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Cap-dependent translation is mediated by eIF4F, a protein complex composed of three subunits as follows:
eIF4E, which recognizes the mRNA 5’ cap structure; e[F4A, an RNA-helicase; and eIF4G, a scaffolding protein
that binds eIF4E, eIF4A, and the elF4E-kinase Mnk1 simultaneously. eIF4E is hypophosphorylated and
cap-dependent translation is reduced at mitosis. Here, we show that 4E-BP1, a suppressor of eIF4E function, is
also hypophosphorylated in mitosis, resulting in disruption of the eIFAF complex. Consequently, eIF4E is
sequestered from the eIF4G/Mnk1 complex. These results explain the specific inhibition of cap-dependent
translation in mitosis and also explain how eIF4E is rendered hypophosphorylated during mitosis.
Furthermore, eIF4E interaction with eIFAGII is strongly decreased coincident with hyperphosphorylation of
eIFAGIL Thus, inhibition of cap-dependent translation in mitosis results from a combination of
phosphorylation modifications leading to eIF4F complex disruption.
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All nuclear-encoded eukaryotic mRNAs are modified at
their 5’ end with a structure termed cap (m’GpppN, in
which N is any nucleotide; Shatkin 1976). The cap plays
a key role in facilitating ribosome binding to the mRNA
5’ end (Shatkin 1976). The function of the cap structure
is mediated by eIF4F, an eukaryotic initiation factor
complex composed of three subunits, eIF4E (the cap-
binding protein), eIF4A (an RNA helicase), and elF4G
(Gingras et al. 1999). The amino-terminal third of eI[F4G
interacts with eIF4E, whereas its carboxy-terminal two-
thirds contains binding sites for eIF4A and eIF3, an ini-
tiation factor complex associated with the 40S ribosomal
subunit (Hershey and Merrick 2000). Thus, eIF4G func-
tions to bridge the ribosome to the mRNA 5’ end by
virtue of its simultaneous interactions with elF3 and
elF4E. elF4A, in conjunction with the RNA-binding fac-
tor elF4B, is believed to facilitate ribosome binding by
unwinding the mRNA 5’ secondary structure, which is
inhibitory for ribosome binding (Pelletier and Sonenberg
1985). There are two functional homologs of elF4G in
mammals, termed elF4GI and eIF4GIIL. The elF4Gs share
46% identity, and exhibit similar biochemical activities
(Gradi et al. 1998).

elF4E is the least abundant of all initiation factors
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(Duncan et al. 1987), and is a major target for transla-
tional control. eIF4E is phosphorylated on Ser 209 (Flynn
and Proud 1995; Joshi et al. 1995). Phosphorylated eIlF4E
was reported to exhibit higher binding affinity for the cap
(Minich et al. 1994), and to exist preferentially in the
elF4F complex (Tuazon et al. 1990; Bu et al. 1993). The
physiological eIF4E kinase is Mnk1, a recently charac-
terized serine/threonine kinase, which is phosphorylated
and activated by Erk1, Erk2, and p38 MAP kinases both
in vitro and in vivo (Fukunaga and Hunter 1997,
Waskiewicz et al. 1997). Mnk1 does not bind directly to
elF4E. Instead, Mnkl is recruited to eIF4E through its
direct interaction with the carboxyl terminus of eIF4G
(Pyronnet et al. 1999; Waskiewicz et al. 1999). This re-
cruitment mode is thought to ensure that eIF4E is phos-
phorylated only as a part of the eI[F4F complex (Pyronnet
et al. 1999; Waskiewicz et al. 1999, as eIF4F rather than
elF4E alone is the functional entity that mediates the
effects of the cap during translation (Haghighat and
Sonenberg 1997).

Mammalian eIF4E activity is modulated by its revers-
ible association with a family of three related polypep-
tides termed 4E-binding proteins (4E-BPs or PHAS; Lin et
al. 1994, Pause et al. 1994). The eIF4E/4E-BPs interaction
is regulated by phosphorylation (Pause et al. 1994). Hy-
pophosphorylated 4E-BPs bind tightly to e[F4E, resulting
in inhibition of cap-dependent translation (Pause et al.
1994). The 4E-BPs do not inhibit eIF4E binding to the
cap, but instead block eIF4F assembly by competing with
elF4Gs for a common binding site on eIF4E (Haghighat et
al. 1995; Mader et al. 1995). Thus, 4E-BPs act as molecu-
lar mimics of e[F4G (Marcotrigiano et al. 1999).
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Although cap-dependent translation initiation is
thought to be the prevalent mode of ribosome binding to
mRNAs in eukaryotes, a growing list of viral and cellular
mRNASs exhibit an inherent ability to bypass the require-
ment for the cap structure and, hence, the requirement
for eIF4E. Ribosomes access these mRNAs by binding
directly to an internal ribosome entry site (IRES). IRESes
were first identified in picornavirus mRNAs, which do
not possess a 5’ cap structure (Jang et al. 1988; Pelletier
and Sonenberg 1988). During poliovirus infection,
eIF4Gl is cleaved by the virus-encoded protease 2A™RC,
rendering the eIF4F complex inactive for cap-dependent
ribosome binding, but retaining its activity in IRES-me-
diated translation (Etchison et al. 1982; Ohlmann et al.
1996). IRESes were discovered thereafter in cellular
mRNAs, and recently two IRESes have been shown to
function in a cell cycle-dependent manner (Cornelis et
al. 2000; Pyronnet et al. 2000).

