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Regulation of the cell-cycle-dependent internal ribosome entry site

of the PITSLRE protein kinase: roles of Unr (upstream of N-ras) protein
and phosphorylated translation initiation factor elF-2«
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The PITSLRE kinases belong to the large family of cyclin-dep-
endent protein kinases. Their function has been related to cell-
cycle regulation, splicing and apoptosis. We have previously
shown that the open reading frame of the p110"™'®E transcript
contains an IRES (internal ribosome entry site) that allows the
expression of a smaller p58™™MRE jsoform during the G,/M stage of
the cell cycle. In the present study we investigated further the role
of cis- and trans-acting factors in the regulation of the PITSLRE
IRES. Progressive deletion analysis showed that both a purine-
rich sequence and a Unr (upstream of N-ras) consensus binding
site are essential for PITSLRE IRES activity. In line with these
observations, we demonstrate that the PITSLRE IRES interacts
with the Unr protein, which is more prominently expressed at the

G,/M stage of the cell cycle. We also show that phosphorylation of
the «-subunit of the canonical initiation factor eIF-2 is increased at
G,/M. Interestingly, phosphorylation of eIF-2¢ has a permissive
effect on the efficiency of both the PITSLRE IRES and the
ornithine decarboxylase IRES, two cell cycle-dependent IRESs,
in mediating internal initiation of translation, whereas this was
not observed with the viral EMCV (encephalomyocarditis virus)
and HRV (human rhinovirus) IRESs.

Key words: cap-independent translation, «-subunit of eukaryotic
initiation factor 2 (elF-2«a), G,/M cell-cycle stage, internal-
ribosome-entry-site (IRES)-specific trans-acting factor (ITAF),
pS8PTSERE protein kinase, upstream of N-ras.

INTRODUCTION

PITSLRE protein kinases are members of the large family of
p34cdc2-related protein kinases that play key roles in normal
cell cycle progression. Their name reflects the presence of
an amino acid sequence that is a variation of the conserved
PSTAIRE motif characteristic for all members of the cdc2-related
protein kinase family. Because of their ability to bind cyclin L,
they are also known as cyclin-dependent kinase 11 (CDKI11).
PITSLRE kinase homologues have been identified in various
organisms, including the fission yeast Schizosaccharomyces
pombe, the nematode worm Caenorhabditis elegans, the fruitfly
Drosophila melanogaster, chicken, mouse and human, suggesting
an important conserved function. Two distinct but closely rela-
ted human PITSLRE kinase genes (cdc2LI and cdc2L2) express
several protein isoforms, mainly pl10PTSIRE and pS58FITSLRE
isoforms. The p110™™SRE jsoforms contain at their C-terminal
end the open reading frame of the p587™'RE jsoform (reviewed
in [1]). We have previously identified an IRES (internal ribosome
entry site) in the open reading frame of the transcript coding for
the p110”"™RE protein kinase [2]. The PITSLRE IRES leads to the
expression of the smaller isoform p587™S'RE gpecifically during
the G,/M stage of the cell cycle. A role for p58”™RE in G,/M has
been suggested, as the kinase activity of p587™'RE ig greatly en-
hanced upon cyclin D3 association in G,/M [3], and overexpres-

sion of pS8PTSLRE in Chinese-hamster ovary fibroblasts leads to
mitotic delay, abnormal cytokinesis, reduced rate of cell growth
and apoptosis [4,5]. Therefore tightly regulated expression of
pS8PTSERE 'hossibly through PITSLRE IRES-mediated translation
of p58FTSRE at G,/M, may be important for proper execution of
cell-cycle progression.

IRESs are cis-acting elements, located mainly in the 5'-UTR
(5'-untranslated region) of the mRNA, that allow cap-independent
translation by directly landing the ribosomal subunit close to the
initiator AUG. IRESs were originally discovered in picornaviruses
and later in other viruses (reviewed in [6]). More recently, IRES
sequences have been identified in a still growing number of
cellular mRNAs. Interestingly, these IRESs are found preferen-
tially in the mRNA of genes involved in the control of cellular
proliferation, survival and death, and most of them are active
under conditions which impair the general cap-dependent protein
synthesis (reviewed in [7]). These include hypoxia, apoptosis,
mitosis, viral infection and amino acid starvation, suggesting that
IRES-mediated translation plays an important role in the regu-
lation of cell fate by over-riding stress conditions. So far, a few
IRESs that are active mainly during the G,/M stage of the cell
cycle have been identified [2,8—15]. These include IRESs that
are on cellular mRNA [as for instance c-myc, ODC (ornithine
decarboxylase), PITSLRE, protein kinase Cé (PKC3), hSNM1
(human homologue of Saccharomyces cerevisiae sensitivity
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to nitrogen-mustard mutant), NAP1L1 (nucleosome assembly
protein 1-like 1) and Drosophila hairless], as well as viral IRESes
such as hepatitis C and HIV type I. Molecular mechanisms
involved in cell-cycle-dependent internal initiation of translation
are still elusive. So far, it has been reported only for the c-myc
RNA that the hnRNP (heterogeneous nuclear ribonucleoprotein)
C binds to the IRES element and modulates c-myc translation in a
cell-cycle-phase-dependent manner [16]. Several RNA-binding
proteins, designed ITAFs (non-canonical IRES-specific trans-
acting factors), have been shown to regulate cellular IRES-
dependent translation (reviewed in reference [7]). For instance,
hnRNP C reportedly interacts specifically with the IRES for
platelet-derived growth factor 2 (PDGF2)/c-sis during cell dif-
ferentiation [17], and hnRNP C1 and C2 are involved in the IRES
efficiency of the X-chromosome-linked inhibitor of apoptosis
(XIAP) mRNA [18]. In addition to hnRNP C1 and C2, the La
autoantigen also binds to the XIAP IRES and modulates the
translation of XIAP in vitro and in vivo [19]. The Apaf-1 (apop-
totic protease-activating factor 1) mRNA contains an IRES whose
activity depends on the binding of at least two ITAFs, the Unr
upstream of N- and the PTB (polypyrimidine-tract-binding pro-
tein) [20,21].

