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Mammalian mRNAs lose and acquire proteins throughout their life span while undergoing processing, transport,
translation, and decay. How translation affects messenger RNA (mRNA)–protein interactions is largely unknown.
The pioneer round of translation uses newly synthesized mRNA that is bound by cap-binding protein 80 (CBP80)–
CBP20 (also known as the cap-binding complex [CBC]) at the cap, poly(A)-binding protein N1 (PABPN1) and
PABPC1 at the poly(A) tail, and, provided biogenesis involves pre-mRNA splicing, exon junction complexes (EJCs)
at exon–exon junctions. Subsequent rounds of translation engage mRNA that is bound by eukaryotic translation
initiation factor 4E (eIF4E) at the cap and PABPC1 at the poly(A) tail, but that lacks detectable EJCs and PABPN1.
Using the level of intracellular iron to regulate the translation of specific mRNAs, we show that translation
promotes not only removal of EJC constituents, including the eIF4AIII anchor, but also replacement of PABPN1
by PABPC1. Remarkably, translation does not affect replacement of CBC by eIF4E. Instead, replacement of CBC
by eIF4E is promoted by importin b (IMPb): Inhibiting the binding of IMPb to the complex of CBC–IMPa at an
mRNA cap using the IMPa IBB (IMPb-binding) domain or a RAN variant increases the amount of CBC-bound
mRNA and decreases the amount of eIF4E-bound mRNA. Our studies uncover a previously unappreciated role for
IMPb and a novel paradigm for how newly synthesized messenger ribonucleoproteins (mRNPs) are matured.
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In mammalian cells, two different messenger ribonucleo-
proteins (mRNPs) serve as templates for protein synthe-
sis, each for distinct purposes. Newly synthesized mRNP
initially undergoes a pioneer round of translation that
generally ensures the quality of gene expression. In par-
ticular, nonsense-mediated mRNA decay (NMD), which
largely functions as a quality control mechanism by
eliminating messenger RNAs (mRNAs) that prematurely
terminate translation, occurs as a consequence of non-
sense codon recognition during a pioneer round of trans-
lation (for recent reviews, see Chang et al. 2007; Isken and
Maquat 2007; Mühlemann et al. 2008; Shyu et al. 2008;
Silva and Romão 2009). In contrast, subsequent steady-
state rounds of translation do not detectably support
NMD, but instead provide for the bulk of cellular protein
synthesis (Lejeune et al. 2002; Chiu et al. 2004; Matsuda
et al. 2007; Woeller et al. 2008). Accordingly, steady-state
rounds of translation are often targeted by mechanisms
that conditionally regulate gene expression in response to

changes in physiological circumstances, as exemplified
by the inhibitory effects of cellular stress brought about
by prolonged hypoxia or serum starvation (e.g., see Flynn
and Proud 1995; Raught et al. 2000; Gingras et al. 2001;
Koritzinsky et al. 2006; Oh et al. 2007a,b; Sonenberg 2008
and references therein).

Pioneer translation initiation complexes are physically
distinct from steady-state translation initiation com-
plexes. One distinguishing feature is the cap-binding pro-
teins (CBPs). Whereas pioneer translation initiation com-
plexes are associated with the CBP heterodimer CBP80–
CBP20, which is also called the cap-binding complex
(CBC), steady-state translation initiation complexes are
bound at their caps by eukaryotic translation initiation
factor 4E (eIF4E) (Ishigaki et al. 2001; Lejeune et al. 2002;
Hosoda et al. 2005; Sonenberg 2008). Additionally, pio-
neer translation initiation complexes, unlike steady-state
translation initiation complexes, contain the largely nu-
clear poly(A)-binding protein N1 (PABPN1); if they derived
from pre-mRNA splicing, then they would also consist of
exon junction complexes (EJCs) of proteins (Lejeune et al.
2002; Hosoda et al. 2006; Kashima et al. 2006). These
distinguishing features contribute to the specialized
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functions of each initiation complex. For example, the
preferential inactivation of steady-state translation initia-
tion relative to pioneer translation initiation during pro-
longed hypoxia or serum starvation is due to the activa-
tion of 4E-BP1 (Koritzinsky et al. 2006), which inhibits the
translation of eIF4E-bound mRNA but not CBC-bound
mRNA (Chiu et al. 2004; Matsuda et al. 2007; Woeller
et al. 2008), and to the redistribution of eIF4E to stress
granules (Oh et al. 2007a,b). In contrast, the pioneer round
of translation, as measured by the efficiency of NMD,
occurs during prolonged hypoxia or serum starvation,
presumably to permit the surveillance of newly synthe-
sized mRNAs that will later undergo steady-state rounds
of translation when stress is removed (Oh et al. 2007a,b).

Despite important differences, both translation com-
plexes share a number of factors that actively direct pro-
tein synthesis and include PABPC1, eIF2a, eIF3, eIF4G,
eukaryotic release factor 1 (eRF1), and eRF3 (McKendrick
et al. 2001; Chiu et al. 2004; Lejeune et al. 2004; Hosoda
et al. 2006; Kashima et al. 2006; Isken et al. 2008). Fur-
thermore, both complexes ultimately assemble into poly-
somes (Stephenson and Maquat 1996; Chiu et al. 2004;
Sato et al. 2008 and references therein). The finding that
CBC-bound mRNAs associate with smaller polysomes
than their eIF4E-bound counterparts suggests that the
replacement of CBC by eIF4E occurs on polysomes,
consistent with data indicating that CBC-bound mRNA
is exported to the cytoplasm (Visa et al. 1996; Chiu et al.
2004; Cheng et al. 2006), where all rounds of translation
are thought to occur (Sato et al. 2008). Moreover, the
NMD factors UPF2 and UPF3X, which are also EJC
constituents (Lykke-Andersen et al. 2000, 2001; Kim
et al. 2001; Lejeune et al. 2002; Chamieh et al. 2008), like
CBP80 and PABPN1, are associated in polysome profiles
with fewer ribosomes than either eIF4E or PABPC1 (Chiu
et al. 2004). Studies indicate that the Y14 EJC constituent
also cosediments in polysome profiles with fewer ribo-
somes than PABPC1 (Dostie and Dreyfuss 2002).

Little is known about how a pioneer translation initi-
ation complex is converted to a steady-state translation
initiation complex. One possible activator of mRNP re-
modeling could be the pioneer round of translation itself.
In fact, two lines of evidence suggest that the removal of
the EJC component Y14 from newly synthesized mRNP
involves translation (Dostie and Dreyfuss 2002). First,
mRNA generated by splicing in cell-free extracts coim-
munoprecipitates with Y14 after incubation in trans-
lationally active extracts, provided the 59-untranslated
region (UTR) harbors a hairpin structure that blocks trans-
lation. Second, spliced mRNA produced from a transiently
introduced intron-containing plasmid in HEK293T cells
coimmunoprecipitates with Y14 after purification from
cytoplasmic lysates, provided the 59-UTR harbors a hair-
pin structure that blocks translation. It is likely but not
proven that other EJC constituents are also removed by
translating ribosomes.

