MOLECULAR AND CELLULAR BIOLOGY, Feb. 2005, p. 1283-1297
0270-7306/05/$08.00+0  doi:10.1128/MCB.25.4.1283-1297.2005

Vol. 25, No. 4

Copyright © 2005, American Society for Microbiology. All Rights Reserved.

Polypyrimidine Tract-Binding Protein Enhances the Internal
Ribosomal Entry Site-Dependent Translation of p27<®!
mRNA and Modulates Transition from G,
to S Phase

Sungchan Cho, Jong Heon Kim, Sung Hoon Back, and Sung Key Jang*

NRL, POSTECH Biotech Center, Division of Molecular and Life Science, Pohang University of
Science and Technology, Hyoja Dong, Pohang, Kyungbuk, South Korea

Received 24 July 2004/Returned for modification 6 September 2004/Accepted 29 November 2004

The p27%P! protein plays a critical role in the regulation of cell proliferation through the inhibition of
cyclin-dependent kinase activity. Translation of p27<"*! is directed by an internal ribosomal entry site (IRES)
in the 5’ nontranslated region of p27"*' mRNA. Here, we report that polypyrimidine tract-binding protein
(PTB) specifically enhances the IRES activity of p27%"?" mRNA through an interaction with the IRES element.
We found that addition of PTB to an in vitro translation system and overexpression of PTB in 293T cells
augmented the IRES activity of p27%"*! mRNA but that knockdown of PTB by introduction of PTB-specific
small interfering RNAs (siRNAs) diminished the IRES activity of p27*'*' mRNA. Moreover, the G, phase in
the cell cycle (which is maintained in part by p27¥'®') was shortened in cells depleted of PTB by siRNA
knockdown. 12-O-Tetradecanoylphorbol-13-acetate (TPA)-induced differentiation in HL60 cells was used to
examine PTB-induced modulation of p27'*! protein synthesis during differentiation. The IRES activity of
p27%P! mRNA in HL60 cells was increased by TPA treatment (with a concomitant increase in PTB protein
levels), but the levels of p27%*' mRNA remained unchanged. Together, these data suggest that PTB modulates

cell cycle and differentiation, at least in part, by enhancing the IRES activity of p27<*' mRNA.

Cyclin-dependent kinases (CDKs), which are regulated by
cyclin levels and specific inhibitory proteins (12, 49), play key
roles in the regulation of cell proliferation (35). The p27¥iP!
(hereinafter referred to as the p27) protein, a mammalian
CDK inhibitor, plays a pivotal role in directing cells to arrest in
G, phase via an inhibition of the cyclin E/CDK2 complex that
is both necessary and rate-limiting for S-phase entry (37, 45,
48). In normal cells, increased expression of p27 mediates
transforming growth factor B-induced G, arrest (42), contact
inhibition (43), and growth in suspension (13). On the other
hand, p27 is generally downregulated in cancer cells, and there
is a strong inverse correlation between tumor progression and
p27 levels (8, 29). The p27 protein is most abundant in G, cells,
decreases quickly as cells enter S phase, and remains at low
levels throughout the remainder of the cell cycle (32). It is
generally accepted that the level of p27 protein is regulated
mainly by the rate of translational protein synthesis (1, 15)
and/or by proteasome complex-mediated protein degradation
(36, 38).

The p27 protein also plays an important role in the regula-
tion of differentiation. In many cells and tissues, differentiation
is accompanied by a profound increase in p27 protein content.
Levels of p27 protein were shown to increase during the dif-
ferentiation of HL60 promyelocytic leukemia cells (15), oligo-
dendrocytes (11), neuroblastoma cells (26), and central glia-4
cells (50). In contrast, loss of p27 protein has been associated
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with poorly differentiated phenotypes in several human cell
types (6, 10). Moreover, ectopic expression of p27 markedly
enhanced the differentiation of HL60 cells (51), and aug-
mented polyribosomal association with the p27 mRNA was
observed in HL60 cells undergoing 12-O-tetradecanoylphor-
bol-13-acetate (TPA)-induced differentiation. The molecular
basis of enhanced p27 translation during the differentiation of
HL60 cells is not well understood, but it is known that the
translation of p27 mRNA is directed by an internal ribosomal
entry site (IRES) (33) and that the HuR RNA-binding protein
represses the IRES activity of the p27 mRNA (28).

The IRES is a specialized RNA structure that recruits ribo-
somes to an mRNA in a cap-independent manner. Since the
discovery of IRESs in the 5’ nontranslated regions (5'NTRs)
of encephalomyocarditis virus (EMCV) (19) and poliovirus
(40), many viral and cellular mRNAs have been shown to
contain IRESs (http://www.rangueil.inserm.fr/iresdatabase).
Studies of factors required for IRES-dependent translation
have revealed that RNA-binding proteins such as polypyrimi-
dine tract-binding protein (PTB), poly(rC)-binding protein,
upstream of N-ras (unr), and the La autoantigen specifically
enhance the translation of IRES-containing mRNAs.

PTB, also known as p57 and heterogeneous nuclear ribonu-
cleoprotein I (hnRNP I), is an hnRNP family member that is
known to shuttle between the nucleus and cytoplasm (30). PTB
has four unconventional RNA recognition motifs (14) and
exists as a homodimer in solution (41). PTB was originally
identified as a protein binding to the polypyrimidine tracts of
adenoviral major late and a-tropomyosin pre-mRNAs and was
proposed to act as a splicing factor (30, 39). Independently,
PTB was shown to interact specifically with the IRESs of sev-
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eral viral and cellular mRNAs, stimulating or inhibiting the
activity of both viral and cellular IRES elements (18). There-
fore, it is likely that PTB regulates alternative splicing in the
nucleus and modulates translation via IRES elements in the
cytoplasm.

Here we show that PTB binds to the IRES element of the
p27 mRNA and augments its IRES-dependent translation, as
shown through in vitro and in vivo assay systems based on
overexpression and/or knockdown of PTB. We also observed
that the population of cells at the G, phase decreased as the
level of PTB protein decreased following small interfering
RNA (siRNA)-induced knockdown of PTB. Moreover, the
population of cells at the G, or G, phase increased when the
protein level of PTB increased during TPA-induced differen-
tiation of HL60 cells. Together, these results suggest that PTB
plays an important role in controlling the cell cycle and differ-
entiation through the modulation of p27 IRES activity.