A role for canonical initiation factors (elFs) in mediating
cellular IRES-dependent translation has also been proposed.
Overexpression of elF-4G and cleaved elF-4G stimulate IRES-
mediated translation of ODC mRNA and Apaf-1 mRNA
respectively [22,23]. The IRES elements of the cationic amino
acid transporter protein 1 (Cat-1), c-myc and PDGF2 mRNAs
function efficiently under conditions of amino acid starvation,
genotoxic stress and cell differentiation, conditions which are
associated with increased elF-2a phosphorylation [24-27].

The detailed mechanism that leads to modulation of cellular
IRES-dependent translation during physiological (embryogen-
esis) or stress (apoptosis, hypoxia, mitosis) conditions, especially
the requirement for secondary and tertiary structure in the IRES
elements and the role played by ITAFs, is poorly understood. In
an attempt to understand better the mechanism by which the
PITSLRE IRES is regulated, we determined the minimal sequence
of the IRES necessary for mediating internal initiation of trans-
lation and investigated the requirement for trans-acting factors.

EXPERIMENTAL
Plasmid constructs

Methods used to generate the dicistronic pcDNA3 expression
vectors containing the different p110"™SRE fragments (Di-4 and
mutants of Di-4) are described in the online supplementary data
(http://www.BiochemJ.org/bj/385/bj3850155add.htm).

The ODC IRES was obtained by a 5-RACE (rapid ampli-
fication of cDNA ends) reaction on poly(A)* (polyadenylated)
mRNA from human HeLa cells, using the SMART™ RACE
cDNA Amplification Kit (Clontech) according to the manufac-
turer’s instructions. The gene-specific primer, 5'-GAACGTAG-
AGGCAGCAGCAACAGTGTAA-3', was used to amplify ODC
5’-UTR. The ODC IRES was cloned in the dicistronic pcDNA3
expression vector as described for the pl10P™E fragments
(supplementary data at http://www.Biocheml].org/bj/385/
bj3850155add.htm).

The dicistronic pcDNA3 expression vector containing the
human rhinovirus (HRV) IRES was made by first cloning the HRV
IRES as a Sall-Ncol fragment from the pXLJ-HRV 10-611
vector (a gift from Professor Richard J. Jackson, Department of
Biochemistry, University of Cambridge, Cambridge, U.K.) [28],
and the Fluc (firefly luciferase) gene (Ncol-Xbal fragment of
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pBluescript-fluc), into the pUCI18 plasmid by a three-point
ligation. In a second three-point ligation the complete HRV-fluc
insert was cloned as a Sall-EcoRI fragment together with the Rluc
[Renilla (sea pansy) luciferase] gene, as a Kpnl-Sall fragment
from pSV-sport-rluc, in the Kpnl-EcoRI linearized pcDNA3
expression plasmid.

The dicistronic pcDNA3 expression vector containing the
EMCYV (encephalomyocarditis virus) IRES was made by a three-
point ligation: the EMCV-fluc fragment was recovered as an
Xho—Xbal fragment from the dicistronic vector pSV-Sport-lacZ-
EMCV-fluc and cloned, together with the Rluc gene, as a Kpnl—
Sall fragment from pSV-sport-rluc, in the Kpnl-Xbal linearized
pcDNA3 expression plasmid.

The pGL3-PITSLRE construct was obtained by ligating the
PITSLRE sequence (nts 745-1125) as a HindIlI-Ncol fragment
into the HindIII-Ncol-opened pGL3-basic vector.

For the UV-cross-linking experiments, the different PITSLRE
PCR fragments (Xbal-Ncol-digested) were cloned into the
pUCI19 plasmid containing the T7 promoter using the following
strategy: the Fluc gene was amplified by PCR from the pGL3-
basic vector (Promega). The forward primer, 5'-TTCTAGAAA-
TTTGCGGCCGCAATACGACTCACTATAGGGAGAATTCIC-
TAGAATGGAAGACGCCAAAAACATAAAGAAAGGCCC-3,
contains the restriction sites NotI and Xbal respectively, upstream
and downstream of the T7 promoter sequence (underlined). The
reverse primer, 5-CCCAAGCTTATTTAGGTGACACTATAG-
AACCATGGTTACACGGCGATCTTTCCGCCCTTC-3, contains
the Sp6 promoter (underlined) between the restriction sites
HindIll and Ncol. The PCR product (NotI-HindIII-digested)
was cloned in the pBluescript plasmid, from which the Sacl-
HindIII fragment was then subcloned into the pUC19 vector to
obtain pUC19-T7-fluc. The Fluc gene was finally removed by
Xbal-Ncol digestion and replaced by the different PITSLRE
fragments.

The pGBKT7-unr vector was made by cloning the Ncol-Xmal-
digested PCR amplification product obtained from pET21d-unr
plasmid (a gift from Professor Richard J. Jackson) using the sense
primer, 5-TTCATGCCATGGGCTTTGATCCAAACCTTCTC-
CACAACAAT-3, and the antisense primer, 5'-TCCCCCCGGG-
TTAGTCAATGACACCAGCTTGACGGATCT-3, in the Ncol—
Xmal-linearized pGBKT?7 vector (BD Biosciences—Clontech).

Human cDNAs of PKR (double-stranded-RNA-activated
protein kinase) and PKR-K296R (death mutant [Lys*®—
arginine]KPR) were cloned in the pEF6/Myc-His vector (Invitro-
gen) in-frame with C-terminal tags. These plasmids have been
described elsewhere [29] and were kindly provided by Dr Xavier
Saelens (Molecular Signalling and Cell Death Unit of our
Department).