Here, we aim to determine how the process of trans-
lation affects remodeling of pioneer translation initiation
complexes to steady-state translation initiation com-
plexes. Results indicate that translation not only aug-

ments the removal of EJC constituents, including the EJC
anchor eIF4AIII, but also enhances the replacement of
PABPN1 by PABPC1. Remarkably, however, translation
does not promote the replacement of CBC by eIF4E.
Instead, we provide evidence that binding of the nuclear
transport receptor importin b (IMPb) to CBP80-bound
IMPa at the cap of newly synthesized mRNA promotes
the replacement of CBC by eIF4E. We demonstrate that
IMPa coimmunoprecipitates with the CBC-containing 59

end of newly synthesized mRNA in a way that is
augmented when the interaction of IMPa with IMPb is
inhibited. Furthermore, inhibiting the interaction of
IMPa with IMPb increases the coimmunoprecipitation
(co-IP) of CBP80 with mRNA and concomitantly de-
creases the co-IP of eIF4E with mRNA. We discuss the
significance of this previously unappreciated mechanism
of karyopherin-mediated mRNP remodeling.

Results

Translation promotes the removal of EJC constituents
UPF3X and eIF4AIII from newly synthesized mRNA
but does not promote the replacement of CBC by eIF4E

The translocation of newly synthesized mRNPs through
nuclear pore complexes involves many changes in pro-
tein:mRNA and protein:protein interactions. As a rule,
specific proteins either dissociate from or become asso-
ciated with mRNAs during the process of mRNA export
from the nucleus to the cytoplasm (e.g., see Tran et al.
2007 and references therein). Nevertheless, essentially
nothing is known about how the pioneer round of trans-
lation contributes to the remodeling of newly synthesized
mRNPs. To assess the role of translation in the replace-
ment and/or loss of particular mRNP proteins that
constitute the pioneer translation initiation complex,
we initially used human b-globin (Gl) mRNA, since infor-
mation is available on its association with a number of
established mRNP proteins (e.g., see Schaal and Maniatis
1999; Huang and Steitz 2001; Ishigaki et al. 2001; Lejeune
et al. 2002; Chiu et al. 2004; Sato et al. 2008).

We first aimed to determine if the replacement of CBC
by eIF4E during mRNP biogenesis in HeLa cells involves
translation. CBP80 and CBP20 associate with cap struc-
tures as a heterodimer rather than individually: CBP20, like
eIF4E, sandwiches the 7-methylguanine of the cap struc-
ture between two amino acid side chains (Marcotrigiano
et al. 1997; Matsuo et al. 1997; Niedzwiecka et al. 2002;
Tomoo et al. 2002), and its binding to an mRNA cap
requires CBP80 (Izaurralde et al. 1994; Mazza et al. 2001,
2002; Calero et al. 2002). HeLa cells were generated that
stably express pIRE-Gl Norm or pIRE-Gl Ter, each of
which encodes Gl mRNA harboring in its 59-UTR the
iron response element (IRE) that typifies the 59-UTR of
ferritin heavy chain (referred to here simply as ferritin)
mRNA (Fig. 1A; Gray and Hentze 1994; Thermann et al.
1998). pIRE-Gl Norm lacks a premature termination co-
don (PTC), whereas pIRE-Gl Ter harbors a PTC at posi-
tion 39 so as to encode mRNA that is targeted for NMD
(Gray and Hentze 1994; Thermann et al. 1998; Zhang
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et al. 1998). Iron regulatory proteins (IRPs) fail to bind the
IRE in the presence of intracellular iron, whereas IRPs
bind the IRE and block IRE-containing mRNA trans-
lation in the absence of intracellular iron by inhibiting
formation of the 43S preinitiation complex (Klausner
et al. 1993; Gray and Hentze 1994; Hentze and Kühn
1996; Muckenthaler et al. 1998). Since NMD targets
PTC-containing Gl mRNA and does not affect the level
of PTC-containing Gl pre-mRNA (Zhang et al. 1998),
stably transfected clonal cell lines that express an equal
amount of Gl Norm or Gl Ter pre-mRNA were chosen
for further use.

Cell lines were left untreated or were treated with
either 50 mM hemin, which is a source of iron and
therefore allows for the translation of IRE-Gl mRNA, or
50 mM deferoxamine mesylate (Df), which chelates iron
and consequently inhibits the translation of IRE-Gl
mRNA. Protein and RNA in total cell lysates were
analyzed by Western blotting and RT–PCR, respectively.
The level of cellular ferritin provided a measure of IRE
function. Ferritin was abundant in the presence of hemin
but essentially undetectable with Df treatment or no
treatment (Fig. 1B, where the level of PLCg1 controls for
variations in protein loading), as would be predicted since
hemin promotes ferritin mRNA translation, whereas Df
or no treatment inhibits ferritin mRNA translation. RT
coupled to either semiquantitative PCR (sqPCR) or real-
time quantitative PCR (qPCR) revealed that hemin also
promoted IRE-Gl NMD so that the level of IRE-Gl Ter
mRNA was reduced to ;17% of Norm, whereas Df or no
treatment inhibited IRE-Gl NMD so that the level of IRE-
Gl Ter mRNA was ;96%–97% of Norm (Fig. 1C,D,
where the level of endogenous SMG7 mRNA or b-actin
mRNA controlled for variations in RNA loading, respec-
tively). These results are consistent with an earlier report
that an IRP-mediated block in the translation of IRE-Gl
Ter mRNA abrogates NMD (Thermann et al. 1998).

To examine mRNP, lysates of HeLa cells that express
IRE-Gl Norm mRNA (hereafter called IRE-Gl mRNA)
were immunoprecipitated using (1) anti-CBP80, (2) anti-
eIF4E, or, to control for nonspecific IP, (3) normal rabbit
serum (NRS). Additionally, in proof-of-principle experi-
ments, lysates of cells that express IRE-Gl mRNA were
also immunoprecipitated using anti-UPF3X or anti-
eIF4AIII, each of which reacts with an EJC constituent.
In HeLa cells, as in other mammalian cells, the CBC
constituents CBP80 and CBP20 are largely nuclear pro-
teins, whereas eIF4E is largely cytoplasmic (e.g., see
Lejbkowicz et al. 1992; Wilson et al. 1999; McKendrick
et al. 2001), and, importantly, this intracellular distribu-
tion was comparable in hemin-treated and Df-treated
cells (Fig. 2, where p62 or PLCg1 control for, respectively,
nuclear contamination of the cytoplasmic fraction or
cytoplasmic contamination of the nuclear fraction).
UPF3X and eIF4AIII shuttle between the nucleus and
the cytoplasm according to heterokaryon assays (Lykke-
Andersen et al. 2000; Serin et al. 2001; Shibuya et al.
2004). Consistent with previous results using untreated
cells (Ferraiuolo et al. 2004; our unpublished data for
UPF3X), Western blotting demonstrated that both UPF3X

and eIF4AIII are readily detected in both nuclear and
cytoplasmic fractions (Fig. 2). Furthermore, the intracel-
lular distribution of each protein appeared to be un-
affected by hemin or Df treatment (Fig. 2).

