showing that this system can be used to study the pathways
associated with the d5 cell phenotype. Importantly, the reduction
in XIAP protein expression caused by NF45 knockdown was sig-
nificantly rescued by the overexpression of the siRNA-resistant
GFP-NF45 construct (Fig. 4B, GFP-NF45R).

To further confirm NF45 regulation of XIAP protein transla-
tion, we measured de novo protein synthesis. Control or NF45-
targeting siRNA-transfected cells were pulse labeled with [35S]me-
thionine, and the lysates were immunoprecipitated with XIAP,
cIAP1, or GAPDH antibodies. NF45 knockdown did not alter
general protein synthesis, as shown by the equal incorporation of
[35S]methionine into newly synthesized proteins (Fig. 4C, left and
middle panels). In contrast, cIAP1 and XIAP de novo protein syn-
thesis was significantly reduced by NF45 knockdown, whereas
GAPDH translation remained unchanged (Fig. 4C, right panel).
This decrease in XIAP de novo protein synthesis in NF45-deficient
cells, together with decreases in IRES activity, polysome distribu-
tion, and steady-state protein levels, confirms that NF45 specifi-
cally regulates the IRES-mediated translation of the inhibitor of
apoptosis XIAP.

Previously published data from our laboratory showed that
NF45 directly interacts with an AU-rich stem-loop structure pres-
ent within the cIAP1 IRES (7). Hence, we wanted to determine if
NF45 directly interacts with the XIAP IRES. To determine if NF45
interacts with the XIAP IRES, we used an RNA affinity chroma-
tography approach to isolate XIAP IRES binding proteins from a
HeLa cytoplasmic lysate using in vitro-transcribed XIAP IRES as
bait. A Western blot of this affinity preparation revealed that, in-
deed, NF45 specifically interacts with the XIAP IRES but not with
a control �-hemoglobin 5= UTR RNA (Fig. 4D). The presence of
poly(A) binding protein (PABP) shows that both the XIAP IRES
and the �-hemoglobin 5= UTR RNA were functional in this assay.
Next, we attempted to an NF45 binding site(s) on the XIAP IRES
by an in vitro UV-cross-linking RNA binding assay. However, we
were unable to detect any complex formation between the purified
recombinant NF45 and the XIAP IRES (data not shown), indicat-
ing that either NF45 needs to be posttranslationally modified in
cells before binding to the XIAP IRES or it does not bind directly
to the IRES in the absence of other proteins. Nevertheless, our
results show that NF45 is a bona fide ITAF that interacts with the
XIAP IRES and positively regulates its activity, thus driving XIAP
protein expression.

NF45 regulates downstream proteins involved in cell cycle
progression and cytokinesis. Next, we investigated the link be-
tween the impaired IRES-mediated translation observed in d5

FIG 3 Prediction of NF45-dependent IRES. (A) Determination of threshold AU content for NF45-dependent IRES. IRES activity data from Fig. 2A were
transformed into log2 space and plotted against the AU content of the 5= UTRs tested. A constraint of �60% AU content was chosen based on the clustered
activities of IRES that changed by more than 2-fold up or down in d5 versus c cells (shaded quadrant). (B) Conservation of NF45-IRES interactions allows
prediction of NF45-dependent IRES in Canis lupus subsp. familiaris. The Scamper IRES (63% AU content) was cloned into a bicistronic vector as described in
Materials and Methods and was tested for IRES activity as described for Fig. 2A (n 	 3; mean � SD).
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cells and their overt cellular phenotype. The d5 HeLa stable cell
line exhibits a striking senescence-like morphology (15) typified
by an overall flat nonelliptical shape and increased F-actin expres-
sion, together with an overall increase in cell size (Fig. 5A, left
panel). These cells also display multinucleation, suggesting either
a cell fusion event or a defect in cytokinesis (Fig. 5A, arrow).
Quantitative analyses of propidium iodide-labeled d5 cells by flow
cytometry indicated a 2.4-fold increase in the multinucleated pop-
ulation compared to the control cells, but there was no change in
the number of cells arrested in the G2/M phase (Fig. 5B), as re-

ported previously (15). Importantly, this multinucleation pheno-
type could be reproduced by transient siRNA knockdown of NF45
for 72 h in HeLa cells (Fig. 5A, bottom right panel).