Transient DNA transfection and reporter gene assay

Human embryonic kidney 293T cells (a gift from Dr M. Hall,
Department of Biochemistry, University of Birmingham,
Birmingham, U.K.) were transiently transfected by the calcium
phosphate precipitation method [30]. Cells were incubated for
at least 4 h with the transfection solution, followed by addition
of fresh Dulbecco’s modified Eagle’s medium supplemented
with 10 % (v/v) heat-inactivated FCS (fetal-calf serum). At
24 h after transfection, cells were washed with cold phosphate
buffer and lysed in Passive Lysis Buffer (Promega). Both Rluc
and Fluc activities were measured using the dual-luciferase
reporter assay system (Promega) according to the manufacturer’s
instructions, and light emission was detected by using a Top-
Count NXT Microplate Scintillation and Luminescence Counter
(PerkinElmer).
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Cell cycle synchronization

The IL-3 (interleukin-3)-dependent mouse pre-B-cell line Ba/F3
was maintained in Dulbecco’s modified Eagle’s medium sup-
plemented with 100 units/ml penicillin, 100 pg/ml streptomycin,
10 % (v/v) heat-inactivated FCS and 10 % (v/v) conditioned me-
dium from WEHI-3B (mouse myelomonocytic leukaemia macro-
phage-like) cells as a source of mouse IL-3. Cell-cycle syn-
chronization of Ba/F3 cells was obtained by depletion of IL-3 for
14 h to arrest the cells in G, phase. To release this block, the
Ba/F3 cells were refreshed with medium containing IL-3.

Western-blot analysis

Cells were lysed in a buffer containing 20 mM Tris/HCI
(pH 8.0), 150 mM NaCl, 10 % (v/v) glycerol, 1 % (v/v) Nonidet
P40, 10 mM EDTA, 200 units/ml aprotinin, 1 mM Pefabloc,
0.1 mM PMSF and 10 pg/ml leupeptin. Equal amounts of pro-
tein were separated by SDS/PAGE, and the proteins were trans-
ferred on to nitrocellulose membranes by electroblotting. The
blots were probed with 1:4000 dilution of rabbit anti-Unr poly-
clonal antibody (kindly provided by Professor Richard
J. Jackson). p110"™SIRE and p58PTSRE protein kinases and cyc-
lin Bl were immunodetected using rabbit polyclonal anti-
PITSLRE antibody and anti-cyclin B1 antibody respectively
(Santa Cruz Biotechnology and Becton—Dickinson). Mouse anti-
B-actin antibody was purchased from ICN Biomedicals (now MP
Biomedicals). Antibodies against phosphorylated and total eIF-2«
were obtained from Research Genetics (Huntsville, AL, U.S.A.)
and Santa Cruz Biotechnology respectively.

Expression of recombinant Unr in Escherichia coli

E. coli BL21(DE3)pLysS cells (Novagen) were transformed with
the pET21d vector containing the Unr open reading frame as an
Ncol-HindIll fragment (a gift from Professor Richard J. Jackson).
This vector allows expression of Unr with a C-terminal hexa-
histidine fusion. Overexpression of Unr was induced by addition
of 1 mM IPTG (isopropyl B-D-thiogalactopyranoside) to the cul-
ture medium, and the His-tagged protein was purified by Ni-NTA
(Ni*-nitrilotriacetate)—agarose (Qiagen) according to the manu-
facturer’s instructions, and dialysed extensively against 20 mM
Hepes/KOH (pH 7.4), 100 mM KCI and 2 mM DTT (dithio-
threitol).

UV cross-linking assays and immunoprecipitation

For UV cross-linking assays, DNA templates for synthesis of the
respective RNA probes were generated by linearizing pUC19 T7
plasmids containing the HRV IRES, the EMCV IRES or dif-
ferent fragments of PITSLRE, with the appropriate restriction
enzymes. Internally labelled RNA probes were synthesized by
in vitro transcription with T7 polymerase (MAXIscript T7 RNA
polymerase kit; Ambion, Austin, TX, U.S.A.) in the presence of
50 uCi of [a-*P]UTP (Amersham Pharmacia Biotech).

The cytoplasmic extracts used for the UV cross-linking assays
were prepared from 293T or Ba/F3 cells as follows. Cells were
collected, washed with cold PBS and recovered by centrifugation
at 2500 g for 5 min at 4 °C. The cell pellets were resuspended in
100 pl of lysis buffer A containing 10 mM Hepes/KOH, pH 7.4,
3 mM MgCl,, 40 mM KCl1, 5 % (v/v) glycerol, 1 mM DTT, 0.3 %
(v/v) Nonidet P40, 200 units/ml aprotinin, 0.1 mM PMSF and
10 pg/ml leupeptin. After lysis, the samples were centrifuged at
20000 g for 10 min at 4 °C. The supernatants were recovered,
adjusted to a final protein concentration of 10 mg/ml and kept at
— 80 °C. UV cross-linking assays were performed as described in

[31]. **P-labelled RNA probes (& 1x10° c.p.m.) were incubated
with either 400 ng of recombinant His-tagged Unr protein or
10 ul of cytoplasmic extract (100 ug of protein) for 20 min at
30 °Cina?25 plreaction mixture containing 10 mM Hepes/KOH,
pH 7.4, 3 mM MgCl,, 5% (v/v) glycerol, 1 mM dithiothreitol,
100 mM KCl, 40 units of RNasin (Promega) and 6 pg of tRNA.
After RNA binding, the reaction mixtures were irradiated on ice
with UV light for 30 min using a GS Gene Linker UV Chamber
(Bio-Rad). The samples were then incubated with RNase A and
RNase T1 for 60 min at 37 °C. The RNA—protein complexes
were resolved by SDS/10 %-(w/v)-PAGE, the gels were dried
and bands were visualized with a PhosphorImager (Molecular
Dynamics).

For immunoprecipitation following RNase cocktail treatment,
1.5 pl of mouse monoclonal anti-(E tag) antibody (Amersham
Pharmacia Biotech) was added to each sample. After an overnight
incubation at4 °C in a rotary mixer, 30 ul of Protein G—Sepharose
beads (Amersham Pharmacia Biotech), previously equilibrated
in lysis buffer A, was added and incubation was continued for
3 h. After washing six times with 1 ml of buffer containing
50 mM Hepes/KOH, pH 7.4, 250 mM NaCl, 1 % (v/v) Nonidet
P40, 5 mM EDTA, 200 units/ml aprotinin, 0.1 mM PMSF and
10 wg/ml leupeptin, resin-bound proteins were detached from the
beads by adding 30 ul of Laemmli sample buffer and heating
the mixture for 5 min at 95 °C. The proteins were then resolved
by SDS/10 %-PAGE.