Western blotting revealed that, as expected, anti-
UPF3X immunoprecipitated UPF3X and eIF4AIII but not
detectably PLCg1 (Fig. 3A). Also as expected, anti-eIF4AIII

Figure 1. Evidence that hemin promotes and Df inhibits the
translation of IRE-Gl mRNA. (A) Structures of IRE-Gl mRNA,
either lacking a PTC (Norm) or containing a PTC at position 39
(Ter). Horizontal lines represent Gl 59-UTRs and 39-UTRs, and
boxes represent each of the three Gl exons joined by splicing-
generated exon–exon junctions. (m7G) cap structure; (IRE) iron
response element; [AUG(0)] translation initiation codon; [Norm
Ter(147)] normal termination codon; [(A)n] poly(A) tail. Lysates
were generated from HeLa cells that stably express IRE-Gl
mRNA, either Norm or Ter. (B) Western blotting using anti-
ferritin (a-ferritin) or anti-PLCg1 in the absence (�) or presence
of hemin or Df. Serial dilutions of protein in the left four lanes
demonstrate that the Western blot analysis is semiquantitative.
(C) Using RT–sqPCR, the level of IRE-Gl mRNA, either Norm
or Ter, was normalized to the level of cellular SMG7 mRNA,
where the normalized level of IRE-Gl Norm mRNA in the
presence of either hemin or Df is defined as 100. Serial dilutions
of RNA in the left six lanes demonstrate that the RT–PCR
analysis is semiquantitative. (D) cDNA that was generated
using RT as in C was amplified using qPCR. The level of IRE-
Gl mRNA, either Norm or Ter, was normalized to the level of
b-actin mRNA. Normalized values were then calculated as
a percentage of the normalized value of IRE-Gl Norm mRNA
in the presence of either hemin or Df, which is defined as 100%.
Results derive from three independently performed experiments
and did not vary by more than the amounts shown.
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immunoprecipitated eIF4AIII and not detectably PLCg1
(our inability to detect UPF3X may reflect that only
a fraction of cellular eIF4AIII is present in EJCs, or that
anti-eIF4AIII physically precludes the co-IP of UPF3X)
(Fig. 3A). RT–sqPCR revealed an ;1.9-fold to ;1.8-fold
increase in the amount of IRE-Gl mRNA that was immu-
noprecipitated by, respectively, anti-UPF3X or anti-
eIF4AIII from Df-treated cells relative to hemin-treated
cells (Fig. 3B), which was confirmed using RT–qPCR (data
not shown). These results are consistent with data dem-
onstrating that translation promotes the removal of the
Y14 EJC constituent from mRNA (Dostie and Dreyfuss
2002). Considering that eIF4AIII forms the EJC anchor
(Ballut et al. 2005; Tange et al. 2005; Andersen et al. 2006;
Bono et al. 2006), these data also suggest that translation—
presumably the pioneer round of translation—promotes
the removal of the entire EJC from mRNA. Notably,
analyses of cytoplasmic lysates that, unlike total cell

lysates, contain a significant fraction of EJC-bound
mRNA that is accessible to the translational machinery
revealed a larger (;3.7-fold) increase in the amount of
EJC-bound IRE-Gl mRNA in Df-treated cells relative to
hemin-treated cells (Supplemental Fig. S1).

In contrast to IPs involving anti-UPF3X or anti-
eIF4AIII, IPs involving anti-CBP80 or anti-eIF4E (Fig.
3C) did not reveal a significant difference in the amount
of IRE-Gl mRNA that was immunoprecipitated from Df-
treated cells compared with hemin-treated cells, as mea-
sured using either RT–sqPCR (Fig. 3D) or RT–qPCR (data
not shown). Since a block in IRE-Gl mRNA translation
does not result in an accumulation of CBC-bound IRE-Gl
mRNA or a decrease in the amount of eIF4E-bound IRE-
Gl mRNA, it follows that the pioneer round of translation
is not required for the replacement of CBP80 by eIF4E at
the cap of IRE-Gl mRNA. Importantly, similar conclu-
sions can be drawn from studies of cellular ferritin
mRNA (Supplemental Fig. S2), which is the source of
the IRE in IRE-Gl mRNA. Notably, our ability to detect
eIF4E-bound mRNA in the absence of translation (i.e., in
Df-treated cells that, prior to treatment, were not trans-
lating IRE-containing mRNAs) (Supplemental Fig. S2)
provides additional evidence that translation is not re-
quired for the generation of eIF4E-bound mRNA from
CBC-bound mRNA.

It may be that a Df-mediated block in IRE-Gl mRNA
translation inhibits IRE-Gl mRNA export to the cyto-
plasm, given that a cycloheximide-mediated block in
translation was shown to slow the rate of mRNA export
to the cytoplasm (Muralidhar and Johnson 1988). How-
ever, cell fractionation studies revealed that Df treatment
had no appreciable effect on the relative levels of nuclear
and cytoplasmic IRE-Gl mRNA (Supplemental Fig. S3).

Translation promotes the replacement of PABPN1
by PABPC1 on newly synthesized mRNA

PABPN1 is a mostly nuclear protein that also copurifies
with the cytoplasm (Hosoda et al. 2006), and its cellular

Figure 2. Nuclear and cytoplasmic distributions of mRNP
proteins in HeLa cells. Western blot analysis using nuclear
and cytoplasmic HeLa cell fractions and the specified antibody
(a). The cellular distributions of p62, with which mAb414
primarily reacts, and PLCg1 demonstrate that the cytoplasmic
fraction is free of detectable nuclear contamination and vice
versa. Serial dilutions of protein in the left six lanes demonstrate
that the Western blot analysis is semiquantitative. Results are
derived from two independently performed experiments.

Figure 3. Translation decreases the co-IP of the
UPF3X and eIF4AIII EJC constituents with IRE-Gl
mRNA but does not affect the co-IP of CBP80 or
eIF4E with IRE-Gl mRNA. (A) Lysates from hemin-
treated or Df-treated HeLa cells that stably express
IRE-Gl Norm mRNA, referred to here as IRE-Gl
mRNA, were immunoprecipitated using the spec-
ified antibody (a) or, as a control for nonspecific IP,
NRS. (B) RT–sqPCR analysis of IRE-Gl mRNA and
SMG7 mRNA before or after the IP shown in A,
where the normalized level of IRE-Gl mRNA in the
presence of hemin is defined as 100. (C) Western
blotting before and after IP using NRS, anti-CBP80,
or anti-eIF4E. (D) As in B, except the samples from
the IP shown in C were used. Results are repre-
sentative of three independently performed exper-
iments.