MATERIALS AND METHODS

Plasmid construction. The 5'NTR of the p27 mRNA was obtained via PCR of
a human Chang liver cDNA library using primers 5'-ACG CGT CGA CGC CAT
ATT GGG CCA C-3" and 5'-CCG GAA TTC ACT CGC ACG TTT GAC-3'.
The resulting PCR product was digested with Sall and EcoRI and cloned into the
Sall/EcoRI site of plasmid pSK(—) to yield pSK/p27. The sequence of the p27
5'NTR was confirmed by DNA sequencing and then subcloned into the inter-
cistronic region of a pRF vector containing tandem copies of the Renilla and
firefly luciferase (RLuc and FLuc, respectively) genes (23), yielding pR/p27/F. To
map the PTB-binding site in the p27 5'NTR and to determine the presence of
cis-acting IRES element in the p27 5'NTR, serial deletions of the p27 5'NTR
were generated from pSK/p27 and pR/p27/F (the A in the initiation codon is
referred to as nucleotide +1 hereinafter). To construct plasmids pSK/p27(—447
to —331), pSK/p27(—331 to —169), and pSK/p27(—169 to —1), the p27 fragment
was digested with restriction enzymes Sall/Sacll, Sacll/BssHII, and BssHII/
EcoRlI, respectively, and then inserted into pSK(—) treated with the same re-
striction enzymes. To generate plasmids pR/p27(—331 to —1)/F, pR/p27(—169 to
—1)/F, pR/27(—447 to —331)/F, and pR/p27(A—331 to —169)/F, plasmid pR/
p27/F was digested with restriction enzymes Sall/Sacll, Sall/BssHII, Sacll/
EcoRlI, and Sacll/BssHII, respectively, and then the DNA fragments were self-
ligated. Plasmid pR/p27(—447 to —169)/F was digested with the restriction
enzymes Sall and Sacll, and then the DNA fragments were self-ligated to
construct pR/p27(—331 to —169)/F. Plasmids pR/HCV/F and pR/EMCV/F were
constructed as previously described (7), and plasmids pEGFP-PTB1, pEGFP-
PTB4, pT7-7-PTB1, and pT7-7-PTB4 were generated as described by Back et al.
(2). To construct pPEGFP-NSAPI, plasmids pEGFP and pSK(—)/NSAP1 were
treated with EcoRI-Klenow fragment-Asp718 and Nhel-Klenow fragment-
Asp718, respectively, and the resulting DNA fragments were ligated together. To
construct plasmid pEGFP/HuR, the full-length HuR ¢cDNA was amplified by
PCR from a human Chang liver cDNA library using primers 5'-CCG GAA TTC
CAT GTC TAA TGG TTA TGA AGA C-3' and 5'-CGG GGT ACC TTATTT
GTG GGA CTT GTT G-3'. The resulting PCR product was digested with
EcoRI/Kpnl and inserted into the EcoRI/Kpnl site of plasmid pSK(—). The
nucleotide sequence of the entire HuR gene was confirmed by DNA sequencing.
Plasmid pEGFP/HuR was constructed by digesting pSK/HuR with EcoRI/Kpnl
and inserting the resulting HuR gene fragment into the EcoRI/Kpnl site of
pEGFP.

To construct plasmids expressing siRNAs against PTB, we selected target sites
on the PTB mRNA corresponding to nucleotides (nt) 730 to 748 and 802 to 820
downstream of the initiation codon. DNA duplexes corresponding to PTB (nt
730 to 748) were generated with the complementary oligonucleotides 5'-TCG
ACG AAC ATC TAC AAC GCC TGC TTC AAG AGA GCA GGC GTT GTA
GAT GTT CTT TTT TT-3' and 5'-CTA GAA AAA AAG AAC ATC TAC
AAC GCC TGC TCT CTT GAA GCA GGC GTT GTA GAT GTT CG-3'".
DNA duplexes corresponding to PTB (nt 802 to 820) were generated with
complementary oligonucleotides (5'-TCG ACC AAT GAC AAG AGC CGT
GAC TTC AAG AGA GTC ACG GCT CTT GTC ATT GTT TTT TT-3' and
5'-CTA GAA AAA AAC AAT GAC AAG AGC CGT GAC TCT CTT GAA
GTC ACG GCT CTT GTC ATT GG-3'). The respective DNA pairs were
annealed and ligated into plasmid pEBV-U6+p27, as described elsewhere (24).
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UV cross-linking, immunoprecipitation of UV cross-linked proteins, and com-
petition experiment. All the experiments were performed as previously described
(23) except that 3?P-labeled RNA corresponding to the p27 IRES element and
purified PTB were used as the interacting RNA and protein, respectively.

In vitro translation with RRL. In vitro translation assays were carried out with
rabbit reticulocyte lysates (RRL). To investigate the effect of PTB on p27 IRES-
dependent translation, the dicistronic reporter mRNA Rp27F was incubated
with RRL containing extra PTB1, PTB4, or La protein. The proteins were
synthesized by in vitro translation as described by Kim et al. (23).

Cell culture and reporter assay. 293T and HeLa cells were cultured in Dul-
becco’s modified Eagle’s medium (Invitrogen) supplemented with 10% fetal
bovine serum (Clontech). HL60 cells were maintained in RPMI medium (In-
vitrogen) supplemented with 10% fetal bovine serum. For the reporter assay,
293T cells transfected with dicistronic reporter plasmids were lysed in passive
lysis buffer (Promega) at 48 h posttransfection, and then firefly and Renilla
luciferase activities were determined using the dual-luciferase reporter assay
system (Promega). The B-galactosidase activity was determined from the same
lysate using the B-galactosidase enzyme assay system (Promega). To analyze the
IRES activity of p27 mRNA in differentiating HL60 cells, the cells were treated
with 30 nM TPA (Calbiochem) for various times (1, 3, 5, 9, 15, 24, and 36 h) and
then transfected with the above-mentioned capped dicistronic reporter RNA,
Rp27F. Three hours posttransfection, cell lysates were prepared and luciferase
activities were measured.

Establishment of cell clones expressing PTB siRNAs. Plasmids (1 pg each)
expressing siRNAs [pEBV-U6+27, pEBV-U6+27/PTB (nt 730 to 748), and
pEBV-U6+27/PTB (nt 802 to 820)] were transfected into HeLa cells by elec-
troporation. From 48 h posttransfection, cells were maintained in Dulbecco’s
modified Eagle’s medium containing hygromycin (300 p.g/ml; Calbiochem). After
1 month of selection, hygromycin-resistant cell colonies were pooled together
and cultivated for further analysis.