The rate of protein synthesis varies throughout the
cell cycle (Fan and Penman 1970; for review, see Pyron-
net and Sonenberg 2001). When cells enter mitosis, cap-
dependent, but not IRES-mediated, translation initiation
is impaired (Bonneau and Sonenberg 1987). The switch
from cap- to IRES-dependent translation is thought to be
necessary for the translation of mRNAs whose protein
products are required at mitosis (Cornelis et al. 2000;
Pyronnet et al. 2000; Sachs 2000). However, little is
known about the molecular mechanisms that engender
such a switch. The interaction between eIF4E and the
cap structure is reduced in mitotic cells, which corre-
lates with a decrease in eIF4E phosphorylation (Bonneau
and Sonenberg 1987). However, the dephosphorylation of
elF4E at mitosis is rather surprising as Mnkl1, the physi-
ological kinase of eIF4E, is a direct target of MAP kinases
(MAPK), which are activated during mitosis (Tamemoto
et al. 1992). Furthermore, MAPKK induction is required
for the G,/M transition (Wright et al. 1999).

Here, we investigate the mechanism of the switch
from cap-dependent to IRES-mediated translation in mi-
tosis. We show that 4E-BP1 is hypophosphorylated, and
interacts strongly with eIF4E during mitosis. Conse-
quently, eIF4G together with its associated Mnk1 kinase
fail to assemble into eIF4F, thus providing an explana-
tion for the inhibition of cap-dependent translation, and
for eIF4E hypophosphorylation in spite of Mnkl1 activa-
tion. Furthermore, eIF4GII hyperphosphorylation during
mitosis coincides with a decrease in its binding to eIF4E.
Finally, hyperphosphorylation of the recently cloned nu-
cleocytoplasmic transporter of eIF4E (4E-T; Dostie et al.
2000a) correlates with a dramatic loss in its interaction
with eIF4E. This is consistent with the nuclear envelope
breakdown, and consequent lack of nucleocytoplasmic
transport during mitosis.

Results

Dephosphorylation of eIF4E during mitosis in spite
of Mnk1 activation

The phosphorylation status of eIF4E in HeLa cells ar-
rested at different phases of the cell cycle was first ana-

2084 GENES & DEVELOPMENT

lyzed. A cell extract was probed by Western blotting
with anti-eI[F4E phospho-specific antibody, or an anti-
elF4E antibody, which recognizes both forms of the pro-
tein. The specificity of the phospho-specific anti-eIF4E
antibody was verified by isoelectric focusing (Fig. 1A). As
reported previously (Bonneau and Sonenberg 1987),
elF4E is phosphorylated in interphase or G,/S-arrested
cells (Fig. 1B, lanes 1 and 2), but becomes hypophos-
phorylated during mitosis (Fig. 1B, lanes 3 and 4). eIF4E
dephosphorylation during mitosis is observed in cells
collected either by mitotic shake-off or following noco-
dazole treatment, and thus, is independent of the
method used to isolate mitotic cells. Also, phosphoryla-
tion of eIF4E increases following TPA treatment of
starved cells (Fig. 1B, cf. lanes 5 and 6), as shown previ-
ously (Wang et al. 1998).

Mnk1 phosphorylates eIF4E both in vitro and in vivo
(Waskiewicz et al. 1997, 1999; Pyronnet et al. 1999).
Therefore, Mnk1 activity was examined at different
phases of the cell cycle. Because endogenous Mnk1 can-
not be detected directly (Fukunaga and Hunter 1997),
HelLa cells were first transfected with Flag-Mnk1, and
arrested at various stages of the cell cycle. Cell extract
was analyzed by Western blotting with either anti-Mnk1
(Fig. 1C, top), or anti-Flag (Fig. 1C, bottom) antibody.
Mnk1 from mitotic cells migrated as a doublet with re-
duced mobility as compared with Mnkl1 from G,, G,/S,
or S cells (Fig. 1C). Decreased Mnk1 electrophoretic mo-
bility was shown previously to be caused by hyperphos-
phorylation and to correlate with increased kinase activ-
ity (Fukunaga and Hunter 1997). To show that Mnkl
activity is increased during mitosis, an in vitro immune
complex kinase assay was performed on wild-type or
mutant Mnkl1, using purified recombinant eIF4E as a
substrate. In spite of e[F4E dephosphorylation (Fig. 1B),
Mnkl immunoprecipitated from mitotic cells was hy-
perphosphorylated and more active than that of inter-
phase cells (Fig. 1D, cf. lanes 1 and 2). As positive and
negative controls, Flag-Mnk1-T344E (a constitutively
active mutant) and Flag-Mnk1-TAA (a kinase-dead T-
loop mutant) were used. Whereas the constitutively ac-
tive mutant, which was immunoprecipitated from either
unsynchronized or mitotic cells strongly phosphorylated
elF4E in vitro (Fig. 1D, lanes 3 and 4), the T-loop mutant
was inactive (Fig. 1D, lanes 5 and 6). These data indicate
that Mnkl is separated from its substrate e[F4E during
mitosis, and consequently, eIF4E is dephosphorylated in
spite of Mnk1 activation.