The slow-growth phenotype observed in d5 cells could be in-
dicative of dysregulated NF-
B signaling, a key transcriptional
program that affects cellular proliferation. Given that the IAPs
have been well established as mediators of NF-
B signaling (re-
viewed in reference 39), we decided to assess NF-
B activity levels
in the cells lacking NF45. However, we found no significant dif-
ference in activities between d5 and c cells, measured using a lu-

FIG 4 NF45 regulates XIAP translation through interaction with its IRES. (A) Western blots of endogenous XIAP and cIAP1 protein expression in d5 cells
relative to that in c cells. The blots and densitometry analyses are representative of at least three experiments. (B) NF45 reexpression in NF45-deficient HeLa cells
rescues XIAP protein expression. The HeLa cells were transfected with 50 nM control nontargeting siRNA or NF45 siRNA (d5 siRNA) for 48 h, followed by the
overexpression of GFP or GFP-NF45R for an additional 48 h. The cell extracts were analyzed by Western blotting for NF45, XIAP, cIAP1, and GAPDH
expression, and protein expression was quantified. (C) De novo protein expression of cIAP1 and XIAP in NF45-deficient cells. c cells were transfected with 50 nM
control or NF45 siRNA and were pulse-labeled with [35S]methionine. 35S-labeled and Coomassie blue-stained total protein, as well as specific cIAP1, XIAP, and
GAPDH immunoprecipitates, are shown. (D) NF45 interacts specifically with the XIAP IRES. NF45 and PABP Western blotting of an RNA affinity chromatog-
raphy preparation was performed using the XIAP IRES or hemoglobin RNA.
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ciferase-based NF-
B reporter system (data not shown), although
there was an increase in the basal NF-
B activity levels in both c
and d5 cells when NF45 was overexpressed. Furthermore, the re-
duced cIAP1 expression in d5 cells might have been expected to
trigger the transcriptional activation of cIAP2 expression by
NF-
B activity (40). However, we did not observe any changes in
cIAP2 mRNA expression between the two cell lines, consistent
with our finding that NF-
B signaling was unaffected (data not
shown).

Another pathway through which slow growth and multinucle-
ation could arise is through the dysregulation of survivin function
(17, 41). Survivin is a member of the IAP family that plays impor-
tant roles in apoptosis inhibition and in microtubule spindle
checkpoint regulation (17, 18). Survivin has been shown to play a
dual role in cell division, first by regulating microtubule dynamics,
through its association with polymerized tubulin (19), and also by
being a member of the chromosomal passenger complex, in which
it associates with the regulators of cytokinesis, such as inner cen-
tromere protein (INCENP), Aurora B kinase, and borealin (re-
viewed in reference 20). Interestingly, survivin protein stability is
regulated by XIAP (42). Thus, we hypothesized that the loss of
NF45 leading to the downregulation of XIAP IRES-mediated
translation will result in altered survivin expression and the dereg-
ulation of mitosis. We used HeLa cells, in which we transiently
knocked down NF45 using the d5 siRNA, and we set out to rescue
survivin expression through the overexpression of GFP-XIAP. We
observed that the NF45 knockdown caused a 2.5-fold increase in
survivin protein levels (Fig. 5C). Moreover, GFP-XIAP overex-
pression in NF45 siRNA-treated cells significantly blunted sur-
vivin expression compared to the GFP control (Fig. 5D), while
survivin steady-state mRNA levels remained unchanged in NF45
knocked-down cells (data not shown).