Western blot analysis. Immunoblot analysis was performed with monoclonal
anti-green fluorescent protein (GFP; Santa Cruz), anti-PTB (kindly provided by
E. Wimmer), anti-HuR (Santa Cruz), anti-La (kindly provided by M. Bach-
mann), antiactin (ICN), and anti-cdc2 (Santa Cruz) as primary antibodies and
horseradish peroxidase-conjugated anti-mouse immunoglobulin G as the second-
ary antibody. For detection of p27 protein, an anti-p27 polyclonal antibody
(Santa Cruz) and horseradish peroxidase-conjugated anti-rabbit immunoglobu-
lin G were used as the primary and secondary antibodies, respectively. The
secondary antibodies were visualized by enhanced chemiluminescence (Amer-
sham-Pharmacia Biotech).

Metabolic radiolabeling and immunoprecipitation. HL60 cells were treated
with 30 nM TPA for various times (6, 12, 24, 36, and 48 h). Cells were washed
twice with PBS and then incubated in methionine- and cysteine-free RPMI
medium for 60 min. Cells were further incubated for 60 min after supplemen-
tation of [*>S]methionine ([**S]Met) and [**S]cysteine ([**S]Cys) (500 wCi/ml;
NEN Life Science Products). Cells were washed, harvested, and lysed for im-
munoprecipitation. Cell lysates (2 X 10° cpm) were subjected to immunopre-
cipitation with a rabbit polyclonal antibody against p27 (Santa Cruz).

Fluorescence-activated cell sorter (FACS) analysis. HeLa cells expressing
siRNA against PTB (nt 730 to 748) or PTB (nt 802 to 820) were washed twice
with phosphate-buffered saline and fixed in 100% cold ethanol. Fixed cells were
stained with propidium iodide (40 pg/ml; Sigma) and treated with RNase A (50
pg/ml; Sigma) for 30 min at room temperature. About 2 X 10* cells were
analyzed for DNA content on a FACScan (Becton Dickinson).

RESULTS

PTB interacts with the IRES of p27 mRNA. In an effort to
better understand the molecular basis of the IRES-dependent
translation of p27 mRNA, we sought to identify a cellular
factor(s) interacting with the p27 IRES. For this purpose, a
UV cross-linking experiment was performed with a cytoplas-
mic extract of HeLa S3 cells and a **P-labeled RNA corre-
sponding to the p27 IRES. Cellular proteins with apparent
molecular masses of 37, 42, 52, 57, 60, 65, and 110 kDa were
found to bind to the p27 IRES. The 37- and 42-kDa proteins
were identified as HuR and hnRNP C1/C2, respectively, by
Millard et al. (31). We focused our research on the 57- and
60-kDa proteins, as these appeared to share several character-
istics of the PTB protein, which is known to enhance the
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FIG. 1. Identification of PTB as a cellular protein interacting with the human p27 IRES. (A) UV cross-linking experiments were performed with S10
extracts of HeLa S3 cells (20 ug each) and **P-labeled RNAs (3 X 10° cpm each) corresponding to nt 260 to 833 of the EMCV IRES (lane 1) and to
nt —447 to —1 of the p27 IRES (lanes 2 to 7). The first nucleotide in the EMCV genomic RNA is designated nt 1. For p27 mRNA, the adenine in the
initiation codon is designated nt 1, and upstream sequences are denoted by the (—) symbol. Competition experiments were carried out with various
competitor RNAs, including 50 ng of homopolymeric RNAs [poly(A), poly(C), and poly(U)] (lanes 3 to 5) and 5- and 50-fold molar excesses of unlabeled
p27 IRES RNA (lanes 6 and 7). After cross-linking reactions, samples were treated with RNase cocktail and then analyzed by SDS-12% PAGE.
(B) Immunoprecipitation of proteins labeled by UV cross-linking with the **P-labeled p27 RNA probe. After RNase treatment, samples were precleared
with protein G-agarose resin and then reacted with 2 g of monoclonal anti-PTB antibody (DH17) (lane 1) or anti-c-myc antibody (lane 3). Resin-bound
proteins were resolved by SDS-10% PAGE. Lane 2 shows the labeled proteins prior to immunoprecipitation.

translation of many IRES elements. First, the 57- and 60-kDa
proteins showed the same mobilities as PTB isoforms that have
been identified as the strongest bands exposed by the EMCV
IRES element on a sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) gel (Fig. 1A, compare lane 2
with lane 1) (4, 20). Second, the 57- and 60-kDa proteins
showed high affinities to homopolymeric uracil [poly(W)]. In
competition experiments using homopolymeric RNAs (lanes 3
to 5 in Fig. 1A), the 57- and 60-kDa protein bands disappeared
in the presence of poly(U) RNA (lane 5 in Fig. 1A). The
identities of the 57- and 60-kDa proteins were confirmed by
immunoprecipitation of the UV cross-linked proteins by **P-
labeled p27 IRES RNA. The 57- and 60-kDa proteins were
precipitated with a specific monoclonal antibody against PTB
(DH17) (Fig. 1B, lane 1). In contrast, no band was detected
when the negative control (monoclonal antibody against the
c-myc protein) was used (Fig. 1B, lane 3). A direct interaction
between PTB and p27 IRES RNA was further confirmed by a
UV cross-linking experiment using purified PTB4 protein and
32P-labeled p27 IRES RNA (Fig. 2B, ii). Together, these data
indicate that PTB proteins directly bind to the p27 IRES.