In vitro transcription and translation

The dicistronic plasmids and the pGBKT7-unr plasmid coding
for Unr were linearized with the appropriate restriction enzymes
and used as templates to generate capped dicistronic transcripts
with the T7 RNA polymerase from the Megascript kit (Ambion).
The transcription reactions were performed in the presence of the
RNA-cap-structure analogue m’GpppG (New England Biolabs)
and GTP at aratio of 4:1 according to the manufacturer’s instruc-
tions.

The in vitro translation assays described in Table 1 (below) were
performed in HelLa S3 cell extracts prepared by following a
reported protocol [32]. Briefly, 80 ng of capped dicistronic trans-
cript was mixed with 4 ul of cell lysate in a final reaction volume
of 10 ul containing 16 mM Hepes/KOH, pH 7.6,20 mM creatine
phosphate, 0.1 ug/ul creatine kinase, 0.1 mM spermidine,
100 uM amino acids, 50 mM potassium acetate and 2.5 mM
magnesium acetate. The translation reactions were carried out
at 37 °C for 60 min, and luciferase activities were measured as
described above using the dual-luciferase reporter assay system
(Promega).

To investigate the role of Unr as a frans-acting factor in IRES-
mediated translation, 0.2 ug of a reporter dicistronic mRNA
was incubated for 10 min at 30 °C in a 10 ul RNA-protein
interaction mixture composed of 4 ul of diethyl pyrocarbonate-
treated water, 4 ul of RRL (rabbit reticulocyte lysate) containing
newly synthesized Unr (following the instructions of Promega)
and 2 ul of RNA-binding buffer [75 mM Hepes (pH 7.9)/50 mM
KCl/1 mM DTT/50 % (v/v) glycerol]. Translation reactions
(25 wpl final volume) were initiated by incubating 5 ul of the
above RNA-protein interaction mixture with 15.5 ul of fresh
RRL, 0.5 ul of amino acid mixture (1 mM each) and 0.5 ul of
RNasin (Promega) for 45 min at 30 °C.

Statistics

Results are expressed as means = S.E.M., and * indicates signi-
ficant differences compared with the control as determined by
Student’s ¢ test (P < 0.05).
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RESULTS

Involvement of the Unr protein in PITSLRE IRES-mediated
translation

Mapping of the PITSLRE IRES

We previously reported that a 380-nucleotide region of the
p1107TSERE transcript located immediately upstream of the AUG
codon (nts 745-1125) contains an IRES which allows the syn-
thesis of p58P™'RE kinase by internal initiation of translation
during G,/M-phase [2] (Figure 1A). This region contains two
polypurine-rich sequences starting at nts 907 and 976. To further
delineate the functional IRES element, a series of dicistronic plas-
mids containing deletions of the pl110”™"*E fragment (nts 745—
1125) was generated (Figure 1B). The PITSLRE fragments were
placed in the intercistronic region between upstream Rluc and
downstream Fluc coding sequences. As a negative control, we
cloned a fragment of nts 121-468 of the p110™™™%E transcript
between Rluc and Fluc to obtain vector Di-2. This fragment has no
IRES activity [2]. Figure 1(C) shows the ratio between the Fluc
and Rluc activities following transient transfection of asynchro-
nous 293T cells with the different dicistronic constructs. The
raw data are presented in supplementary Table S1 (http://www.
Biochem].org/bj/385/bj3850155add.htm). Neither Di-4 mut A
nor Di-4 mut B allows internal initiation of translation (Figure 1C).
The Fluc/Rluc ratios are comparable with that seen with the Di-2
vector, and are almost 80 % lower than that obtained with the
Di-4 construct. These low values are due to specific inhibition of
cap-independent translation (Fluc expression), and no significant
change in the expression level of Rluc in the different transfected
cells was observed (supplementary Table S1). This result indicates
that fragment nts 745-975, including the first purine-rich region,
is insufficient for PITSLRE IRES-mediated translation, and
suggests that a downstream element is required. This was confir-
med by the fact that the PITSLRE fragment (nts 976—1125), which
contains the downstream second purine-rich region, mediates
internal initiation of translation as efficiently as the Di-4 PITSLRE
fragment (Figure 1C). In addition, the integrity of the second
purine-rich-region is required for optimal IRES activity, as the
Fluc/Rluc ratio obtained with the Di-4 mut D vector is decreased
by ~ 65 and 75 % compared with that obtained with the Di-4 and
Di-4 mut C vectors respectively. Obviously, a sequence of 150
nucleotides (fragment nts 976-1125) is essential for PITSLRE
IRES-mediated translation. Interestingly, this region contains a
gaagaaguaa sequence at position 1105—-1114 (Figure 1B) which is
very similar to that identified by a SELEX (systematic evolution
of ligands by exponential enrichment) approach as a target of
the human Unr RNA-binding protein [33]. Unr reportedly acts
synergistically with PTB to stimulate the HRV IRES-dependent
translation in vitro and in vivo [34,35] and to bind to, and activate,
the cellular Apaf-1 IRES [20,21].

To investigate whether the potential Unr-binding sequence
contributes to PITSLRE IRES efficiency, we measured the ability
of two dicistronic constructs (Di-4 mut E and Di-4 mut F) to drive
internal initiation of translation. Di-4 mut E includes a truncated
PITSLRE fragment (nts 745-1082) and the Di-4 mut F vector
lacks the gaagaaguaa sequence (nts 1105-1114) (Figure 1B).
Figure 1(C) shows that the Fluc/Rluc ratio measured in Di-4 mut E
and Di-4 mut F transfectants is almost 50 % lower than that in cells
expressing Di-4. No significant difference between the inhibitory
effects induced by Di-4 mut E and Di-4 mut F was observed,
suggesting that deletion of the gaagaaguaa sequence is sufficient
to impair PITSLRE IRES function.