Although cIAP1 is primarily known as a regulator of the NF-
B
signaling pathways, a recent report showed that nuclear cIAP1
transcriptionally upregulates cyclin E expression through its in-
teraction with the E2F1 transcription factor (43). Given that NF45
is necessary for IRES-mediated cIAP1 expression (7), we wanted
to test whether knockdown of NF45 alters cyclin E levels in HeLa
cells and thus contributes to the distinct phenotype of the NF45-
deficient cells. Indeed, NF45 transient knockdown caused a 50%
decrease in cyclin E protein levels (Fig. 5E, left panel). Impor-
tantly, this decrease in cyclin E levels was almost entirely rescued
by GFP-NF45R expression in NF45-depleted cells (Fig. 5E, right
panel). To further confirm that cIAP1 is required for cyclin E
regulation downstream of NF45, we overexpressed GFP-NF45R
in the presence of a Smac mimetic compound that causes the rapid
degradation of cIAP1 protein (44). As expected, NF45 overexpres-

sion increased cyclin E protein relative to the GFP control in di-
methyl sulfoxide (DMSO)-treated cells (Fig. 5F). However, when
the cells were treated with a Smac mimetic, which leads to the
depletion of cIAP1, the NF45-driven upregulation of cyclin E was
blunted.

These results identify a new pathway in which NF45 regulates
cIAP1 and XIAP IRES-mediated translation, which in turn regu-
lates survivin and cyclin E expression. The decrease in cyclin E
expression, coupled with the increased expression of survivin pro-
tein, likely contributes to the senescence-like and multinucleated
phenotype observed in NF45-deficient cells.

DISCUSSION

We have shown for the first time that NF45 regulates the transla-
tion of a cohort of IRES-containing transcripts that were initially
predicted solely on the basis of the unusually high AU content
(�60%) of their respective 5= UTRs. We then confirmed that
NF45 specifically regulates the IRES-mediated translation of XIAP
and cIAP1 mRNAs and that the reduced expression of these pro-
teins cause changes in the ploidy of HeLa cells through dysregu-
lated expression of the XIAP and cIAP1 downstream targets, sur-
vivin and cyclin E, respectively.

IRES trans-acting factors are cellular proteins that help in the
recruitment of the ribosome by acting as either scaffold proteins
or RNA chaperones (4, 5). We previously identified and charac-
terized NF45 as an ITAF that positively regulates the AU-rich
cIAP1 IRES during the unfolded protein response (7). In this
study, we show that the high AU content (�60%) of 5= UTRs that
contain IRES can serve as an excellent predictor of dependence on
NF45. Indeed, we show that the IRES activity levels of the AU-rich
IRES of cIAP1, XIAP, NRF, and ELG are significantly decreased in
d5 cells lacking NF45; similarly, the loading of these mRNAs onto
translating polysomes is reduced in NF45-deficient cells (Fig. 2).
Importantly, this decrease in translation efficiency can be rescued
by reexpression of NF45 (Fig. 2C), and all of these AU-rich IRES-
bearing transcripts were detected in the NF45 immunocomplexes,
with the exception of ELG (Fig. 2E). From these data, we propose
that IRES-containing 5= UTRs with an AU content of �60% can
be predicted to require NF45 for optimal IRES activity. Further
validation experiments, such as polysome profiling, de novo pro-
tein synthesis, and RNA binding assays, would be necessary to
confirm that NF45 is a bona fide ITAF for a particular IRES, as we
have done previously for the cIAP1 IRES (7) and as we have shown
in this study for the XIAP IRES.

The non-AU-rich IRES APAF1 was also decreased in d5 cells
(Fig. 2C). However, this reduction could not be rescued by NF45
overexpression, showing that it was not due to a direct effect of