Decreased elF4F complex during mitosis

Mnk1 does not bind directly to eIF4E, but instead inter-
acts with elF4G (Pyronnet et al. 1999; Waskiewicz et al.
1999). Thus, a reasonable model to account for elF4E
dephosphorylation despite Mnk1 activation is that the
elF4F complex is not assembled at mitosis, and that con-
sequently, Mnk1 does not have access to eIF4E. As hy-
pophosphorylated 4E-BPs compete with elF4Gs for a
common binding site on eIF4E, and thereby prevent
elF4F complex assembly (Haghighat et al. 1995; Mader et
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mobility. Total extract from cells trans-
fected with Flag-Mnk1 and treated with
aphidicolin (G,/S), thymidine (S), noco-
dazole (M), or extract from starved cells
(Gy) was resolved by SDS-PAGE, and ana-
lyzed by Western blotting with anti-Mnk1
(top) or anti-Flag (bottom) antibody. (D)
Mnkl activation during mitosis. Extract
from interphase or mitotic (nocodazole-ar-
rested) HeLa cells transfected with Flag-
Mnk1 wild type or mutants was immuno-
precipitated with anti-Flag antibody. Im-
munoprecipitates were used for immune

autoradiography

complex kinase assay using [y->?P]JATP and recombinant mouse eIF4E as a substrate (as described in Materials and Methods). Samples
were resolved by SDS-PAGE, and revealed by autoradiography (bottom) or by Western blotting using the indicated antibodies (top,

middle).

al. 1995), we first asked whether 4E-BP1 phosphorylation
is decreased during mitosis. As shown in Figure 2A, 4E-
BP1 is hypophosphorylated at mitosis as compared with
interphase cells. The hyperphosphorylated & and 8 forms
are markedly reduced during mitosis, whereas the less
phosphorylated B and y forms increase in intensity (Fig.
2A, cf. lanes 1 and 2). Next, the interaction between
elF4E and 4E-BP1 was analyzed. Total HeLa extract from
interphase or mitotic cells was analyzed by Western
blotting with an anti-4E-BP1 antibody (Fig. 2B, top), or by
far-Western with *>P-HMK-eIF4E as a probe (Fig. 2B, bot-
tom). 4E-BP1 becomes hypophosphorylated (Fig. 2B, top,
cf. lanes 1 and 2), and its affinity to eIF4E is increased
during mitosis (Fig. 2B, bottom, cf. lanes 1 and 2). To
determine whether the amount of eIF4F complex is al-
tered by 4E-BP1 dephosphorylation, eIF4E from inter-
phase or mitotic cells was incubated with a m’GDP-
resin, and bound proteins were analyzed by Western
blotting for eIF4E, 4E-BP1, and eIF4GI. Although a
slightly smaller amount of eIF4E was retained on the cap
resin (Fig. 2C, top, cf. lanes 1 and 2), the interaction
between eIF4E and the hypophosphorylated forms of 4E-
BP1 was significantly increased during mitosis (Fig. 2C,
bottom, cf. lanes 1 and 2). In sharp contrast, the amount
of eIlF4GI in the coprecipitate was dramatically reduced
(Fig. 2C, cf. lanes 3 and 4, bound). The reduced associa-
tion of eIF4GI with eIF4E does not result from decreased

elF4G levels in cells arrested at mitosis as similar
amounts of eIF4GI from interphase and mitotic cells
were loaded on the cap column (Fig. 2C, cf. lanes 3 and 4,
input). Intriguingly, following the cap-column assay
with the mitotic extract, only a slightly higher amount
of eIF4GI was recovered in the flow-through (Fig. 2C, cf.
lanes 3 and 4, flow-through), although there was a dra-
matic reduction of eIF4GI binding to the cap resin. This
apparent difference is likely due to the fact that eIF4E is
the least abundant of all translation initiation factors in
HeLa cells (Duncan et al. 1987) and, therefore, only a
fraction of eIF4GI is bound to eIF4E. Consequently, most
of the eIF4GI protein is recovered in the flow-through
even in interphase cells when elF4E/eIF4GI interaction
is increased. Taken together, these data indicate that
elF4F complex formation is severely compromised dur-
ing mitosis.