In order to map the site at which PTB binds the p27 IRES,

we performed a UV cross-linking experiment in the presence
of cold competitor RNAs corresponding to different portions
of the p27 IRES (Fig. 2A). Purified PTB4 protein and *?P-
labeled RNAs spanning nt —447 to +3 of the p27 mRNA were
UV cross-linked in the presence of cold competitor RNAs.
Addition of a 50-fold molar excess of RNAs I (corresponding
to nt —447 to —331) and III (corresponding to nt —169 to —1)
strongly inhibited the binding of PTB4 to the probe (Fig. 2B, i,
lanes 3 and 7). RNA III showed the strongest competition for
binding with PTB4 when a fivefold molar excess of competitor
RNA was used (Fig. 2B, i, compare lane 6 with lanes 2 and 4).
RNA II (corresponding to nt —331 to —169) weakly competed
for interaction with PTB4 (Fig. 2B, i, lanes 4 and 5). Purified
PTBI1 also showed a similar pattern of competition (data not
shown). Furthermore, we performed UV cross-linking experi-
ments with purified PTB4 protein and *?P-labeled RNAs cor-
responding to different regions of the p27 IRES (Fig. 2A).
PTB4 interacted strongly with RNAs IIT and IV, to a lesser extent
with RNA I, and weakly with RNA II (Fig. 2B, ii). These data
collectively indicate that PTB proteins strongly bind to a region
proximal to the translation start codon of the p27 mRNA.
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FIG. 2. Determination of the PTB-binding site on the p27 IRES. (A) Schematic diagram of the p27 RNAs used in the various competition
experiments. AUG denotes the initiator AUG codon. (B, i) Competition of RNAs for interaction with PTB. Competition experiments were carried
out with purified PTB4 (100 ng), 3*P-labeled RNA corresponding to probe IV of panel A (lane 1), and cold competitor RNAs (probe I [lanes 2
and 3], probe II [lanes 4 and 5], probe III [lanes 6 and 7], and probe IV [lanes 8 and 9]) in a 5-fold (lanes 2, 4, 6, and 8) or 50-fold (lanes 3, 5,
7, and 9) molar excess. (i) Binding of PTB to various regions of the p27 5'NTR. UV cross-linking experiments were performed with 10 ng (lanes
1, 3, 5, and 7) or 50 ng (lanes 2, 4, 6, and 8) of purified PTB4 and **P-labeled RNAs corresponding to probe I (lanes 1 and 2), probe II (lanes 3

and 4), probe III (lanes 5 and 6), and probe IV (lanes 7 and 8).

The region from nt —169 to —1 of the p27 IRES is required
for strong IRES activity in the p27 mRNA. To determine the
presence of cis-acting elements in the p27 IRES element, we
investigated the effect of deletions in the S'NTR of p27 mRNA
on translation in mammalian cells, using dicistronic mRNAs
containing different portions of the 5'NTR in the intercistronic
region (Fig. 3A). In these constructs, the translation of RLuc
from the first cistron is directed by ribosomal scanning, but
translation of FLuc is directed by the modified IRES elements
located in the intercistronic region. The 5'NTR of the p27
mRNA from nt —447 to —1, which was reported to contain a
fully active IRES element, enhanced the translation of FLuc by
23.5-fold (Fig. 3B, lane 1) compared with that of a negative-
control mRNA with an inverted sequence of the p27 mRNA
from nt —447 to —1 (RNA VIl in Fig. 3A; Fig. 3B, lane 7). All
mRNAs containing nt —169 to —1 of the p27 5'NTR showed

IRES activities similar to that of p27 mRNA (—447 to —1)
(Fig. 3B, compare lane 1 with lanes 2, 3, and 6), indicating that
nt —169 to —1 of the p27 5'NTR contains a functional IRES
element. The region from nt —169 to —1 of p27 IRES has a
high pyrimidine content and is particularly U rich. Curiously,
RNA TV (spanning nt —447 to —331) and RNA V (spanning nt
—331 to —169) also showed IRES activity, though to a lesser
degree than the main p27 IRES (—169 to —1) (Fig. 3B, com-
pare lanes 4 and 5 with lane 3). The physiological role of this
possibly redundant IRES element remains to be elucidated,
but the main p27 IRES element appears to span nt —169 to
—1, which is also the region that strongly binds PTB (see
above).

PTB enhances IRES-dependent translation of the p27
mRNA. PTB has been shown to function as an IRES trans-
acting factor (ITAF) for viral and cellular IRESs. Therefore,
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FIG. 3. The region between nucleotides —169 to —1 is required for efficient IRES function of the p27 mRNA. (A) Schematic diagram of the
dicistronic mRNAs used for monitoring the IRES activities of truncated p27 mRNAs. Various regions of the p27 5'NTR were inserted into the
intercistronic regions of dicistronic mMRNAs composed of the Renilla (RLuc) and firefly (FLuc) luciferase genes. Black arrowheads represent the
orientation of the RNA sequence. RNA VII contains the inverted p27 RNA sequence (nt —1 to —447) at the intercistronic region. (B) IRES
activities of various regions of the p27 S'NTR. 293T cells were transfected with plasmids expressing the dicistronic mnRNAs shown in panel A and
the control plasmid pCMV *SPORT-Bgal (Invitrogen). Forty-eight hours posttransfection, cells were harvested and firefly and Renilla luciferase
activities were measured. Firefly and Renilla luciferase activities were normalized with B-galactosidase activity to adjust the transfection efficiency.
Black and white bars depict firefly and Renilla luciferase activities, respectively. The relative ratios of firefly luciferase to Renilla luciferase
(FLuc/RLuc) are also depicted by numbers on the top of each bar. The ratio of the luciferase activities (FLuc/RLuc) in cells containing the

dicistronic mRNA (RNA VII in panel A) with an inverted p27 IRES (—

depicted in boxes below the graph.

we investigated whether PTB augments the IRES-dependent
translation of p27 mRNA in RRL, an in vitro translation sys-
tem. We generated the effector proteins PTB1, PTB4, and La
(as a control RNA-binding protein), through in vitro transcrip-
tion by T7 RNA polymerase and in vitro translation of each
mRNA in RRL. RRL containing the newly produced effector
proteins were mixed with RRL containing dicistronic reporter