To rule out a contribution by a cryptic promoter or splicing
event to the ability of the Di-4 and Di-4 mutants to translate
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Figure 1 Deletion analysis and mapping of the PITSLRE IRES

(A) Schematic diagram of the human PITSLRE cDNA («2-2 isoform). The start codon of the
p110PTSLRE protein kinase and the internal initiation codon for the smaller p58PTSLRE jsoform
are indicated by ATG. The common stop codon for both proteins is indicated by TGA. The
PITSLRE element (nts 745—1125), reported to mediate internal initiation of translation [2], is
represented by a horizontal brace. (B) Diagram of the dicistronic constructs used to measure
protein expression after transient transfection into 293T cells. The coding regions of Fluc and
Rluc were inserted downstream of a cytomegalovirus (CMV) promoter, and different fragments
of the PITSLRE IRES were inserted in the intercistronic spacer. Nucleotide numbers indicate the
position based on the sequence of human p110PTSLRE cDNA. The black boxes represent
the purine-rich regions in the PITSLRE IRES element, and the ellipse illustrates the Unr-binding
element (nts 1105-1114). (C) 293T cells were transfected with the dicistronic vectors described
in (B), and both Fluc and Rluc activities were determined as described in the Experimental
section. Results (means + S.E.M. for three independent transfection experiments) represent the
ratio between the Fluc and Rluc activities. *P < 0.05 compared with cells transfected with
the Di-4 construct. The absolute values of Rluc and Fluc activities are presented in supplementary
Table S1 (http://www.BiochemdJ.org/bj/385/bj3850155add.htm). (D) No cryptic promoter activity
present in the PITSLRE IRES sequence. PGL-3PITSLRE, pGL-3SV40e and pGL-3basic were
co-transfected with the pSV-Sport Rluc plasmid in 293T cells. Fluc activity was normalized to
the Rluc activity. Bars represent the mean + S.D. (n = 3) Fluc activities normalized to the Rluc
expression level.
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Table 1 Efficiency of different fragments of the PITSLRE IRES in mediating
internal initiation of translation in vitro

Capped dicistronic RNAs containing different fragments of PITSLRE IRES between the Fluc and
Rluc reporter genes were obtained by in vitro transcription of the dicistronic vectors described
in Figure 1(B). Equal amounts (80 ng) of transcripts were translated in vitro in HelLa S3 cell
extracts. Rluc and Fluc activities were measured as described in the Experimental section.
Relative IRES activity was determined as the Fluc/Rluc ratio. Abbreviation: ¢.p.s., counts/s.

Activity (c.p.s.)
Capped Fluc (IRES- Rluc (cap- Relative IRES
dicistronic dependent dependent activity
transcript translation) translation) (Fluc/Rluc)
D4 28997 + 2478 1754827 +13355 0.0165+ 0.0015
D4 mut C 31685+ 6907 1532679+ 228816 0.020 + 0.001
D4 mut D 13160 + 2654 1526685 + 254 331 0.0086 + 0.0001
D4 mut E 15028 + 168 1578001 + 113157 0.0095 + 0.0001
D4 mut F 169511188 1743767 + 38040 0.0097 +0.0010
D2 2079 + 569 1515697 + 82488 0.0014 4+ 0.0003

the downstream Fluc gene, control experiments were performed
(Figure 1D, Table 1).

Previously, we showed by Northern blot that both cistrons of
Di-4 were translated from the same intact dicistronic mRNA [2].
To exclude further the possibility of putative promoter activity,
we analysed this fragment in a promoterless pGL-3basic vector
(Figure 1D). This pGL-3PITSLRE plasmid as well as the pGL-
3SV40e plasmid [a vector containing the simian-virus-40 early
promoter, which served as a positive control] and the promoter-
less pGL-3basic plasmid were co-transfected with pSV-Sport
Rluc plasmid in 293T cells, the latter to correct for variation
of transfection efficiencies. Confirming our previous results,
Figure 1(D) shows that presence of cryptic promoter sequences
in the nts 745-1125 fragment is very unlikely, as the pGL-
3PITSLRE and pGL-3basic reporters show similar relative Fluc
expression levels, ~20-fold lower compared with that of the pGL-
3SV40e plasmid.

To exclude further the possibility that the differences in the
ability of the PITSLRE fragments to drive internal initiation of
translation result from splicing events or promoter activity, we
tested in-vitro-synthesized capped dicistronic transcripts in an
invitro translation assay based on HeLLa S3 extracts. Table 1 shows
that the pattern of IRES efficiency (Fluc/Rluc) among the different
transcripts is similar to that observed in vivo in 293T transfectants.
Consequently, the in vitro data also rule out the possibility that
cryptic promoter sequences or splicing events contribute to the
ability of the Di-4 and Di-4 mutants to mediate internal initiation
of translation, but confirm the involvement of the purine-rich
region and the gaagaaguaa sequence in PITSLRE IRES function.

Expression of Unr is maximal at G,/M-phase

The importance of a potential Unr-binding site in PITSLRE IRES
efficiency led us to investigate whether this protein might play a
role in IRES function. As the PITSLRE IRES specifically drives
internal initiation of translation during the G,/M stage of the
cell cycle, we first analysed by Western blotting the expression
of Unr in IL-3-dependent Ba/F3 cells synchronized at specific
cell-cycle stages. As expected, p58™RE kinase and cyclin B1 (a
specific marker for G,/M stage) were expressed during the G,/M
stage, whereas pl10"™™RE wags equally expressed in G1-stage-
and G,/M-stage-specific cells (Figure 2). The level of Unr protein
also fluctuates during cell cycle progression: it is maximal during
the G,/M stage and very low during the G1 stage.

G1 G2/M
= B «— pi110
PITSLRE
w—| 4— p58
E <4+— unr
E <4— cyclin B1

B-actin

Figure 2 Expression of Unr protein during cell-cycle progression

Ba/F3 cells were synchronized at the Gy stage by IL-3 depletion for 14 h and then released from
this block by restitution of IL-3 into the culture medium. Respectively 3 h (G; stage) and 16 h
(Go/M stage) after IL-3 restitution, cell extracts were made and resolved by SDS/PAGE, then
analysed by Western blotting using specific antibodies. This Figure is representative of those
obtained in three independent experiments.