To show that the absence of the eIF4F complex leads
to a decrease in the eIF4E/Mnkl complex, an extract
from interphase or mitotic HeLa cells cotransfected with
Flag-Mnk1 and HA—eIF4E was used in a coimmunopre-
cipitation assay. Whereas a similar amount of Flag-
Mnk1 was immunoprecipitated from interphase and mi-
totic cell extracts (Fig. 2D, top, cf. lanes 1 and 2), the
amount of HA-eIF4E coimmunoprecipitated with Flag—
Mnk1 was reduced in mitotic cells (Fig. 2D, bottom, cf.
lanes 1 and 2). Similar results were obtained in the re-
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Figure 2. Dephosphorylation and increased binding of 4E-BP1 to eIF4E in mitosis. (A) Hypophosphorylation of 4E-BP1. HeLa cell
extract from interphase (I) or nocodazole-arrested (M) cells was resolved by SDS-PAGE, and analyzed by Western blotting with
anti-actin (top), anti-eIF4E (middle), or anti 4E-BP1 (bottom). (B) Increased binding of 4E-BP1 to eIF4E. HeLa cell extract from
interphase (I) and nocodazole-treated (M) cells was resolved by SDS-PAGE and analyzed by Western blotting with anti-4E-BP1 (top) or
by far-Western with 3>P-HMK-eIF4E as a probe (bottom). (C) eIlF4F complex disruption. Extract from interphase (I) or nocodazole-
arrested (M) HeLa cells was incubated with an m”GDP resin. Input, flow-through, and bound material was resolved by SDS-PAGE and
analyzed by Western blotting with the indicated antibodies. (D) Decreased eIF4E/Mnk]1 interaction. Extracts from interphase (I} or
nocodazole-arrested (M) HeLa cells transfected with Flag-Mnk1 and HA-eIF4E was immunoprecipitated with anti-Flag antibody.

Immunoprecipitates were resolved by SDS-PAGE, and analyzed by Western blotting with anti-HA or anti-Flag antibody.

ciprocal experiment using HA-Mnkl and Flag—eIF4E
(data not shown). Thus, dephosphorylation of eIF4E dur-
ing mitosis can be explained by a reduced association
between eIF4E and Mnk1 as a consequence of eIF4F com-
plex disruption.

Hyperphosphorylation of eIF4GII during mitosis

elF4GI was reported not to be modified in mitotic cells
(Bonneau and Sonenberg 1987). Since this early report
was published, a second eIF4G species, eIF4GII, was dis-
covered (Gradi et al. 1998). Therefore, it was of interest
to determine whether eIF4GII is modified during mitosis
and whether its interaction with eIlF4E is changed. An
extract from interphase or mitotic HeLa cells was used
in immunoprecipitation experiments with anti-e[F4GII

2086 GENES & DEVELOPMENT

antibody, and immunoprecipitates were analyzed by
Western blotting using anti-e[F4GII antibody, and by far-
Western using 3*P-HMK-eIF4E as a probe. eIF4GII dis-
played reduced electrophoretic mobility during mitosis
as compared with eIF4GII from interphase cells (Fig. 3A,
cf. lanes 1 and 2). Importantly, eIF4E association with
the slower migrating form of eIF4GII was decreased as
determined by far-Western analysis (Fig. 3A, cf. lanes 3
and 4). To determine whether the reduced gel mobility of
elF4GII was due to phosphorylation, eIF4GII immuno-
precipitated from interphase and mitotic cells was phos-
phatase treated. Treatment increased the mobility of
elF4GII from both interphase and mitotic cells (Fig. 3B,
cf. lanes 1 and 2 with 3 and 4), indicating that eIF4GII is
a phosphoprotein, and that it is hyperphosphorylated
during mitosis. Together, these results suggest that
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phosphorylation of eIF4GII plays a role in the inhibition
of elF4F complex formation during mitosis.

elF4F integrity throughout the cell cycle

The experiments described above were performed by use
of interphase or mitotic cells. We wished to substantiate
these results by monitoring the eIF4E/4E-BP1 interac-
tion progressively throughout the cell cycle. To this end,
HeLa cells were arrested at the G;/S boundary by a
double thymidine block, released, and collected at differ-
ent times. A flow cytometry analysis was performed to
visualize DNA content, and total extract was analyzed
by Western blotting with different antibodies. Following
release from the second thymidine block, cells traversed
the S phase, then reached the G,/M peak after 8-10 h,
and entered G, thereafter (Fig. 4A). Western blotting
analysis shows that the amount of eIF4E and 4E-BP1
does not significantly change during the cell cycle, as
compared with actin, which was used as a loading con-
trol (Fig. 4B). However, 4E-BP1, which is phosphorylated
in S-phase (Fig. 4B, lanes 2-5), becomes hypophosphory-
lated during G,/M, as judged by the increase in the g and
v forms (Fig. 4B, lanes 6 and 7). Subsequently, 4E-BP1
becomes hyperphosphorylated upon G, entry, as as-
sessed by the increase in the £ and & forms (Fig. 4B, lanes
9-11). To examine the eIF4E/4E-BP1 interaction, cell ex-
tract was incubated with a cap resin, and bound proteins
were analyzed by Western blotting with the indicated
antibodies. Hypophosphorylated 4E-BP1 interacts more
strongly with eIF4E during G,/M (Fig. 4C, lanes 6 and 7),
and the hyperphosphorylation observed upon G, entry
correlates with decreased eIF4E binding (Fig. 4C, lanes
8-11). These results show that e[F4E/4E-BP1 interaction
is modulated throughout the cell cycle, as 4E-BP1, which
is hypophosphorylated during G,/M, becomes hyper-
phosphorylated upon G, entry.