1 to —447) is set to 1. The activities of firefly and Renilla luciferases are

mRNAs (Fig. 4A), and in vitro translation reactions were car-
ried out as described by Kim et al. (23). Addition of PTB1 (Fig.
4B, i, lane 2) and PTB4 (Fig. 4B, i, lane 3) augmented trans-
lation directed by the EMCV IRES, the activity of which is
known to be enhanced by PTB proteins (21). Similarly, addi-
tion of PTB1 (Fig. 4B, i, lanes 6 and 7) and PTB4 (Fig. 4B, i,
lanes 8 and 9) proteins into the in vitro translation mixtures
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FIG. 4. Effects of PTB1 and PTB4 on translation directed by the p27 IRES element. (A) Schematic diagram of dicistronic mRNAs used in
monitoring IRES activities in vitro. Dicistronic mRNAs Rp27F, REF, and RHF contained the p27 IRES, EMCV IRES, and HCV IRES,
respectively. The dicistronic mRNAs were synthesized by T7 RNA polymerase in the presence of 7methyl-GpppG for addition of cap structures
at the 5’ ends. (B, i) Translation reactions were carried out as described in Materials and Methods. Various amounts of PTB1, PTB4, and La (a
control RNA-binding protein) were generated by in vitro translation of effector mRNAs encoding PTB1, PTB4, and La, respectively. Dicistronic
mRNAs were preincubated with RRL containing the effector proteins, and then translation reactions were carried out by addition of fresh RRL
and amino acids. After translation, firefly and Renilla luciferase activities were measured, and the relative IRES activities were calculated. The
value obtained by the addition of effector nRNA-free RRL was set to 1 for each mRNA (bars 1, 5, and 11). The numbers in parentheses indicate
the volume (in microliters) of effector-containing RRL added. (ii) The amounts of effector proteins newly synthesized in RRL were monitored by
labeling newly synthesized proteins with [>*S]Met. The labeled proteins were analyzed by SDS-12% PAGE.
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increased the IRES activity of the p27 mRNA in a dose-
dependent manner (Fig. 4B, i, lanes 6 to 9). Interestingly,
PTB4 has higher translational enhancing activity than PTB1 on
the p27 IRES (compare lanes 8 and 9 with lanes 6 and 7 in Fig.
4B, i, respectively). This effect was obvious considering the
translational efficiencies of PTB1 and PTB4 in RRL. The
amount of PTB1 was larger than that of PTB4 (compare lanes
4 and 5 with lanes 2 and 3 in Fig. 4B, ii, respectively). The
PTB-induced enhancement of the p27 IRES was greater in
magnitude than the effect of PTB on the EMCV IRES. In
contrast, addition of RRL containing newly synthesized La did
not affect the IRES activities of the p27 and EMCV mRNAs
(Fig. 4B, i, lanes 4 and 10). Note that the amount of La protein
was underrepresented by the autoradiograph shown in Fig. 4B,
ii, since the newly synthesized proteins were labeled by
[*>S]Met. La proteins and PTB isoforms contain 5 and 11
methionine residues, respectively. Translation directed by the
hepatitis C virus (HCV) IRES was not affected by the PTBs or
La proteins under these experimental conditions (Fig. 4B, i,
lanes 11 to 14). Together, these data strongly suggest that
PTB1 and PTB4 enhance IRES-dependent translation of the
p27 mRNA.

We also investigated the effect of PTB on p27 IRES-depen-
dent translation in mammalian cells through cotransfection of
reporter plasmids producing the dicistronic mRNAs R/p27/F
and R/HCV/F (Fig. 5A) and effector plasmids producing PTB1
or PTB4 fused with GFP. Overexpression of GFP-PTB1 or
GFP-PTB4 in 293T cells enhanced the IRES activity of the p27
mRNA by about twofold (Fig. 5B, i, lanes 2 and 3), whereas the
IRES activity of the HCV mRNA was not affected under the
same conditions (Fig. 5B, i, lanes 5 and 6). To exclude the
possibility that the increase of firefly luciferase activity by PTB
proteins can be attributed to an alteration of integrity and/or
stability of reporter mRNA, we monitored the dicistronic re-
porter mRNA R/p27/F by Northern blot analysis with a **P-
labeled probe corresponding to the firefly luciferase gene.
Overexpression of GFP-PTB1 and GFP-PTB4 had no signifi-
cant effect on the amount or integrity of the dicistronic mRNA.
(Fig. 5B, iii, compare lanes 3 and 4 with lane 2). No mRNA of
monocistronic mRNA size, which might be produced by a
putative cryptic promoter or cryptic splicing site, was detected.
Similar amounts of GFP, GFP-PTBI1, and GFP-PTB4 proteins
were expressed in the transfected cells, as detected by Western
blotting with a monoclonal anti-GFP antibody (Fig. 5B, ii).
Consistent with the results of an in vitro experiment (Fig. 4B,
i, compare lanes 6 and 7 with lanes 8 and 9), PTB4 showed a
slightly higher translational enhancement of the p27 IRES
than did PTB1 (Fig. 5B, i, compare lane 2 with lane 3). Next,
the effects of other well-known ITAFs (NSAP1, La, hnRNP
Cl1, and PCBP1) on the p27 IRES function were investigated
through cotransfection of dicistronic reporter plasmid pR/
p27/F and effector plasmids producing GFP-fused ITAFs (Fig.
5C). Only PTB1 and PTB4 showed significant effects on p27
IRES activity (Fig. 5C, i), even though the various effector
proteins were expressed at acceptable levels in the transfected
cells (Fig. 5C, ii). Taken together, these results indicate that
PTB proteins specifically enhance IRES-dependent translation
of the p27 mRNA in vitro and in vivo.

Knockdown of PTB by siRNAs inhibits IRES-dependent
translation of the p27 mRNA. We further analyzed the effect of
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PTBs on p27 IRES activity by reducing cellular PTB protein
levels with PTB-specific siRNAs. We established HeLa cell
clones constitutively expressing two siRNAs, siPTB; and
siPTBy;, which corresponded to nt 730 to 748 and 802 to 820 of
PTB, respectively. These regions are present in PTB isoforms
PTB1, PTB2, and PTB4 (Fig. 6A and B). To exclude observa-
tional bias resulting from the use of a single clone, we pooled
hygromycin-resistant cell colonies and used the combined
pools for our analyses. Cells expressing siPTB; and siPTB;
showed dramatically reduced PTB levels compared with those
of cell clones containing the negative-control plasmid (Fig. 6C,
panel PTB). Interestingly, siPTB;; showed a stronger knock-
down effect than did siPTB,, as shown by levels of PTB protein
(Fig. 6C, panel PTB; compare lanes control, siPTB;, and
siPTB;;) and mRNA (Fig. 6D, panel PTB mRNA; compare
lanes control, siPTB,, and siPTBy;). Consistent with the trans-
lational activation effect of PTB on the p27 IRES, p27 protein
levels decreased dose dependently as the PTB levels decreased
due to siRNA knockdown (Fig. 6C, panel p27; compare lanes
control, siPTBy, and siPTBy;). In contrast, the levels of other
proteins, such as two well-known ITAFs (HuR and La) and the
negative control (actin), were not affected by the presence of
the PTB-specific siRNA.