Sato and Maquat

2540 GENES & DEVELOPMENT



distribution was not detectably influenced by hemin or
Df treatment (Fig. 2). PABPN1, which coimmunoprecipi-
tates with CBP80 (Ishigaki et al. 2001), begins associating
with newly synthesized transcripts prior to splicing and
remains associated with newly synthesized mRNA that
has undergone NMD and, thus, the pioneer round of
translation (Hosoda et al. 2006). PABPC1 is mostly cyto-
plasmic but also nuclear (Hosoda et al. 2006), and its
cellular distribution was not altered by hemin or Df treat-
ment (Fig. 2). Like PABPN1, PABPC1 coimmunoprecipi-
tates with CBP80 (Chiu et al. 2004) and begins associating
with newly synthesized transcripts prior to splicing
(Hosoda et al. 2006). Furthermore, PABPC1 appears to
activate pioneer rounds of translation similarly to how it
activates steady-state rounds of translation, since Paip2,
which inhibits the interaction of PABPC1 with poly(A),
inhibits NMD (Chiu et al. 2004).

To determine if translation influences the association
of either PABPN1 or PAPBC1 with mRNA, lysates of
HeLa cells expressing IRE-Gl mRNA were immunopre-
cipitated using (1) anti-PABPN1, (2) anti-PABPC1, or, to
control for nonspecific IP, (3) NRS. Western blotting
demonstrated the specificity of each IP (Fig. 4A). Remark-
ably, RT–sqPCR revealed an ;1.4-fold increase and an
;1.6-fold decrease in the amount of IRE-Gl mRNA that
was immunoprecipitated by, respectively, anti-PABPN1
and anti-PABPC1 in Df-treated cells compared with
hemin-treated cells (Fig. 4B; data not shown for RT–
qPCR). Similar results were obtained by assaying ferritin
mRNA (Supplemental Fig. S2). Furthermore, there was an
;2.5-fold increase in the amount of PABPN1-bound IRE-
Gl mRNA and an ;2.4-fold decrease in the amount of

PABPC1-bound IRE-Gl mRNA in cytoplasmic lysates
from Df-treated cells relative to cytoplasmic lysates from
hemin-treated cells (Supplemental Fig. S1). The larger
effects observed using cytoplasmic lysates compared with
total cell lysates (Fig. 4B) is consistent with the idea that
newly synthesized mRNA is susceptible to translation in
the cytoplasm but not the nucleus. We conclude that
translation augments the removal of PABPN1 and/or in-
creases the binding of PABPC1 to mRNA, which results
in the replacement of PABPN1 by PABPC1.

Evidence that IMPa associates with the 59 end of newly
synthesized mRNA via CBP80

Data indicate that CBC, which binds to newly synthe-
sized transcripts within nuclei, is a constituent of the
pioneer translation initiation complex that is replaced by
eIF4E in the cytoplasm. In vitro binding studies of CBC
and eIF4E to mono-, di-, and tetranucleotide 59-cap
analogs indicate that CBC binds to cap structures with
higher affinity than eIF4E (Worch et al. 2005). Therefore,
the replacement of CBC by eIF4E at an mRNA cap ap-
pears to involve transitioning from a more tightly bound
complex to a more loosely bound complex. If translation
does not promote the replacement of CBC by eIF4E, what
does?

IMPa is an adaptor protein that generally binds the
nuclear localization signal (NLS) of cytoplasmic cargo
that is destined for import into nuclei (for review, see
Cook et al. 2007; Goldfarb 2009). Görlich et al. (1996b)
found that IMPa in the nuclei of Xenopus laevis oocytes
and the Saccharomyces cerevisiae IMPa ortholog Srp1p,
which is largely nuclear, interact with CBC that is bound
to small nuclear RNA (snRNA) in a cap-dependent man-
ner. Unlike most IMPa–NLS complexes, the interaction
of IMPa with the bipartite NLS of CBP80 is remarkably
resistant to high salt concentrations and is not dissoci-
ated within nuclei (Lewis and Izaurralde 1997). IMPa was
shown to coimmunoprecipitate with U1DSm snRNA,
which has a monomethylated cap because it is mutated
so as to be retained within nuclei. Furthermore, IMPb

was demonstrated to dissociate Srp1p–CBC from an in
vitro synthesized cap structure (Görlich et al. 1996b) and,
thus, presumably but not certainly in vivo.

The direct binding of the karyopherin IMPb to IMPa in
the cytoplasm generally docks an IMPa–NLS complex at
the nuclear pore and mediates its import into nuclei, after
which the direct binding of nuclear RAN–GTP to IMPb

releases import substrate and IMPa into the nucleoplasm
(Cook et al. 2007). It follows that IMPb binding to IMPa–
CBC at the caps of pioneer translation initiation com-
plexes in the cytoplasm could mediate the dissociation of
CBC from newly exported mRNAs independently of trans-
lation, which could in turn augment the binding of eIF4E
to the resulting unoccupied 59 caps.

To begin to test this hypothesis, we assayed for the co-
IP of IMPa or, as a control for nonspecific IP, rabbit IgG
(rIgG) with IRE-Gl mRNA in hemin-treated or Df-treated
HeLa cells that stably express IRE-Gl mRNA. Western
blotting demonstrated the specificity of the anti-IMPa IP

Figure 4. Translation decreases the co-IP of PABPN1 and
increases the co-IP of PABPC1 with IRE-Gl mRNA. Lysates
from hemin-treated or Df-treated HeLa cells that stably express
IRE-Gl mRNA were immunoprecipitated using the specified
antibody (a). (A) Western blotting before (�) and after IP. (B) RT–
sqPCR analysis of RNA before and after IP. Results are repre-
sentative of three independently performed experiments.
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(Fig. 5A). RT–sqPCR revealed that, indeed, IRE-Gl mRNA
as well as SMG7 mRNA were immunoprecipitated using
anti-IMPa in a way that was unaffected by the intracel-
lular iron level (Fig. 5B). To determine if the IP of IRE-Gl
mRNA using anti-IMPa is due to IMPa binding to the
cap-containing mRNA 59 end, as our hypothesis would
predict, nuclear lysates, which are rich in newly synthe-
sized mRNA, were incubated with RNase H and an anti-
sense DNA oligonucleotide prior to IP using anti-IMPa or
rIgG. The antisense DNA oligonucleotide directs the
cleavage of IRE-Gl mRNA within exon 1, resulting in a
cap-containing 59-end cleavage product of 138 nucleotides
(nt) and an EJC- and poly(A) tail-containing 39-end cleav-
age product of 526 nt, excluding the poly(A) tail (Fig. 5C).