FIG 5 NF45 regulates survivin and cyclin E expression downstream of XIAP and cIAP1. (A) Immunofluorescence images showing the multinucleation
phenotype of the d5 HeLa cell line (arrow, bottom left panel) compared to the c HeLa cell line. The same phenotype can be reproduced by the transient siRNA
knockdown of NF45 for 72 h (arrow, bottom right panel and inset). Cells were stained with Alexa Fluor 568 phalloidin for F-actin and with Hoechst stain for
nuclei. (B) c and d5 cell phenotypes were quantified by propidium iodide staining and flow cytometry analysis. The number of multinucleated cells expressed as
a percentage of the total number of viable cells was quantified and normalized to that of the control cell line (bottom). The number of cells in G2/M phase is also
shown. (C) Western blot and densitometry analyses showing increased survivin expression in HeLa cells treated with 50 nM NF45 siRNA for 96 h compared to
control siRNA. (D) survivin expression was blunted by XIAP overexpression in NF45 knocked-down HeLa cells. The HeLa cells were transfected with 50 nM
NF45 or control siRNA and transfected 48 h later with GFP-XIAP for an additional 48 h. The protein extracts were analyzed by Western blotting and densitometry
for survivin, XIAP, NF45, and GAPDH. (E) NF45 regulates cyclin E expression. HeLa cells were treated with 50 nM NF45 or control siRNA for 96 h, and
expression of the indicated proteins was analyzed by Western blotting and densitometry. (F) NF45 controls cyclin E protein levels through its regulation of cIAP1
IRES-mediated translation. The HeLa cells were treated with 100 nM Smac mimetic (SM) or DMSO for 24 h and transfected with a pcDNA3-GFP or
pcDNA3-GFP-NF45R plasmid for an additional 24 h. Protein extracts were analyzed by Western blotting for NF45, cIAP1, cyclin E, and GAPDH expression, and
densitometry was performed.
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NF45 on translation. NF45 was first identified as a nuclear factor
of activated T cells (NFAT)-related transcription factor that reg-
ulates interleukin-2 transcription, together with its binding part-
ner NF90 (8). Therefore, a general reduction in the polysome
loading of APAF1 could reflect an indirect transcriptional effect of
NF45 and its binding partner, NF90, in a complex that is known to
target a wide array of genes (9, 45). Moreover, we showed previ-
ously that the attenuation of cIAP1 IRES-dependent translation
induction in d5 cells during ER stress can be rescued by reexpres-
sion of NF45 but not NF90 (7); this further argues that the NF45-
NF90 transcriptional effects are independent of the function of
NF45 as an ITAF.

NF45 protein structure is well conserved across mammalian
species; thus, we predicted that its function also ought to be so and
that the IRES dependency for NF45 could be held across species.
To test this prediction, the IRES activity levels of the Canis lupus
subsp. familiaris IRES, Scamper (63% AU content), was deter-
mined in d5 cells. Indeed, Scamper IRES activity was decreased by
50% in d5 relative to c cells (Fig. 3), confirming that AU content
could be used to predict the NF45 regulation of IRES-containing
mRNAs in other species. We have also calculated the AU content
of 5= UTRs and minimal IRES regions from known rodent, Dro-
sophila, and virus IRES-containing mRNAs and identified several
that could potentially be regulated by NF45 (Fig. 6). For instance,
outside the class Mammalia, the CG5641 protein in Drosophila
melanogaster is homologous to mammalian NF45 and may regu-
late IRES in this species. Of the few D. melanogaster IRES identi-
fied to date, grim, hid, ultrabithorax, reaper, hsp70, and hsp90
possess �60% AU content in their respective 5= UTRs and would
therefore be predicted to be regulated at the level of translation by
CG5641. It would be interesting to test whether these AU-rich
IRES transcripts are indeed regulated by NF45 in D. melanogaster.
Interestingly, no NF45 orthologue exists in Saccharomyces cerevi-
siae, perhaps reflecting the apparent distinct mechanism of IRES
regulation in this species that requires short stretches of adenosine
nucleotides to recruit ribosomes through interaction with PABP
(46). Collectively, these observations highlight the importance of
NF45 ITAF activity in the regulation of AU-rich IRES across eu-
karyotic species.

Next, we wanted to further characterize NF45 regulation of
predicted IRES-containing mRNAs and the functional conse-
quences of the loss of NF45. ELG is one of the IRES whose activity
and polysomal loading were significantly reduced in NF45-de-
pleted cells, although we were unable to verify its in vivo interac-
tion with NF45 due to low transcript abundance (Fig. 2). Unfor-
tunately, the ill-defined function of the ELG/C17ORF85 gene
product and the lack of antibodies prevented us from further val-