The effects of the PTB-specific siRNAs on the PTB and p27
mRNAs were monitored by Northern blot analysis (Fig. 6D).
As described previously, the levels of PTB mRNA were dras-
tically reduced by expression of the PTB-specific siRNAs (Fig.
6D, panel PTB mRNA). In contrast, the levels of p27 mRNA
and human ribosomal protein large-subunit 32 (hRPL32)
mRNA (negative control) were not affected by the siRNAs
(Fig. 6D, panels p27 mRNA and hRPL32 mRNA). The effects
of siRNA-induced PTB protein knockdown on p27 IRES ac-
tivity were further monitored via transfection of plasmid pR/
p27/F (encoding a dicistronic mRNA) (Fig. 3A and 6E, i) or an
in vitro-transcribed dicistronic mRNA (Fig. 4A and 6F). The
RNA transfection method was used to rule out the possibility
of a monocistronic mRNA being produced from a putative
cryptic promoter or cryptic splicing acceptor in the 5'NTR of
the p27 mRNA. Both the DNA (Fig. 6E, i) and RNA (Fig. 6F)
transfection experiments revealed that the reduction of PTB
protein levels by siRNAs decreased the IRES activity of the
p27 5S'NTR. Interestingly, cells expressing siPTB,;, which had a
stronger siRNA activity than cells expressing siPTB,, showed
weaker IRES activities toward the p27 5'NTR (Fig. 6E, i, and
F, compare the relative FLuc and RLuc activities in cells ex-
pressing siPTB; with those in cells expressing siPTBy;). The
amount and the integrity of the dicistronic reporter mRNA in
the cells containing siRNAs were monitored by Northern blot
analysis with a **P-labeled probe corresponding to the firefly
luciferase gene. PTB knockdown affected neither the amount
nor the integrity of reporter mRNAs (Fig. 6E, ii, compare
lanes 3 and 4 with lane 2). Together, these data indicate that
PTB regulates the expression of endogenous p27 at the trans-
lational level via an IRES element in the p27 5'NTR.

TPA-induced enhancement of p27 in HL60 cells correlates
with cellular PTB levels and the activity of the p27 IRES.
HL60 cells have been used to investigate the molecular mech-
anism of cellular differentiation. In the presence of TPA, HL60
cells cease proliferating and differentiate into monocytes. TPA
treatment of HL60 cells has also been associated with increases
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normalized with hPRL32 bands. The value of mRNAs from the cells expressing GFP was set to 1 (lane 2). (C) 293T cells were cotransfected with reporter
plasmid pR/p27/F and effector plasmids expressing GFP (lane GFP) and ITAFs fused with GFP. The identities of the various ITAFs are indicated below
the graph (i) and the gel (ii). Forty-eight hours posttransfection, the relative luciferase activities were determined. The ratio of firefly luciferase activity
to Renilla luciferase activity in cells transfected with effector GFP was set to 1 (i). (ii) Lysates were Western blotted with a polyclonal anti-GFP antibody.
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FIG. 5—Continued.

in p27 protein levels due to increased levels of polysomally
associated p27, suggesting that TPA treatment might increase
the translation of p27 mRNA (32). To confirm the transla-
tional regulation of p27 mRNA during the differentiation of
HL60 cells, we examined the newly synthesized p27 protein by
metabolic radiolabeling of HL60 cells for 60 min at various
times after TPA treatment (Fig. 7A, i). Newly synthesized p27
protein was observed by immunoprecipitation of *>S-labeled
proteins with an antibody against p27. The numbers indicate
the commencement time of metabolic labeling after TPA treat-
ment. The newly synthesized p27 protein dramatically in-
creased at 24 h after TPA treatment and reached maximum at
36 h after TPA treatment. Furthermore, we investigated the
IRES activity of the p27 mRNA by transfecting a dicistronic
mRNA Rp27F (Fig. 4A) into HL60 cells at various times after
TPA treatment (Fig. 7A, ii). The efficiency of translation
through the p27 IRES was compared to that occurring through
scanning, as measured by the relative activities of FLuc to
RLuc in cells 3 h posttransfection with the reporter RNA
Rp27F (Fig. 7A, ii). The results revealed that the IRES activity
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of the p27 mRNA gradually increased following TPA treat-
ment (Fig. 7A, ii, compare bars 6, 12, 24, and 36 with bar M),
with an unusually drastic increase of p27 IRES activity seen
24 h after TPA treatment. We also measured the levels of
endogenous p27 protein in the TPA-treated HL60 cells by
Western blotting. Consistent with the IRES activity of the p27
mRNA, p27 protein levels were drastically increased 24 h after
TPA treatment (Fig. 7B, panel p27; compare lane 24 with lanes
M, 1, 3, 5, 9, and 15). Curiously, however, the level of p27
protein 36 h after TPA treatment was not increased compared
with that 24 h after TPA treatment. In other words, the p27
protein level after 36 h of TPA treatment (Fig. 7B, panel p27)
underrepresents the rate of protein synthesis shown by the
immunoprecipitation of newly synthesized p27 protein (Fig.
7A, i) and by p27 IRES activity (Fig. 7A, ii). The discrepancy
may be attributed to the increased degradation rate of p27
protein after 36 h of TPA treatment through an unknown
mechanism. After TPA treatment, the levels of p27 mRNA
remained unchanged, as analyzed by Northern blot analysis
(Fig. 7C, panel p27 mRNA). Together, these data strongly
suggest that translation through the p27 IRES increases greatly
24 h after TPA treatment of HL60 cells.

To examine the molecular basis of p27 mRNA translational
activation, the protein levels of PTB were next examined by
Western blotting. PTB protein levels (Fig. 7B, panel PTB)
correlate well with the levels of newly synthesized p27 protein
(Fig. 7A, i), indicating that TPA-induced increases in p27 pro-
tein levels occur, at least in part, through PTB-induced activa-
tion of the p27 IRES element. Curiously, the mRNA levels of
both PTB and hRPL32 (control) were unchanged after TPA
treatment of HL60 cells, as shown by the amounts of p27 and
PTB mRNAs relative to that of hRPL32 mRNA (Fig. 7C,
panels p27/hRPL32 and PTB/hRPL32), indicating that the
PTB levels are also posttranscriptionally regulated. A study of
the regulation of PTB gene expression is in progress. We also
measured the levels of HuR proteins in HL60 cells after TPA
treatment, since HuR was shown to repress the IRES activity
of the p27 mRNA (28). To our surprise, HuR levels increased
gradually following TPA treatment, reaching maximal levels 24
and 36 h after TPA treatment, when the IRES activity of p27
mRNA was also at its highest level (Fig. 7B, panel HuR). This
indicates that HuR is not a major factor regulating p27 IRES
activity during the TPA-induced differentiation of HL60 cells.
Consistent with a previous report describing the behavior of
cdc2, a crucial regulator of G,/M progression, during rapid
proliferation of HL60 cells before maturation (5), we found
that cdc2 fluctuated following TPA treatment (Fig. 7B, panel
cdc2). In contrast, the levels of La and actin (controls) were
unchanged following TPA treatment.