Western blotting confirmed the specificity of the anti-
IMPa IP (Fig. 5D). RT–sqPCR of samples prior to IP
demonstrated that oligonucleotide-directed RNase H
cleavage was complete, as evidenced by the lack of
detectable full-length IRE-Gl mRNA (Fig. 5E). IMPa was
found to coimmunoprecipitate with the cap-containing
59-cleavage product and not the EJC- and poly(A)-contain-
ing 39-cleavage product (Fig. 5E), which is consistent with
data indicating that the association of IMPa with CBP80

is atypical of other mRNP-binding proteins that contain
an NLS. Supporting the idea that IMPa coimmunopreci-
pitates with the 59-cleavage product via binding to
CBP80, IMPa coimmunoprecipitated with CBP80 in both
nuclear and cytoplasmic fractions (Fig. 5F). In contrast,
IMPa did not coimmunoprecipitate with eIF4E (Fig. 5F),
which lacks an NLS. Notably, the co-IP of IMPa and
CBP80, like the co-IP of IMPa and IMPb, was insensitive
to RNase A treatment (Fig. 5F), in keeping with the
interactions being direct (Görlich et al. 1996b). The co-
IP of IMPa and CBP80 was detected in both nuclear and
cytoplasmic fractions (Fig. 5F), suggesting that IMPa

could associate with cap-bound CBP80 within nuclei. In
fact, our findings that IMPa coimmunoprecipitates with
nuclear IRE-Gl pre-mRNA (Supplemental Fig. S4A) as
well as 28S and 18S rRNAs (Supplemental Fig. S4B), and
associates with monosomes and small polysomes, as does
CBP80 (Supplemental Fig. S4C), indicate that IMPa in-
deed begins to interact with cap-bound CBP80 in the
nucleus prior to splicing and remains bound in the
cytoplasm during the pioneer round of translation.

We conclude that IMPa stably associates with the 59

end of IRE-Gl mRNA via CBP80 and not via eIF4E. In

Figure 5. IMPa stably associates with CBP80 at
the cap of newly synthesized IRE-Gl mRNA. (A)
Western blot analysis of lysates from hemin-treated
or Df-treated HeLa cells that stably express IRE-Gl
mRNA, either before (�) or after IP using rIgG or
anti-IMPa (a-IMPa). (B) RT–sqPCR of IRE-Gl and
SMG7 mRNAs from the same lysates used in A.
(C) Diagram of IRE-Gl mRNA, where boxes denote
exons, the hairpin structure denotes the IRE, and
the solid arrow specifies the position of oligonu-
cleotide (oligo)-directed RNase H cleavage within
exon 1. Open arrowheads represent primers used
to generate the RT–sqPCR product of full-length
Gl mRNA or its 59 or 39 region. (D) Western blot
analysis of nuclear lysates from untreated HeLa
cells stably expressing IRE-Gl mRNA, either be-
fore (�) or after (+) oligonucleotide-directed RNase
H cleavage followed by IP using rIgG or anti-IMPa.
(E) RT–sqPCR analysis of IRE-Gl mRNA from
nuclear lysates analyzed in D, except that lysates
prior to IP were also analyzed to demonstrate that
the oligonucleotide-directed cleavage of IRE-Gl
mRNA was complete. (F) RT–PCR analysis of
SMG7 mRNA (top) and Western blot analysis of
the specified proteins (bottom) from nuclear and
cytoplasmic lysates that were (+) or were not (�)
treated with RNase A and subsequently subjected
to IP using rIgG or anti-IMPa. Results are repre-
sentative of two or three independently performed
experiments.
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support of this, and consistent with data showing that
IMPa does not coimmunoprecipitate with the mRNA
poly(A) tail (Fig. 5E), the co-IP of IMPa with PABPN1 in
the nuclear fraction was sensitive to RNase A treatment
(Fig. 5F, where the co-IP of IMPa with PABPN1 in the
cytoplasmic fraction was undetectable).

Evidence that IMPb promotes the replacement of CBC
by eIF4E at an mRNA cap

We next tested if inhibiting the interaction of IMPa with
IMPb by transiently expressing the IMPb-binding domain
(IBB) of IMPa affects the replacement of CBC by eIF4E on
newly synthesized mRNA. IBB is a 41-amino-acid arginine-
rich region of IMPa that binds directly to IMPb (Görlich
et al. 1996a; Palmeri and Malim 1999). Initially, we chose
to assay cellular MYC (c-MYC) and c-FOS mRNAs rather
than IRE-Gl mRNA, since the shorter-than-average half-
lives of c-MYC and c-FOS mRNAs (e.g., ;7–15 min in
cultured mammalian cells) (Shyu et al. 1989; Kabnick and
Housman 1988) would ensure that a significant percent-

age of each mRNA in the cytoplasmic fraction consists of
newly synthesized mRNA.

HeLa cells were transfected with 0, 5, 10, 20, or 40 mg of
pEYFP-IBB (Li and Zheng 2004). Western blotting of
nuclear and cytoplasmic lysates revealed that increasing
amounts of epitope-tagged IBB were produced with in-
creasing amounts of IBB expression vector without af-
fecting the cellular abundance of either IMPa or IMPb

(Fig. 6A, where the level of GAPDH controlled for vari-
ations in cytoplasmic protein loading). Notably, IBB ex-
pression did not result in a detectable accumulation of
either IMPa or IMPa-bound CBP80 in the cytoplasm
(Fig. 6A,B). This is likely because there exists an IMPb-
independent pathway by which IMPa and, presumably as
a consequence, IMPa-bound CBP80 can migrate from the
cytoplasm into nuclei (Miyamoto et al. 2002), although
the relative activities of the IMPb-dependent and IMPb-
independent pathways of IMPa-mediated nuclear im-
port remain to be determined. Nevertheless, increasing
amounts of IBB did inhibit the co-IP of IMPa with IMPb

(Fig. 6B), which was the purpose of expressing IBB in these
experiments.