The magnitude of 4E-BP1 dephosphorylation and con-
sequent eIF4E/4E-BP1 interaction is apparently lower in
G,/M-synchronized cells (Fig. 4) as compared with mi-
tosis-arrested cells (Fig. 2). One explanation for this ap-
parent discrepancy is that the population of cells col-

1 binding of eIF4GII to eIF4E in mitosis. (A) Slower
electrophoretic mobility of eIF4GIl and de-
creased binding to eIF4E. Total extract from in-
terphase (I) or nocodazole-arrested (M) HeLa cells
was resolved by SDS-PAGE and analyzed by
Western blotting with anti-eIF4GII antibody, or
by far-Western with an 3>P-HMK-eIF4E probe.
(B) Phosphatase treatment of eIF4GII. eIF4GII
immunoprecipitated from interphase (I) or noco-
dazole-arrested (M) HeLa cells was untreated,
treated with buffer alone, or with calf intestinal
acid phosphatase (CIAP) as described in Materi-
als and Methods. Immunoprecipitates resolved
by SDS-PAGE were analyzed by Western blotting
with anti-eIF4GII antibody.

lected 8-10 h following release is not exclusively com-
posed of mitotic cells, but also contains some G, cells.
To avoid the contamination with G, cells, a cap-resin
assay was performed on extracts from mitotic cells pre-
pared by the mitotic shake-off technique. Bound proteins
were analyzed by Western blotting with the indicated
antibodies. Whereas similar amounts of eIF4E were re-
tained on the cap-resin, the interaction between elF4E
and the hypophosphorylated forms of 4E-BP1 was
strongly enhanced in mitotic cells as compared with in-
terphase cells (Fig. 4D, bottom and middle, cf. lanes 1
and 2). In stark contrast, the amount of eIF4GI retained
on the cap-resin was dramatically reduced (Fig. 4D, top,
cf. lanes 1 and 2). Importantly, the inhibition of eIF4F
formation during mitosis correlated with a strong reduc-
tion in the rate of protein synthesis, as assessed by
[**SJmethionine incorporation into proteins (Fig. 4E).
These data show that eIF4F formation is compromised as
the cell traverses through mitosis and provide an expla-
nation for the reduction of protein synthesis that occurs
at the onset of mitosis.

Hyperphosphorylation of 4E-T during mitosis

4E-T, the eIF4E-binding protein, which mediates the
nuclear import of eIF4E, interacts with eIF4E through a
conserved elF4E-binding motif (Dostie et al. 2000a), and
thus, may potentially compete with eIF4Gs to interdict
elF4F complex formation. Therefore, we investigated the
possibility that 4E-T may contribute to the inhibition of
elF4F complex formation during mitosis. Interphase or
mitotic HeLa cell extracts were analyzed by Western
blotting with an anti-4E-T antibody, or by far-Western
with 3?P-HMK-eIF4E as a probe. As for eIF4GII (Fig.
3A,C), 4E-T displays reduced electrophoretic mobility
during mitosis (Fig. 5A, cf. lanes 1 and 2), and the slower
migrating form of 4E-T interacts only weakly with eIF4E
as determined by far-Western analysis (Fig. 5A, cf. lanes
3 and 4). Similar results were obtained using a cap col-
umn (data not shown).

To determine whether the reduced gel mobility of
4E-T is due to phosphorylation, 4E-T immunoprecipi-
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Figure 5. Hyperphosphorylation and decreased binding of 4E-T
to eIF4E in mitosis. (A) Slower electrophoretic mobility of 4E-T
and decreased binding to eIF4E. Total extract from interphase (I)
or nocodazole-arrested (M) HeLa cells was resolved by SDS-
PAGE, and analyzed by Western blotting with anti-4E-T anti-
body (lanes 1,2) or by far-Western with an **P-HMK—eIF4E
probe (lanes 3,4). (+) Cross-reacting polypeptide detected in
Western blotting, but not following immunoprecipitation. (B)
Phosphatase treatment of 4E-T. 4E-T immunoprecipitated from
interphase (I) or nocodazole-arrested (M) HeLa cells were un-
treated, treated with buffer alone, or with CIAP as described in
Materials and Methods. Immunoprecipitates were resolved by
SDS-PAGE, and analyzed by Western blotting with anti-4E-T
antibody.

tated from interphase or mitotic cells was phosphatase
treated. This treatment increased the electrophoretic
mobility of 4E-T from both interphase and mitotic cells
(Fig. 5B, cf. lanes 1-4 with lanes 5 and 6), indicating that
4E-T is a phosphoprotein, and that it is hyperphosphory-
lated during mitosis. Thus, hyperphosphorylation of
4E-T during mitosis prevents its association with eIF4E.
This excludes the possibility that 4E-T plays a role in
inhibition of elF4F complex formation in mitotic cells.