Unr binds and stimulates the PITSLRE IRES element in vitro

We next investigated whether the PITSLRE IRES RNA interacts
with the Unr protein. Cell lysates from parental 293T cells or
from 293T transfectants overexpressing E-tagged Unr (Unr-E)
were UV-cross-linked with the PITSLRE IRES (nts 745-1125),
HRYV or EMCYV IRES probes. HRV IRES, known to interact with
Unr [34], served as a positive control. EMCYV IRES function does
not require Unr protein [35] and served as a negative control. Fig-
ure 3(A) illustrates that a **P-labelled protein band of ~97 kDa,
corresponding to the size of Unr, is cross-linked with the PITSLRE
and the HRV IRES probes, but not with the EMCV IRES probe.
This band is most prominently bound in the UV reactions with the
Unr-overexpressing 293T cell extracts (Figure 3A, lanes 1-2) and
is immunoprecipitated with an anti-(E tag) antibody (lanes 6
and 7). The bands detected in the reactions with parental 293T
cell extracts probably correspond to the endogenous Unr protein
(Figure 3A, lanes 3 and 4). Overall our data indicate that both the
PITSLRE (nts 745-1125) and HRV IRES probes interact with
the E-tagged Unr (Figure 3A, lanes 6 and 7) and with the endo-
genous Unr proteins (Figure 3A, lanes 3 and 4).

Next we investigated the effect of cell-cycle progression on the
interaction of endogenous Unr with the PITSLRE IRES fragment
(nts 745-1125), using cell extracts from asynchronous, G1- and
G,/M-cell-cycle-stage-specific cells. The amount of Unr bound
to the PITSLRE IRES is barely detectable in the presence of
G1-stage-specific lysates, but increases significantly during the
G,/M stage (Figure 3B). The interaction with Unr was specifically
inhibited by a 500-fold molar excess of unlabelled HRV IRES
(Figure 3B).

Specific binding of Unr to the PITSLRE IRES fragment
(nts 745—1125) was confirmed by a UV-cross-linking assay using
purified recombinant histidine-tagged Unr (Figure 3C). The
interaction was specifically inhibited by a molar excess of un-
labelled HRV IRES, whereas a molar excess of unlabelled EMCV
IRES had no effect.

The PITSLRE IRES fragment (nts 745-1082) lacking the
Unr-binding site was also used as a probe. Figure 3(D) shows
that this fragment has a lower binding affinity than the full-length
PITSLRE IRES element (nts 745-1125) for His—Unr. Binding
is almost 45 % lower, and these UV-cross-linking data correlate
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Figure 3 PITSLRE IRES binds to Unr

(A) Cytoplasmic extracts from parental 293T cells (293T par) or from 293T transfectants
overexpressing E-tagged Unr (293T Unr-E) were prepared as described in the Experimental
section. After UV irradiation with the RNA probes corresponding to the PITSLRE fragment
(nts 745-1125), the HRV IRES or the EMCV IRES samples were treated with an RNase
cocktail. One part of the sample was analysed by SDS/PAGE, whereas the other part was
further mixed with anti-(E tag) antibody for immunoprecipitation (IP) of labelled E-tagged Unr.
Bound proteins were analysed by SDS/PAGE. (B) Binding of the endogenous Unr to the PITSLRE
IRES during cell-cycle progression. UV-cross-linking assays were performed by pre-incubating
the cytoplasmic extracts from asynchronous (Asyn), G1-stage- and G,/M-stage-specific Ba/F3
cells in the absence or presence of 500-fold molar excess of unlabelled HRV IRES transcript
before addition of the *2P-labelled PITSLRE fragment (nts 745-1125). After RNA binding and
UV irradiation, samples were treated with the RNase cocktail and resolved by SDS/PAGE. The
arrow depicts the position of the endogenous cross-linked Unr. This Figure is representative of
those obtained in two independent experiments. (C) Recombinant histidine-tagged Unr protein
interacts with the PITSLRE IRES. UV-cross-linking assays were performed by pre-incubating
400 ng of histidine-tagged Unr protein purified from E. coli (His-Unr) in the absence or
presence of a 10-500-fold molar excess of unlabelled HRV IRES transcript or EMCV IRES
transcript before addition of the ®P-labelled PITSLRE fragment (nts 745-1125). After RNA
binding and UV irradiation, samples were treated with the RNase cocktail and resolved by
SDS/PAGE. The arrow depicts the position of cross-linked histidine-tagged Unr. (D) Deletion of
50 nts at the 3'-end of the PITSLRE fragment (nts 745-1125) decreases its binding affinity for
Unr. UV-cross-linking assays were performed as described above by incubating the 2P-labelled
PITSLRE fragments nts 745-1125 and nts 745-1082 or the 3P-labelled HRV IRES transcript
with the recombinant histidine-tagged Unr protein (400 ng). The intensity of radiolabelled
His-Unr bands was quantified by densitometry, and the results, representing means + S.E.M.
for the number of experiments given in parentheses, are summarized in the inserted Table.
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Figure 4 Effect of Unr on PITSLRE IRES-mediated translation in RRL

(A) In vitro translation of capped dicistronic mRNAs in mock-translated RRL and in Unr-primed
RRL. A 4 wl portion of mock-translated RRL or RRL expressing Unr (Unr-primed RRL) was
preincubated for 10 min at 30°C with the capped dicistronic RNAs obtained by in vitro
transcription using the linearized Di-4, Di-4 mut E, Di-HRV and Di-EMCV vectors respectively.
Translation reactions were then carried out as described in the Experimental section. After trans-
lation of the dicistronic reporter mRNAs, lysates were assayed for Fluc and Rluc activities. Results
are expressed as the ratio between Fluc and Rluc activities and represent the means + S.E.M.
for three independent experiments. *P < 0.05 compared with mock RRL primed with the
corresponding dicistronic mRNA. (B) Protein level of Unr in mock-translated RRL and in RRL
first primed with 400 ng of capped transcript coding for Unr.

with a decreased IRES efficiency (Figure 1C; compare constructs
Di-4 and Di-4 mut E).

The involvement of a potential Unr-binding element in
PITSLRE IRES-mediated translation was further confirmed by a
functional in vitro translation assay (Figure 4A). The Unr protein
was synthesized in RRL from capped mRNA encoding Unr. In
mock RRL, endogenous Unr is barely detectable (Figure 4B).
Figure 4(A) shows a small, but reproducible (1.4-fold), increase
in the Fluc/Rluc ratio when testing the Di-4 RNA in Unr-primed
RRL as compared with mock RRL. A similar increase was obser-
ved with the Di-HRV transcript, while no significant increase
was seen with the Di-EMCV RNA and Di-4 mut E transcripts.