Next, cytoplasmic lysates from cells expressing in-
creasing amounts of epitope-tagged IBB were immuno-
precipitated using anti-CBP80, anti-eIF4E, or, as a control
for nonspecific IP, NRS. Variations in the level of IBB
expression did not change the amounts of CBP80 or eIF4E
that were immunoprecipitated using the respective anti-
body (Fig. 6C). RT–sqPCR demonstrated that expressing
increasing amounts of YFP-IBB indeed resulted in the
co-IP of increasing amounts of c-MYC and c-FOS mRNAs

Figure 6. Inhibiting the interaction of IMPa with IMPb by
expressing the IBB region of IMPa augments the co-IP of CBP80
with c-MYC mRNA, c-FOS mRNA, IRE-Gl mRNA, and U1
snRNA, and concomitantly decreases the co-IP of eIF4E with
c-MYC and c-FOS mRNAs. (A) HeLa cells (1 3 107) were
transiently transfected with pEYFP-IBB (0, 5, 10, 20, or 40 mg)
and, when needed, pUC19 to bring the total amount of trans-
fecting DNA to 40 mg. Nuclear and cytoplasmic lysates were
subjected to Western blot analysis using the specified antibody
(a). The distributions of p62 and GAPDH demonstrate that
cellular fractions are free of detectable cross-contamination. (B)
Cytoplasmic lysates from HeLa cells that had been transfected
as in A were analyzed by Western blotting either before (�) or
after IP using NRS or anti-IMPa. (C) Cytoplasmic lysates gen-
erated as in A were subjected to Western blotting before or after
IP using NRS, anti-CBP80, or anti-eIF4E. (D) RT–sqPCR analysis
of c-MYC mRNA, c-FOS mRNA, IRE-Gl mRNA, or U1 snRNA
in the same IPs of cytoplasmic lysates that were analyzed in C.
RNA was purified before or after IP. Samples after IP were spiked
with a small amount of E. coli RNA, and RT–sqPCR measure-
ments of the level of E. coli LACZ mRNA were used to control
for variations in RNA recovery. (The left six lanes of LACZ
mRNA do not derive from dilutions of samples before IP but
from dilutions of E. coli RNA.) For each IP, the level of c-MYC,
c-FOS, IRE-Gl mRNA, or U1 snRNA in cells lacking IBB was
defined as 100. Using quantitations of 28S rRNA to control for
variations in RNA recovery and loading, IBB expression was
found to have no effect on the cytoplasmic level of any of the
three mRNAs tested (data not shown). Results are representa-
tive of two independently performed experiments.
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and U1 snRNA with CBP80 (Fig. 6D). These increases
were ;1.9-fold, ;2.0-fold, and ;1.8-fold, respectively,
when cells were transfected with 40 mg of pEYFP-IBB
(Fig. 6D). These findings are consistent with IMPb disso-
ciating IMPa and CBP80 from newly synthesized c-MYC
and c-FOS mRNAs and U1 snRNA. Furthermore, expres-
sing increasing amounts of YFP-IBB resulted in the co-IP
of decreasing amounts of c-MYC and c-FOS mRNAs with
eIF4E (Fig. 6D), as would be expected if eIF4E binding to
mRNA caps were promoted by the IMPb-mediated dis-
sociation of CBP80 from mRNA caps. U1 snRNA, which
harbors a trimethylated cap in the cytoplasm, did not
detectably coimmunoprecipitate with eIF4E (Fig. 6D), as
was evident from several observations: (1) Cellular U
snRNPs appear to be largely free of sequestering CBPs,
based on their quantitative IP using anti-trimethyl G
(Bringmann et al. 1983); (2) eIF4E binds trimethylated
caps 10-fold less efficiently than it binds monomethyl-
ated caps (Wieczorek et al. 1999); and (3) snurportin binds
the trimethylated cap of cytoplasmic U snRNAs (Will and
Lührmann 2001) so as to mediate together with IMPb

snRNA import into nuclei to function in pre-mRNA
splicing (Rollenhagen and Pante 2006; Cook et al. 2007).

For the sake of completeness, the effect of YFP-IBB on
the co-IP of either CBP80 or eIF4E with IRE-Gl mRNA
was also measured. While expressing increasing amounts
of YFP-IBB resulted in the co-IP of increasing amounts of
IRE-Gl mRNA with CBP80 (Fig. 6D), our failure to detect
an effect of YFP-IBB on the co-IP of eIF4E with IRE-Gl
mRNA (Fig. 6D) verifies that pre-existing levels of cyto-
plasmic eIF4E-bound IRE-Gl mRNA mute the ability to
measure the decreased acquisition of eIF4E by newly
synthesized IRE-Gl mRNA. We conclude that the binding

of IMPb to IMPa–CBC at the 59 caps of newly synthesized
mRNAs contributes to mRNP remodeling by promoting
the removal of CBC and, concomitantly, its replacement
by eIF4E.

As an alternative way to assess the effect of IMPb on
the remodeling of newly synthesized mRNP, we aimed to
inhibit the binding of IMPb to IMPa by transiently
expressing RAN(Q69L), which is a variant of the RAS-
related small guanine nucleotide-binding protein RAN
that binds but cannot hydrolyze GTP (Bischoff et al. 1994;
Klebe et al. 1995). Normally, the complex of RAN–GTP
and IMPb is transported from nuclei to the cytoplasm,
where the GTPase-activating protein RAN-GAP stimu-
lates the hydrolysis of the GTP bound to RAN; this, in
turn, frees IMPb to bind to IMPa (Cook et al. 2007).

HeLa cells were transiently transfected with
pcDNA3.1D/V5-His-TOPO- RAN(Q69L) [hereafter called
pcDNA-V5-RAN(Q69L)] or, as a control, pcDNA-V5-
RAN(WT), which produces wild-type (WT) V5-RAN.
Western blotting of nuclear and cytoplasmic fractions
revealed that neither V5-RAN(Q69L) nor V5-RAN(WT)
affected the cellular abundance of IMPa or IMPb (Fig. 7A).
Furthermore, V5-RAN(Q69L) did not result in a detect-
able accumulation of either IMPa or IMPa-bound CBP80
in the cytoplasm (Fig. 7A,B) even though it inhibited the
co-IP of IMPa with IMPb (Fig. 7B), consistent with results
obtained using YFP-IBB (Fig. 6). Additionally, V5-RAN(Q69L)
did not change the amounts of CBP80 or eIF4E that were
immunoprecipitated using anti-CBP80 or anti-eIF4E, re-
spectively (Fig. 7C). However, RT–sqPCR demonstrated
that V5-RAN(Q69L) increased the co-IP of c-MYC and
c-FOS mRNAs and U1 snRNA with CBP80 by ;1.7-fold,
;1.9-fold, and ;1.6-fold, respectively (Fig. 7D), consistent

Figure 7. Inhibiting the interaction of IMPa with
IMPb by expressing RAN(Q69L) augments the co-IP
of CBP80 with c-MYC, c-FOS, IRE-Gl mRNAs, and
U1 snRNA, and concomitantly decreases the co-IP
of eIF4E with c-MYC and c-FOS mRNAs. (A) HeLa
cells (1 3 107) were transiently transfected with
pcDNA-RAN(WT) or pcDNA-RAN(Q69L) (30 mg).
Nuclear and cytoplasmic lysates were subjected to
Western blot analysis using the specified antibody
(a). The distributions of p62 and PLCg1 demonstrate
that cellular fractions are free of detectable cross-
contamination. (B) As in Figure 6B, except PLCg1
was used to control for IP specificity. (C) As in Figure
6C. (D) As in Figure 6D, except IRE-Gl mRNA was
not measured. Notably, it has been shown that
RANQ69L expression, like IBB expression (Fig. 6),
does not alter the cytoplasmic level of mRNA
(Clouse et al. 2001). Results are representative of
two independently performed experiments.
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with IMPb dissociating IMPa and CBP80 from each newly
synthesized transcript. Furthermore, V5-RAN(Q69L) de-
creased the co-IP of c-MYC and c-FOS mRNAs with eIF4E
by ;1.4-fold and ;1.7-fold, respectively (Fig. 7D). These
findings reinforce the idea that the binding of IMPb to
IMPa–CBC at the 59 caps of newly synthesized mRNAs
contributes to mRNP remodeling by promoting the removal
of CBC and, concomitantly, its replacement by eIF4E.