idating the effects of NF45 on ELG IRES-mediated translation. We
were also unable to detect the NRF protein in either the d5 or c
cells by Western blotting (data not shown). We therefore focused
our attention on the XIAP IRES and the previously characterized
cIAP1 IRES and their potential roles in the d5 cell phenotype. The
d5 cell line exhibits a striking senescence-like and multinucleated
phenotype compared to that of control c cells (Fig. 5A and B).
Guan et al. (15) were the first to characterize the d5 cells and
showed that their slow growth was due to a block in the cell cycle
and defects in DNA synthesis, whereas the multinucleated cells
were probably due to a defect in cytokinesis. Furthermore, recent
studies using time-lapse microscopy of nuclear division were able
to recapitulate the phenotype observed in d5 cells and indicated
that multinucleated cells arose from the incomplete cytokinesis of
daughter cells followed by the fusion of several binucleated cells
(16, 47). These observations pointed to a role for NF45 in regulat-
ing important cellular functions, such as in the cell cycle and in cell
division. Looking downstream of XIAP and cIAP1 for regulators
of the cell cycle or mitosis, we identified the survivin and cyclin E
proteins as potential targets. survivin is well characterized for its
important roles in apoptosis inhibition and microtubule spindle
checkpoint regulation (17, 18). Furthermore, survivin antiapop-
totic effects are mediated by its interaction with XIAP, and the two
regulate each other’s protein stability through the proteasomal
degradation pathway (42). In addition, the formation of a com-
plex between XIAP and XIAP-associated factor 1 (XAF1) leads to
a proteasomal degradation of survivin (48). We found that NF45
knockdown in HeLa cells leads to an increase in survivin protein
due to a decrease in XIAP expression (Fig. 5C and D).

The reduction or loss of survivin in mammalian cells gives rise
to a variety of cell division defects, including cytokinesis failure
and multinucleated cells (41, 49, 50). These phenomena are due to
survivin’s role in regulating microtubule dynamics, through its
association with polymerized tubulin (19), but also by being a
member of the chromosomal passenger complex (reviewed in ref-
erence 20). However, the overexpression of survivin has also been
linked to defects in cytokinesis and the generation of multinucle-
ated cells. These defects are due to a reduction in microtubule
dynamics, such as microtubule growth, the number of growing
microtubules, and disorganized mitotic spindles (51–53).

On the other hand, our results show that NF45 knockdown in
HeLa cells also leads to cyclin E downregulation, which can be
rescued by the reexpression of NF45 (Fig. 5E) and is dependent on
cIAP1 (Fig. 5F). Indeed, it was shown previously that a nuclear
form of cIAP1, found in HeLa cells (54), can stimulate cyclin E
expression at the transcriptional level through its direct interac-
tion with E2F1 (43). Our results thus confirm that cyclin E regu-
lation occurs by cIAP1, and they show an additional layer of reg-
ulation by NF45 through the control of cIAP1 IRES-mediated
translation. Cyclin E downregulation in NF45-depleted cells
could explain their senescence-like phenotype and, together with
an increase in survivin, would lead to a block in the cell cycle,
mitotic catastrophe, and defects in cytokinesis. Moreover, the sig-
nificant decrease in XIAP and cIAP1 expression in these cells
would also be expected to reduce their apoptotic threshold. Sur-
prisingly, although aneuploidy is increased in d5 cells, the apop-
totic index is unaffected (15, 47), probably due to the absence of
the p53 protein in this HeLa cell line derivative (55). Recently,
Shamanna et al. suggested that the d5 multinucleated phenotype is
caused by a defect in DNA damage repair. They identified the

FIG 6 Diagonal plot of the AU content of 5= UTRs and IRES from rodents,
Drosophila, and viruses, showing that AU-rich IRES are present across species.
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NF90-NF45 complex to be a regulator of nonhomologous end-
joining DNA damage repair mediated by DNA-activated protein
kinase (DNA-PK) and suggested that structured RNA may mod-
ulate this process (16). These data, in combination with our ob-
servations, suggest that defects in DNA repair mechanisms, cell
cycle progression, and cytokinesis form the basis of the multinu-
cleated phenotype of NF45-deficient cells.

In conclusion, we show that NF45 regulates the translation of a
set of IRES-containing transcripts that were predicted initially
only on the basis of their high AU content. This regulation is
important for maintaining normal levels of survivin and cyclin E
and controlling normal ploidy during the HeLa cell cycle and mi-
tosis.
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