Translation inhibition during mitosis

Discussion

The inhibition of cap-dependent translation initiation
during G,/M creates the need for an alternate cap-inde-
pendent mechanism of translation for mRNAs encoding
unstable proteins, which are required at mitosis. One
such mechanism is the direct binding of ribosomes to
IRES elements. The mRNAs encoding ornithine decar-
boxylase (ODC; Pyronnet et al. 2000) and p58F*TSERE (3
cdk-like protein; Cornelis et al. 2000) proteins, which
have important mitotic functions, translate by an IRES-
mediated process at mitosis. In addition, two different
viral IRESes also function in mitosis, those of poliovirus
(Bonneau and Sonenberg 1987) and hepatitis C virus
(HCV; Honda et al. 2000). It is then likely that IRES-
mediated translation initiation is a general mechanism
utilized by the cell to bypass the suppression of cap-
dependent translation initiation during mitosis.

Why is there a need for inhibition of cap-dependent
translation at mitosis? An intriguing hypothesis is that
cap-dependent translation is blocked to avoid translation
of capped, yet unspliced, mRNAs that are restricted to
the nucleus in the interphase cell, but disperse through-
out the cytoplasm as the nuclear envelope breaks down
at mitosis (Pinol-Roma and Dreyfuss 1991). Translation
of unspliced mRNAs would potentially lead to the accu-
mulation of aberrant proteins, which could act in a
dominant-negative manner to inhibit protein function. It
could be argued that IRES-containing mRNAs should
also be affected. However, in the ODC and p58FTTSERE
mRNAs, the IRESes span three exons (exons 1-3 for
ODC, and exons 8-10 for p58"'"S'RE) and, therefore,
unspliced pre-mRNAs would not possess functional
IRESes. This ensures that ODC and p58°'TSIRE JRESes
would function only in the mature mRNAs, but not in
the unspliced pre-mRNAs. Thus, one might anticipate
that other IRESes will be discovered in mRNAs encoding
proteins that need to be expressed at mitosis, and that
these IRESes will span several exons in the spliced
mRNA.

The results presented in this study explain how cap-
dependent translation initiation is blocked at mitosis.
However, the mechanism responsible for the switch
from cap- to IRES-mediated initiation at G,/M remains
to be addressed. One possibility is that cap-dependent
translation and IRES-mediated translation compete with
each other, and the inhibition of cap-dependent transla-
tion frees initiation factors for IRES-containing mRNAs.
Another interesting possibility is that IRES-containing

Figure 4. cIF4E/4E-BP1 expression and interaction throughout the cell cycle. (A) Flow cytometry analysis of HeLa cells following

release from a double thymidine block. (x axis) Fluorescence intensity; (y axis) cell number. (B) Expression of e[F4E and 4E-BP1 through
the cell cycle. HeLa extract from interphase cells (lane 1), cells arrested at G,/S by double-thymidine block (lane 2), and from cells
released from a double thymidine block (lanes 3-11) was resolved by SDS-PAGE and analyzed by Western blotting with the indicated
antibodies. (C) eIF4E/4E-BP1 interaction through the cell cycle. The extract described in B was incubated with m”’GDP resin. Bound
proteins were resolved by SDS-PAGE and analyzed by Western blotting with the indicated antibodies. (D) eIF4F complex disruption
in mitosis. HeLa extract from interphase cells (lane 1) or from cells collected by mitotic shake-off (lane 2) was incubated with m’GDP
resin. Bound proteins were resolved by SDS-PAGE, and analyzed by Western blotting with the indicated antibodies. (E) Protein
synthesis in mitotic versus interphase cells. [**S]methionine incorporated into TCA precipitable material was measured and expressed
in arbitrary units. Values represent the average of two separate experiments.
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mRNAs are specifically targeted to the ribosome by as
yet uncharacterized proteins during mitosis. As shown
here, the elF4G-associated Mnk1 kinase is active during
mitosis, whereas its eIF4E substrate is underphosphory-
lated, owing to inhibition of eIF4F assembly. Thus, a
mitotic substrate(s) for Mnk1 remain(s) to be identified,
and it would be of interest to determine whether such
substrate(s) play(s) a role in IRES-mediated translation.
Proteins that bind cellular IRESes, such as hnRNPC
(Sella et al. 1999) are good candidates. hnRNPC is a
nuclear protein, but is released into the cytoplasm dur-
ing mitosis upon nuclear envelope breakdown (Pinol-
Roma and Dreyfuss 1991). hnRNPC is also specifically
phosphorylated in mitosis by an as yet unidentified ki-
nase (Pinol-Roma and Dreyfuss 1993).