Discussion

Proper remodeling of newly synthesized mRNP is essen-
tial to the fidelity of gene expression. Remodeling occurs
within nuclei, on both sides of the nuclear pore complex
during the process of mRNA export from the nucleus to
the cytoplasm, and in the cytoplasm (e.g., see Tran et al.
2007 and references therein). Results reported here pro-
vide evidence that remodeling in the cytoplasm can occur
as a consequence of mRNA associating with translation-
ally active ribosomes during the pioneer round of trans-
lation or with IMPb independently of translation. The
pioneer round of translation promotes EJC removal and
the replacement of PABPN1 by PABPC1 (Fig. 3, 4;
Supplemental Figs. S1, S2). This finding for EJCs is con-
sistent with the rule that termination codons situated
more than ;50–55 nt upstream of a splicing-generated
exon–exon junction generally trigger NMD (Nagy and
Maquat 1998): If a termination codon resides less than
;50–55 nt upstream of an exon–exon junction or down-
stream from the junction, then the translating ribosome
is thought to physically displace the EJC (Lejeune and
Maquat 2005). The removal of EJCs by translating ribo-
somes is also consistent with a report from Gehring et al.
(2009) that appeared while this paper was under review.
Ribosome-bound PYM as well as overexpressed PYM
were found to promote the removal of EJCs from spliced
mRNA, implicating the involvement of translation-
dependent and, possibly, translation-independent mech-
anisms, depending on how much of cytoplasmic PYM is
not associated with ribosomes and can bind EJCs. How
translation promotes the replacement of PABPN1 by
PABPC1 is less certain. PABPC1 is known to interact
directly with eRF3, which is thought to bind mRNA
during the process of translation termination and, in
theory, could facilitate the binding of PABPC1 to trans-
lationally active mRNA (Hoshino et al. 1999). Notably,
the region of PABPC1 that interacts with eRF3 is not
conserved in PABPN1 (Kühn and Wahle 2004).

Strikingly, the pioneer round of translation is of no
apparent consequence to the replacement of CBC by
eIF4E (Fig. 3; Supplemental Fig. S2). In this regard, it is
notable that the CBC is encountered only by the scanning
40S ribosomal subunit rather than by the translationally
active 80S ribosome, as are EJCs that are displaced by the
pioneer round of translation. Instead of depending on
translation, we find that the exchange of CBPs is pro-
moted by binding of the nuclear transport receptor IMPb

to the adaptor IMPa that is associated with the NLS of
CBP80 on newly synthesized CBC-bound mRNA. First,
IMPa detectably coimmunoprecipitates with CBP80 but

not eIF4E, and the interaction of IMPa with CBP80 is
resistant to RNase A treatment (Fig. 5). Second, IMPa co-
immunoprecipitates with newly synthesized mRNP—
specifically, with the 59-cap-containing fragment, and not
with the significantly larger 39-EJC- and poly(A)-containing
fragment (Fig. 5). Third, inhibiting the interaction of IMPa

with IMPb by expressing either the IBB of IMPa or a
variant of RAN that cannot hydrolyze GTP increases the
co-IP of CBP80 with mRNA and, as a result, decreases the
co-IP of eIF4E with mRNA (Figs. 6, 7). We conclude that
the replacement of CBC by eIF4E is regulated by the
RAN–GTP/GDP gradient that promotes the binding of
IMPb to IMPa in the cytoplasm and the dissociation of
IMPb from IMPa in the nucleus (Fig. 8; Cook et al. 2007).
Consistent with this conclusion, while this paper was
under review, Dias et al. (2009) reported the structure of
an IMPa–CBC complex. Using this structure, a model of
the IMPb–IMPa–CBC interaction, and biochemical and
mutagenesis data, they formulated that IMPb binds not
only the IBB of IMPa but also the C-terminal region of
CBP20, so as to weaken the affinity of CBP20 for capped
RNA and promote the release of CBC.

As implied above, our results from the experiments
that employed the site-directed cleavage of IRE-Gl
mRNA followed by IP with anti-IMPa indicate that we
detect IMPa interacting with CBP80 but not with other
mRNA-bound proteins. This may be attributable to the
combination of IMPa (1) entering into an atypically strong
interaction with CBP80 (Lewis and Izaurralde 1997) and
(2) lacking an affinity for other proteins that bind mRNA.
Among the proteins that typify newly synthesized
mRNA, PABPN1 (Calado et al. 2000), SR proteins (see
below), and hnRNPA1 (Pollard et al. 1996; Bonifaci et al.
1997) are recycled back to the nucleus by a transport
mechanism that apparently does not involve IMPa.

In theory, the replacement of CBC by eIF4E at an
mRNA 59 cap could be augmented not only by IMPb

binding to IMPa–CBC at the cap but also by mass action,
since the level of eIF4E relative to CBC is higher in the
cytoplasm than in nuclei (Fig. 2). Additionally, it has been
suggested (but not demonstrated) that replacement could
be mediated by specific interactions among eIF4E, CBC,
and eIF4G (Fortes et al. 2000; McKendrick et al. 2001) that
decrease the affinity of CBC for the cap. However,
whereas the binding of eIF4G to eIF4E does strengthen
the interaction between eIF4E and the mRNA cap
(Haghighat and Sonenberg 1997; Gross et al. 2003), there
is currently no reason to think that eIF4G could not
also stabilize the interaction between CBC and the cap
considering that eIF4G appears to be a functional con-
stituent of the pioneer translation initiation complex; i.e.,
eIF4G is present on mRNA prior to the binding of eIF4E
(Lejeune et al. 2004).