In conclusion, these observations suggest a stimulatory role for
Unr in PITSLRE IRES-driven internal initiation of translation.

Involvement of phosphorylated elF-2« in PITSLRE IRES-mediated
translation

Increased phosphorylation of the a-subunit of initiation factor
elF-2 was reported to occur at the G,_stage/M-stage boundary in
human osteosarcoma cells [36]. Phosphorylation of eIF-2« pre-
vents the GDP <> GTP exchange reaction necessary for the for-
mation of the ternary initiation complex elF-2 - GTP - Met-tRNA,
impairing the binding of Met-tRNA to ribosomes [37]. As men-
tioned above, several IRESs, including the PITSLRE IRES, are
functional during the G,/M stage, and phosphorylation of elF-2«
might be involved in the switch from cap- to IRES-mediated
translation in mitosis. Therefore we evaluated the phosphorylation
state of elF-2« in Ba/F3 cells during cell-cycle progression and
analysed the effect of eIF-2« phosphorylation on PITSLRE IRES-
mediated translation. Figure 5(A) shows that the level of elF-2«
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Figure 5 Role of increased phosphorylation of elF-2« in the PITSLRE IRES-
mediated translation

(A) Cell-cycle progression from G, stage to mitosis stimulates the phosphorylation of elF-2c.
Ba/F3 cells were synchronized at the Gy stage by IL-3 depletion for 14 h and then released from
this block by addition of IL-3 into the culture medium. At indicated times (starting from addition of
IL-3) cell extracts were prepared as described in the Experimental section, and normalized protein
amounts were processed for Western blotting using antibodies against elF-2c, phospho-elF-2,
cyclinB1 (aspecific Go/M-stage marker) and B-actin. Results are representative of those obtained
in three independent experiments. (B) Overexpression of PKR, but not PKR-K296R, results in
an increased level of phospho-elF-2cc. 293T cells were transiently transfected with the vector
coding for PKR or the negative mutant PKR-K296R. At 24 h after transfection, cells were lysed
and 25 g of protein was analysed by Western blotting using antibodies against total elF-2c and
phospho-elF-2«. (C) Increased phosphorylation of elF-2« is permissive for PITSLRE IRES
activity. The dicistronic plasmids harbouring the PITSLRE fragment nts 745—-1125 (Di-4), the
HRV IRES, the ODC IRES or the EMCV IRES element were transiently co-transfected with
increasing amounts of a PKR-encoding vector (black bar) or of a PKR-K296R encoding vector
(open bar). At 24 h after transfection, cell lysates were assayed for Rluc and Fluc activities. Bars
represent the mean + S.D. (n = 3) of the ratio between the Fluc and Rluc activities.The absolute
values of Rluc and Fluc luciferase activities are presented in Table S2 (http://www.BiochemJ.org/
bj/385/bj3850155add.htm). Results are representative of those obtained in three independent
experiments.

does not change during cell-cycle progression. In contrast, where-
as the amount of phospho-elF-2« is rather low at the G, stage, it
is significantly enhanced during the G,/M stage, when the ratio
between phospho-elF-2« and elF-2« increases at least 4-fold.
Next we wished to determine whether the level of phos-
pho-elF-2a modulates PITSLRE IRES function. We analysed
PITSLRE IRES efficiency in the presence of overexpressed PKR,

a kinase that phosphorylates the «-subunit of eIF-2 on Ser’!
[38]. As shown in Figure 5(B), overexpression of PKR strongly
stimulates the phosphorylation of eIlF-2« in 293T transfectants,
whereas the kinase death mutant PKR-K296R does not. Over-
expression of PKR results in repression of global protein syn-
thesis. Indeed, translation of Rluc derived from Di-4 was in-
hibited up to approx. 50 % in the PKR co-transfectants (Table S2
at http://www.BiochemlJ.org/bj/385/bj3850155add.htm). In con-
trast, translation of the Fluc reporter showed a slight increase upon
PKR overexpression, resulting in a significant increase (double)
in the ratio between Fluc and Rluc activities over that measured in
cells expressing PKR-K296R (Figure 5C). In the same experiment
we also analysed another cell-cycle-dependent IRES located in
the 5-UTR of ODC mRNA, as well as two viral IRESs, EMCV
IRES and HRV IRES. Like Di-4, the ODC IRES-containing
vector (Di-ODC) produced a Fluc/Rluc ratio significantly higher
(almost 4-fold) than that measured in cells co-transfected with
PKR-K296R. Again, this was due to an increased IRES-mediated
translation of the Fluc gene (double) despite inhibition of the cap-
dependent translation caused by PKR overexpression (Table S2 at
http://www.BiochemJ.org/bj/385/bj3850155add.htm). Whether
cells were co-transfected with PKR/Di-EMCV (or-HRV) or with
PKR-K296R/Di-EMCV(or-HRYV), the ratio between Fluc and
Rluc activities remained the same (Figure 5C). Both cap-depen-
dent translation and IRES-mediated translation from Di-EMCV or
Di-HRYV were impaired to the same extent in PKR-overexpressing
cells.

DISCUSSION

From the results of the present study we suggest that Unr plays a
role in the regulation of the cell-cycle-dependent PITSLRE IRES.
First, the expression of Unr is cell-cycle-regulated and is optimal
at the G,/M stage (Figure 2). Secondly, Unr effectively binds to
the PITSLRE IRES at the G,/M stage (Figures 3A, 3B and 3C),
and deletion of the unr-binding consensus motif gaagaaguaa in the
PITSLRE transcript decreases binding affinity for Unr (Figure 3D)
and decreases the IRES efficiency (Figure 1C). Thirdly, Unr
significantly increases the PITSLRE IRES activity in vitro, but has
no significant effect on the ability of a PITSLRE IRES fragment
lacking the Unr-binding motif to mediate internal initiation of
translation (Figure 4A).