Although eIF4GI was reported not to be modified (Bon-
neau and Sonenberg 1987), we show that elF4GII is hy-
perphosphorylated in mitotic cells, suggesting that spe-
cific signals target eI[F4GII in mitosis. Differential regu-
lation of eIF4GI and eIF4GII is supported by the
observation that the phosphorylation sites mapped in
the carboxy-terminal two-thirds of the eIF4GI sequence
are not phosphorylated in eIF4GII (Raught et al. 2000).
Treatment with various kinase inhibitors does not ap-
pear to affect the binding of eIF4GI partners including
elF4E, elF4A, and Mnk1 (Raught et al. 2000). It would
therefore be of interest to identify the eIF4GII mitosis-
specific phosphorylation sites, and to determine whether
phosphorylation impairs elF4GII interaction with its
other binding partners. That these sites could be phos-
phorylated by Mnkl during mitosis, is an interesting
possibility. eIF4GII is less abundant than eIF4GI in the
cell (about three times less; Svitkin et al. 1999). There-
fore, it is possible that elF4GII hyperphosphorylation
does not serve primarily to block cap-dependent transla-
tion. Instead, hyperphosphorylation might serve to fa-
cilitate e[F4GII interaction with other proteins, which
could compete with eIF4E for a common binding site on
elF4GII, and enhance its activity in IRES-mediated trans-
lation. If so, it would also be important to search for
these proteins and to examine their function in IRES-
mediated translation.

The mechanism and effectors of 4E-BP1 dephosphory-
lation in mitosis remain to be elucidated. One obvious
candidate is the protein phosphatase 2A (PP2A). PP2A is
required for the progress through mitosis (Mayer-Jaekel
et al. 1993), and is able to dephosphorylate 4E-BP1 both
in vitro and in vivo (Peterson et al. 1999). Primate lenti-
viruses arrest cells at the G,/M transition (Goh et al.
1998) and lentivirus mRNAs contain IRESes (Ohlmann
et al. 2000; Buck et al. 2001). Thus, viral protein synthe-
sis could be enhanced in G,/M-arrested cells by PP2A-
dependent dephosphorylation of 4E-BP1, and consequent
inhibition of cap-dependent, but stimulation of IRES-
mediated translation.

4E-T hyperphosphorylation and consequent reduced
binding to eIF4E is consistent with the lack of nucleo-
cytoplasmic transport during mitosis. However, the bio-
logical significance of this modification is not clear. Al-
though the nuclear function of eIF4E is unknown, eIF4E
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colocalizes with splicing factors in speckles (Dostie et al.
2000b), suggesting that it could be involved in mRNA
processing or even nuclear translation during interphase.
4E-T continuously shuttles between the nucleus and the
cytoplasm, but it mainly localizes to the cytoplasm and
does not colocalize with eIF4E in the nuclear speckles
(Dostie et al 2000a). However, similar to splicing factors
(Pinol-Roma and Dreyfuss 1991), eIF4E and nuclear
speckles disassemble and reform as cells progress
through mitosis (J. Dostie, unpubl.; Spector et al. 1991).
Furthermore, overexpression of wild-type 4E-T, but not
that of a mutant defective in eIF4E binding, strongly in-
hibits translation from a reporter construct (J. Dostie,
unpubl.). Thus, the loss of interaction between 4E-T and
elF4E during mitosis might serve as a mechanism to pre-
vent mislocalization of 4E-T following nuclear envelope
assembly, and/or to allow a rapid and efficient resump-
tion of protein synthesis upon G, entry.

In summary, phosphorylation modifications occur on
different partners of eIF4E, including 4E-BP1, elF4GII,
and 4E-T, in a cell cycle-dependent manner. The hypo-
phosphorylation of 4E-BP1 blocks eIF4E activity, and
provides a mechanism to explain the inhibition of cap-
dependent translation in mitosis.

Materials and methods

Antibodies

Antibodies against eIF4GI carboxy-terminal (Imataka and
Sonenberg 1997), eIF4GII (Gradi et al. 1998), 4E-T (Dostie et al.
2000a), eIF4E (Frederickson et al. 1991), 4E-BP1 (Gingras et al.
1996), and Mnk!1 (Fukunaga and Hunter 1997) were described
previously. Anti-phospho-€eIF4E was generated in collaboration
with New England Biolabs. Monoclonal antibodies against ac-
tin, Flag, and HA were purchased from Transduction Laborato-
ries, Kodak, and BAbCO, respectively. Peroxidase-coupled anti-
mouse and anti-rabbit IgG were purchased from Amersham.