Finally, the physiological role of PTB in cell cycle regulation
(possibly occurring through modulation of p27 expression) was
monitored by cell cycle FACS analysis during TPA-induced
differentiation of HL60 cells (Fig. 7D) and siRNA-induced
knockdown of PTB (Fig. 7E). It has been demonstrated that
p27 plays a key role in maintaining the G, phase of the cell
cycle (48). Therefore, higher levels of p27 generated through
PTB-induced activation of the p27 IRES would likely result in
larger populations of cells in the G, and/or G, phase. As shown
in Fig. 7D, the G, cell population started to increase 24 h after
TPA treatment, concurrent with the putatively PTB-induced
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(lower panel). (B) The positions of the siRNA target sites (nt 730 to 748 and 802 to 820) on the PTB mRNAs (PTB1, PTB2, and PTB4) are
depicted by the short bars below the mRNA. AUG and UAG represent the initiation and termination codons of the PTB mRNA, respectively.
The open reading frames of PTB4, PTB2, and PTB1 are depicted by solid and broken bars. (C) Western blot analysis of HeLa cells expressing the
two siRNAs, siPTBy and siPTBy,. Stably transformed HeLa cells were generated by transfection of the control vector and vectors encoding siPTB;
and siPTBy;. Cells were harvested, and protein levels were analyzed by immunoblotting with anti-PTB, -p27, -HuR, -La, and -actin antibodies.
(D) Northern blot analysis of HeLa cells expressing siRNAs against PTB. Thirty micrograms of total RNA was resolved on a denaturing gel and
immobilized onto a nylon membrane. The filter was consecutively hybridized with *?P-labeled probes specific for the p27, PTB, and hRPL32
mRNAs. Radioactivities of the bands corresponding to p27 mRNAs were normalized to those corresponding to hRPL32 mRNAs. Numbers under
the panel p27/hRPL32 indicate the relative radioactivities of p27 bands normalized with hPRL32 bands. The value of mRNAs from the cells
containing control vector was set to 1. (E, i) The effects of siRNAs on p27 IRES activity monitored by transfection of DNA expressing a dicistronic
mRNA R/p27/F (as shown in Fig. 5A). Cells with or without siRNAs were transfected with plasmid pR/p27/F, and the IRES activity was measured
by firefly luciferase activity 48 h posttransfection. The DNA transfection efficiency was normalized in terms of Renilla luciferase activity directed
by the cap-dependent translation, and the ratios of firefly luciferase to Renilla luciferase activity were calculated. The value of siRNA-lacking
control cells was set to 1. (ii) Northern blot analysis of dicistronic mRNAs produced from HeLa cells expressing siRNAs against PTB. Three
micrograms of poly(A)* RNAs prepared from transfected cells was subjected to Northern blotting with a **P-labeled probe corresponding to the
firefly luciferase gene. The positions of 28S and 18S ribosomal RNAs are indicated by 28S and 18S, respectively. The hRPL32 blot was used as
an internal control of poly(A)* mRNAs. The arrow indicates the position of the reporter mRNA. Relative radioactivities of bands corresponding
to dicistronic reporter mRNA (R/p27/F) and hRPL32 mRNAs were calculated as described in the legend to Fig. 5B, iii. The value of mRNA from
cells containing vector was set to 1 (lane 2). (F) The effects of siRNAs on p27 IRES activity monitored by transfection of the Rp27F dicistronic
RNA (shown in Fig. 4A). Relative IRES activities were measured and calculated as described for panel Ei, except that cells were harvested 3 h
posttransfection.
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dramatic increase in p27 IRES activity (Fig. 7A and B). When
cells were further incubated with TPA, the population at G,
and/or G, reached as high as 80%. A reciprocal phenomenon
was observed when the PTB level was reduced by PTB-specific
siRNAs. Over 60% of control HeLa cells were in G, phase of
the cell cycle, whereas only about 40% of cells containing
PTB-specific siRNAs were in the G, phase of the cell cycle
(Fig. 7E, columns siPTB; and siPTBy;). This is most likely due
to a blockage of PTB expression, which leads to decreased
IRES activity of the p27 mRNA and consequently reduced p27
protein levels (Fig. 6C and E). Taken together, these data
suggest that PTB plays an important role in regulating cell
cycle progression by modulating the IRES activity of the p27
mRNA.

DISCUSSION

The p27 protein, a key regulator of cell cycle progression, is
regulated both transcriptionally and posttranscriptionally (17,
44). Two posttranscriptional steps, translation and protein deg-
radation, are mainly responsible for the oscillation of p27 lev-
els during cell cycle and the induction of p27 in growth-ar-
rested cells (1, 15, 32, 36, 38). According to recent reports,
increased protein synthesis (rather than proteolytic degrada-
tion) plays a major role in determining p27 levels during TPA-
induced differentiation of HL60 cells, HeLa cell growth arrest
at G, phase, and contact inhibition of human diploid fibro-
blasts (15, 28, 32).

It has been shown that an IRES element in the 5'NTR of
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and luciferase activities were measured 3 h posttransfection. The relative luciferase activity of untreated cells was set to 1. (B) Protein levels in
HL60 cells during differentiation. HL60 cells were harvested 1, 3, 5, 9, 15, 24, and 36 h after TPA treatment (30 nM) and then subjected to Western
blot analysis with anti-p27, -PTB, -HuR, -cdc2, -La, and -actin antibodies. (C) Northern blot analysis of p27, PTB, and hRPL32 mRNAs during
differentiation of HL60 cells. Cells were treated with TPA (30 nM) for 1, 3, 5, 9, 15, 24, and 36 h, and total RNAs were isolated. The RNAs (30
ug each) were resolved on a denaturing agarose gel, transferred to a nylon membrane, and hybridized with *?P-labeled probes for p27, PTB, and
hRPL32. Relative radioactivities of bands corresponding to p27 and PTB mRNAs were calculated as described in the legend to Fig. 6D. The
relative radioactivities of undifferentiated cells were set to 1. (D) Changes in cell phase population proportions during differentiation of HL60 cells.
HL60 cells were stained with propidium iodide before (lane M) and after treatment with TPA (30 nM) for the indicated times (6, 12, 24, 36, 48,
and 60 h) and then subjected to FACS analysis. The relative proportions of cells in the different phases (G2/M, S, and G,/G0) are depicted in the
graphs. (E) Effects of PTB-specific siRNAs on cell proliferation. The proportion of cell phases in control and siRNA-expressing cells was analyzed
and depicted as described for panel D.

p27 mRNA directs translation of the mRNA (28, 33). There-
fore, it is likely that the IRES activity of the p27 mRNA varies
in response to intracellular and extracellular changes that mod-
ulate the availability and/or activity of ITAFs. In this respect,

IRES-binding proteins, such as HuR, HuD, and hnRNP C1/
C2, which interact with the IRES element of the p27 mRNA
(28, 31), are possible candidates for regulation of the p27
IRES. In fact, HuR and the related HuD protein were shown
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to repress IRES-dependent translation of the p27 mRNA
through an interaction with a U-rich element in the IRES
element (28). However, no previous work has identified an
ITAF capable of stimulating the IRES element of the p27
mRNA.