However, additional structural elements and/or trans-acting
factors are likely to be necessary for efficient PITSLRE IRES
activity, as deletion of the Unr-consensus binding sequence
gaagaaguaa did not completely abrogate IRES activity. In support
of this hypothesis, we have shown that the integrity of the second
purine-rich element is necessary for PITSLRE IRES-mediated
translation. The PITSLRE fragment nts 9761125 (Di-4 mut C)
drives internal initiation of translation as efficiently as Di-4
(fragment nts 745—-1125), whereas truncation of half of the purine
stretch (Di-4 mut D; fragment nts 1025-1125) impairs the IRES
activity considerably. Nevertheless, these three fragments dis-
played the same binding affinity for recombinant His-tagged Unr
(results not shown). Therefore, in addition to the binding of
Unr, other frans-acting factors and/or cis-acting elements are
likely to be necessary for PITSLRE IRES efficiency.

Structure-probing data of the cellular Apaf-1 IRES have sugges-
ted that the binding of Unr to the Apaf-1 IRES changes its structure
and renders it accessible to PTB, and possibly other proteins,
allowing the IRES to achieve the appropriate conformation for
binding of the 40 S ribosomal subunit [21]. Although the detailed
mechanism by which Unr regulates the PITSLRE IRES remains
unclear, it is conceivable that, as in the case of the Apaf-1 IRES,
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Unr acts as an RNA chaperone. The binding of Unr may be
involved in unfolding of the PITSLRE IRES, rendering elements,
and especially the purine-rich region, accessible to specific trans-
acting factors.

Whereas pyrimidine-rich sequences in several IRESs such as
EMCYV and c-Myc IRES are targets for PTB and hnRNPC1/C2
respectively [6,7,16], the importance of purine-rich sequences
for IRES-mediated translation is less clear. Artificial polypurine
(A)-rich sequence (PARS)-containing elements have been shown
to promote IRES-mediated translation in vitro in plant and
mammalian cells [39]. Consistently, the 5'-UTR of the heat-shock
factor 1 mRNA of tobacco (Nicotiana tabacum), which contains
short PARS elements with multiple (G)1-4(A)2-5 modules,
functions as an IRES in plant extracts, RRL, tobacco protoplasts
and human HeLa cells. The purine-rich region (nts 976-1066) of
the PITSLRE fragment (nts 976—1125) contains few gaa modules
that may contribute to the IRES efficiency, but a role for specific
ITAFs remains unknown. Because (G)1-4(A)2-5 modules do not
contain the conserved core motif aagua/g involved in the RNA
binding specificity of Unr [35], interaction with Unr appears very
unlikely. This is supported by our observation that truncation of
the purine-rich region does not change the binding affinity of the
PITSLRE fragment (nts 1025-1125) for Unr compared with
the fragments nts 7451125 and nts 976-1125.

The purine-rich region is necessary, but not sufficient, to
mediate internal initiation of translation. Indeed, in a preliminary
experiment we compared the PITSLRE IRES activity of fragment
nts 9761125, in which the downstream Unr consensus binding
site (nts 1105-1114) has been deleted, with that of the complete
[nts 976—1125] fragment. Interestingly, deletion of the Unr con-
sensus binding site results in a strong inhibition of the IRES
efficiency (by 80%) compared with the wild-type fragment,
despite the fact that the intact purine-rich region is present in both
fragments (results not shown). This observation supports the
hypothesis that Unr may act as an RNA chaperone that somehow
renders the purine-rich region necessary for PITSLRE IRES-
mediated internal initiation of translation. The functional signi-
ficance of this purine-rich region, especially the possible role
of the gaa motifs as cis-acting elements, as well as the binding of
specific ITAFs, needs further investigation.

A strong inhibition of cap-dependent translation has been
reported in different cell types arrested in mitosis [40—42], due
to a loss of ability of the initiation factor eIF-4E to bind to the
cap structure [42]. Although a still controversial notion, it seems
that sequestration of eIF-4E by the hypophosphorylated binding
protein 4E-BP1 [43,44] during mitosis is responsible for such
an inhibitory effect. On the other hand, Datta and co-workers
reported a sharp decline in the overall rate of protein synthesis due
to increased phosphorylation of eIF-2¢ in human osteosarcoma
cells reaching the G,-stage/M-stage boundary [36]. Thus, it is
likely that several signal-transduction pathways may contribute to
the inhibition of cap-dependent translation during mitosis and may
be involved in the switch from cap- to IRES-dependent translation.

Here we show that the amount of phospho-elF-2« increases at
the G,/M stage of the cell cycle, which coincides with the funct-
ionality of the PITSLRE IRES (Figure 5A). More importantly, we
demonstrate that, in the presence of an increased level of phos-
pho-elF-2«a due to overexpression of the elF-2« kinase PKR,
the PITSLRE IRES is still active, whereas cap-dependent trans-
lation is blocked [Figure 5C; supplementary Table S2 (http://
www.BiochemJ.org/bj/385/bj3850155add.htm)]. We also found
a permissive effect of phospho-elF-2« on the ability of the ODC
IRES, a cellular IRES also activated during the G,/M stage, to
mediate internal initiation of translation, while this is not the case
for the viral HRV and EMCYV IRESs. Our results indicate that

© 2005 Biochemical Society

the cell-cycle-dependent IRESs, namely PITSLRE and ODC
IRESs, mediate internal initiation of translation in the presence
of a high amount of phosphorylated eIF-2«, and suggest that the
requirement for elF-2 may differ between these two groups of
IRESs.

It has recently been shown that phosphorylation of elF-2« sti-
mulates IRES-mediated translation of the Cat-1 protein during
cellular stress [26], and that eIF-2« phosphorylation is required
for activation of cellular IRESes such as those for PDGF2, c-myc
and VEGF (vascular endothelial growth factor) during cell dif-
ferentiation [27]. As the level of phospho-elF-2« is up-regulated
during the G,/M stage, it is very likely that this event contributes
to the G,/M-stage-specific expression of p58™SRE and ODC.

In summary, we have identified a polypurine-rich region essen-
tial for the PITSLRE IRES function. We have also shown that both
Unr expression and elF-2« phosphorylation occur specifically
during the G,/M stage of the cell cycle and contribute to PITSLRE
IRES-mediated translation.
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