Cell culture, cell extracts, immunoprecipitation,
and Western blotting

HelLa cells were plated in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% FBS (complete DMEM). At
[70% confluency, the cells were washed twice in PBS, scraped,
and pelleted by slow centrifugation. Cell pellets were resus-
pended in either buffer A (50 mM Tris-HCI at pH 7.4, 50 mM
KCl, 1 mM EDTA, 0.5% NP-40, and protease inhibitors; Com-
plete, Boehringer Mannheim), or in buffer B (50 mM Tris-HCI at
pH 7.4, 100 mM NaCl, 1% Triton X-100, ] mM EDTA, 1 mM
DTT, protease inhibitors; Complete), and incubated 30 min at
4°C. Cell debris was removed by centrifugation at 10,000g for 10
min at 4°C, and protein concentration was determined using a
Bio-Rad assay. Polypeptides were resolved by SDS-PAGE, and
transferred onto a nitrocellulose membrane. Membranes were
blocked for 16 h at 4°C with 5% skim milk in PBS containing
0.2% Tween 20 (PBST). Primary antibodies were incubated for 2
h at room temperature followed by four 15-min washes in PBST.
Membranes were incubated with peroxidase-coupled secondary
antibodies for 30 min at room temperature, and washed four
times for 15 min in PBST. Detection of peroxidase-coupled sec-
ondary antibodies was performed with Enhanced-ECL (Amer-
sham Corp.). For drug treatment, cells were incubated in the



presence of 5 pg/mL aphidicolin (Sigma) or 1 uM nocodazole
(Sigma) for 24 h at 37°C.

Far-Western analysis

Far-Western experiments were performed as described previ-
ously (Pause et al. 1994) using purified mouse Flag-HMK-eIF4E
fusion protein (2.5 ng), which was 32P-labeled with heart muscle
kinase (Sigma).

Analysis of eIFAE phosphorylation by isoelectric focusing

Cell extract was subjected to isoelectric focusing (IEF) with a pH
range of 5-7, in the presence of 9 M urea, 50 mM dithiothreitol,
and 2% CHAPS (Fluka). Proteins were resolved at 5 mA/gel for
16 h, with 0.01 M glutamic acid at the catode and 0.02 M NaOH
at the anode. Proteins were transferred onto a nitrocellulose
membrane and subjected to Western blotting.

Cell synchronization by double thymidine block
and metabolic labeling

HeLa cells were plated at 30% confluency in complete DMEM
as indicated above. Upon attachment, cells were incubated with
2 mM thymidine (Sigma) in complete DMEM for 15 h, following
which the cells were washed three times with DMEM, and in-
cubated in complete DMEM for 9 h. The cells were then incu-
bated a second time with 2 mM thymidine in complete DMEM
for 15 h, washed three times with DMEM, and collected at the
indicated times. Amino acid incorporation rates were deter-
mined as described by Fan and Penman (1970).

Flow cytometry

Cells (50,000) were trypsinized, collected by centrifugation, and
washed twice with cold PBS. Cells were fixed in 50% methanol/
PBS for at least 1 h at 4°C, pelleted by slow centrifugation, and
incubated with DNA staining solution (10mM Tris-HCI at pH
7.0, 5 mM MgCl,, 50 pg/mL propidium iodide, and 30 pg/mL
RNAse A) for 2 h at 37°C. Approximately 10,000 cells from each
sample were analyzed, and DNA content was determined using
the LYSIS II computer program (Becton Dickinson).

m’GDP-agarose binding

Cells were collected by scraping, washed three times with cold
PBS and pelleted by centrifugation. Cell pellets were resus-
pended in buffer A and incubated for 30 min at 4°C. Cell debris
was removed by centrifugation at 10,000g for 10 min at 4°C, and
protein concentration was determined using a Bio-Rad assay.
Extract (650 ng) was incubated with 25 pL of m’GDP-agarose
resin (Edery et al. 1988) for 4 h at 4°C. The resin was washed
three times with 1 mL of buffer A, boiled for 6 min in Laemmli
buffer, and proteins were resolved by SDS-PAGE.

Phosphatase treatment

Following immunoprecipitation, immune complexes were in-
cubated with calf intestine acid phosphatase (CIAP, New En-
gland Biolabs) for 30 min at 30°C. Reactions were stopped by the
addition of Laemmli sample buffer, and proteins were resolved
by SDS-PAGE and processed for Western blotting.

In vitro immune complex kinase assay

Following transfection with Flag-Mnk1 wild type or mutants,
unsynchronized or mitotic cells collected by shake-off were
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lysed in buffer B (supplemented with 50 mM B-glycero phos-
phate, 100 uM sodium vanadate, and 10 mM NaF). Equal
amounts of Flag-tagged proteins were immunoprecipitated with
anti-Flag agarose-conjugated antibodies (Sigma) for 2 h at 4°C.
Immune complexes were then washed three times in buffer B as
above, three times in Erkl kinase assay buffer (Promega), and
assayed for kinase activity by incubating with 1 pg of recombi-
nant eIF4E and 5 nCi of [y**P]ATP in 30 pL of Erk1 kinase assay
buffer for 20 min at 30°C. Reactions were terminated by the
addition of Laemmli sample buffer, and proteins were analyzed
by SDS-PAGE and autoradiography.
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