Here, we show that PTB enhances p27 IRES activity
through an RNA-protein interaction. Several lines of evidence
indicate that PTB augments p27 IRES function. First, PTB
specifically interacts with the p27 IRES, as shown by UV cross-
linking of HeLa cell extracts with **P-labeled p27 IRES RNA
followed by immunoprecipitation with an anti-PTB antibody
(Fig. 1B), and further supported by UV cross-linking of puri-
fied PTB proteins with **P-labeled p27 IRES RNAs in the
presence or absence of various cold competitor RNAs (Fig.
2B). Second, addition of PTB to an in vitro translation reaction
mixture increased the activity of a reporter under the control of
the p27 IRES element. The effect of PTB on the p27 IRES was
higher than that on the EMCV IRES, a positive-control IRES
known to use PTB as an ITAF (Fig. 4B). Third, overexpression
of PTB increased the activity of a reporter under the control of
the p27 IRES element in an artificial dicistronic mRNA in vivo
(Fig. 5B). Fourth, siRNA-mediated knockdown of PTB levels
inhibited the IRES activity of p27, as shown by transfection of
DNA (Fig. 6E, i) and RNA (Fig. 6F) reporters. And fifth, the
level of p27 protein (which reflect the IRES activity of endog-
enous p27 mRNA) correlated well with the level of PTB pro-
tein during TPA-induced differentiation of HL60 cells (Fig. 7A
and B).

It is not clear how PTB enhances translation of the p27
mRNA, but we can speculate several modes of action. First, a
putative PTB-ribosome interaction may assist in binding or
guiding ribosomes to the IRES. Alternatively, PTB may con-
formationally change the IRES into a structure that is better
able to interact with the translational machinery, including the
40S ribosomal subunit. In support of this possibility, a previous
study suggested that the RNA chaperone activity of PTB may
favor rearrangement of the IRES structure to one that permits
translation initiation (34). Second, it is possible that PTB re-
cruits a canonical translation factor(s) through a putative pro-
tein-protein interaction. Third, PTB may activate IRES-depen-
dent translation through interactions with other ITAFs. In this
respect, it is noteworthy that many ITAFs are known to inter-
act with each other (22).

Cells undergoing differentiation exhibit extensive changes in
their patterns of gene expression and a profound reduction of
global protein synthesis, as indicated by the release of most
mRNAs from polysomes early during TPA-induced differen-
tiation of HL60 cells (27). However, protein expression is ac-
tivated in selective genes, as indicated by retention or even
migration of a subset of transcripts onto polysomes during
differentiation (27). The association of the p27 mRNA with
polysomes is enhanced by TPA treatment of HL60 cells (32).
Unexpectedly, the protein levels of HuR, which was shown to
repress the activity of the p27 IRES (28), gradually increased
following TPA treatment of HL60 cells, beginning at 3 h post-
treatment and reaching maximal levels at 36 h posttreatment,
when the p27 IRES activity was also maximal (Fig. 7A, ii, and
B). This result strongly suggests that the increased IRES ac-
tivity of the p27 mRNA is not associated with decreases in
HuR protein levels during TPA-induced differentiation of
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HL60 cells. Instead, the activation of the p27 IRES function
during differentiation is more likely due to the dramatic in-
crease in PTB protein levels noted 24 h after TPA treatment
(Fig. 7B, panel PTB). Interestingly PTB expression also seems
to be regulated at the posttranscriptional level, since the level
of PTB mRNA remained consistent during TPA-induced dif-
ferentiation of HL60 cells, as indicated by Northern blot anal-
ysis (Fig. 7C, panel PTB mRNA). However, the molecular
basis of posttranscriptional regulation of the PTB gene re-
mains to be elucidated.

A few lines of evidence suggest that PTB functions in dif-
ferentiation and cell cycle control. For instance, loss of Dro-
sophila PTB specifically affects spermatid differentiation of
Drosophila melanogaster (46), and PTB-like protein, a rat ho-
molog of PTB, was shown to modulate the differentiation of
PC12 cells into neuronal cells (16). However, this is the first
report suggesting that PTB plays a role in cell cycle arrest
during cellular differentiation. In this respect, it is noteworthy
that the knockdown of PTB by specific siRNAs reduced the
proportion of cells in G, phase relative to those in G,/M and
S phases (Fig. 7E). Conversely, TPA-induced differentiation of
HL60 cells, which causes induction of PTB protein, increased
the proportion of cells in G,/G, phase relative to those in the
G,/M and S phases (Fig. 7D). This result strongly suggests that
the arrest of cell proliferation during TPA-induced differenti-
ation of HL60 cells is most likely due at least in part to en-
hancement of p27 IRES activity via induction of PTB levels.
However, the function of PTB should be further investigated
to confirm its precise role during differentiation.

Some IRESs and ITAFs have been reported to regulate the
translation of cellular mRNAs that play critical roles in cell
cycle progression and differentiation. For example, the plate-
let-derived growth factor B (PDGF2/c-sis) mRNA contains an
IRES element that shows increased activity during megakaryo-
cytic differentiation of K562 cells (3). Sella et al. demonstrated
that differentiation-dependent activation of the PDGF2/c-sis
IRES correlated with binding of hnRNP C (47), and Koloteva-
Levine et al. showed that ApcS, a component of anaphase-
promoting complex/cyclosome (APC/C), inhibited the IRES
activity of the PDGF2/c-sis mRNA in a differentiation-depen-
dent manner (25). The IRES activity of the c-myc proto-onco-
gene, a key regulator of cell proliferation and apoptosis, is
regulated during differentiation of a transgenic mouse (9), and
HnRNP C was shown to enhance the activity of the c-myc
IRES in a cell cycle phase-dependent manner (23). Here, we
report that PTB enhances p27 IRES activity. Our data and
analysis suggest that IRESs and ITAFs play important roles in
fine-tuning the levels of pivotal regulatory proteins during cell
proliferation and differentiation. Therefore, this work and fu-
ture investigations into IRESs and ITAFs will increase our
understanding of the molecular basis of cell differentiation and
may contribute to the development of novel therapeutic strat-
egies against cancer.
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