Conceivably, mechanisms of protein trafficking other
than those mediated by IMPb–IMPa interactions could
also be involved in remodeling newly synthesized mRNP
to steady-state mRNP. As one of a number of possibilities,
the IMPb family member transportin-SR, which directly
imports serine–arginine-rich (SR) splicing factors into
nuclei after they are phosphorylated in the cytoplasm
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(Lai et al. 2000, 2001), may mediate the removal of SR
proteins from newly synthesized mRNA. Alternatively,
or additionally, phosphorylation per se may promote the
removal of SR proteins from newly synthesized mRNA.
The findings that SF2/ASF detectably coimmunoprecipi-
tates with CBP80 but not eIF4E (9G8 was not tested) (Sato
et al. 2008) and that both 9G8 and SF2/ASF are present in
fractions containing monosomes and small polysomes
rather than large polysomes (Sanford et al. 2004, 2005;
Swartz et al. 2007) suggest that each is released from
mRNA after the pioneer round of translation initiates.
Thus, transportin-SR, possibly together with the pioneer
round of translation, could promote the release of 9G8
and SF2/ASF from mRNA.

It is now clear that IMPb, which was once thought to
exclusively mediate the nuclear import of IMPa–NLS
cargo, functions not only in adaptor-independent protein
import but also in a number of roles during interphase and
mitosis (for review, see Harel and Forbes 2004). As
examples, IMPb functions during interphase as a micro-
tubule motor adaptor that carries certain viruses to
nuclei, as a chaperone for positively charged and newly
made nuclear proteins, and in signaling axonal damage to
the neuronal cell body. IMPb also functions during
mitosis after nuclear breakdown in centrosome cohesion
as well as the assembly of spindles, nuclear membranes,
and nuclear pores. Our studies reveal yet another role for
IMPb in mRNP remodeling, and they portend that this
role may extend to other members of the IMPb super-
family of nuclear transport receptors.

There exists one other example by which a karyopherin
may, but does not certainly, mediate the remodeling of
newly synthesized mRNP. The example derives from
studies of the karyopherin KAP104 in S. cerevisiae. It

remains controversial if KAP104 is directly responsible
for stripping the mRNA-binding protein NAB2 off newly
synthesized mRNA, or if the DEAD-box protein DBP5
does the stripping and KAP104 merely recycles NAB2
back to the nucleus (for review, see Goldfarb 2009).
However, a report that appeared while we were writing
up our work provides data consistent with the idea that
KAP104 mediates the dissociation of not only NAB2 but
also NAB4/HRP1 from mRNA at the yeast bud tip and
neck so as to promote the localized transition of transla-
tionally repressed mRNA to a translationally competent
state (van den Bogaart et al. 2009). Future studies from
a number of laboratories will undoubtedly test these and
additional members of the karyopherin family of proteins
for the potential to function in one or more of the many
steps that comprise mRNP remodeling.

Materials and methods

Cell culture and transfections

HeLa cells were cultured in DMEM (GIBCO-BRL) with 10% fetal
bovine serum (GIBCO-BRL). For stable transfections, HeLa cells
(1.4 3 106 per 60-mm dish) were transfected with 10 mg of the
specified pIRE-Gl derivative (Thermann et al. 1998) and 1 mg of
pCI-neo using Lipofectamine Plus (Invitrogen). Two days after
transfection, the medium was supplemented with 500 mg/mL
geneticin (GIBCO-BRL). Individual geneticin-resistant colonies
were isolated, and those expressing comparable levels of IRE-Gl
pre-mRNA were identified and expanded for analysis. Cells were
treated with 50 mM hemin (Sigma) or 50 mM Df (Sigma) for 18 h
prior to harvesting. Alternatively, cells were transiently trans-
fected with the specified plasmids using Lipofectamine 2000
(Invitrogen). Total cell or nuclear and cytoplasmic lysates were
prepared as described previously (Sato et al. 2008).

Figure 8. Schematic of translation-induced remod-
eling and translation-independent, IMPb-induced
remodeling of the pioneer translation initiation
complex. The pioneer translation initiation complex
is exported from nuclei (N) to the cytoplasm (C)
bound by (1) CBC at the 59-cap; (2) EJCs, which
contain eIF4AIII and NMD factors that include
UPF3X situated upstream of exon–exon junctions,
provided the mRNA underwent splicing; (3)
PABPN1 and PABPC1 at the poly(A) tail; and (4)
other initiation factors that are not shown, including
eIF4G and eIF3. Notably, IMPa associates with CBC
via the NLS of CBP80, and the analysis of unspliced
pre-mRNA indicates that IMPa begins associating
with CBC-bound transcripts prior to their splicing
(Supplemental Fig. S4), possibly concomitantly with
CBC binding to nascent transcripts. Data indicate
that the pioneer round of translation removes the
EJCs (Fig. 3; Supplemental Fig. S2) and promotes
the replacement of PABPN1 by PABPC1 (Fig. 4;
Supplemental Figs. S1, S2) but is inconsequential to the association of IMPa with the CBC (Fig. 5) or the replacement of CBC by eIF4E
(Fig. 3). Instead, our findings suggest that the interaction of IMPb with IMPa promotes the replacement of CBC by eIF4E (Figs. 6, 7),
which depends on the RAN–GTP-mediated delivery of nuclear IMPb to the cytoplasm and, subsequently, promotion of IMPb binding
to IMPa–CBC by the GTPase-activating protein RAN-GAP. The replacement of CBC by eIF4E is followed by the trafficking of IMPb–
IMPa–CBC to nuclei. Once in the nucleus, IMPb dissociates from IMPa–CBC. This frees IMPa–CBC to bind to the 59 cap of newly
made transcripts so as to function once again in the nuclear export and cytoplasmic remodeling of mRNP.
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Oligonucleotide-directed RNase H cleavage of mRNP

Nuclear extract from 2 3 107 HeLa cells was incubated with 0.1
U/mL RNase H (New England BioLabs) and 3 mM MgCl2 in the
absence or presence of 0.25 mg/mL 59-CACGTTCACCTT-39 for
30 min at 30°C. This oligonucleotide anneals to and directs the
cleavage of IRE-Gl mRNA at 30–41 nt upstream of the exon
1–exon 2 junction.

IPs

Samples for the analysis of protein and RNA were generated
before and after IP, and IPs were performed as reported (Ishigaki
et al. 2001).

Western blotting

Antibodies consisted of mAb414 (BABCO), anti-PLCg1 (Santa
Cruz Biotechnologies), anti-ferritin (Abcam), anti-UPF3X (Santa
Cruz Biotechnologies), anti-eIF4AIII (Li et al. 1999), anti-CBP80
(Izaurralde et al. 1994), anti-eIF4E (Santa Cruz Biotechnologies),
anti-PABPN1 (a gift from David Bear), anti-PABPC1 (Kuyumcu-
Martinez et al. 2004), anti-IMPa (Bethyl Laboratories), anti-IMPb

(Bethyl Laboratories), anti-GFP (Santa Cruz Biotechnologies), anti-
GAPDH (Santa Cruz Biotechnologies), and anti-V5 (Invitrogen).

RT coupled to sqPCR

cDNA synthesis using SuperScript II reverse transcriptase (Invi-
trogen) and PCR using mRNA-specific primers (IDT) were per-
formed as described (Sato et al. 2008). cDNA of IRE-Gl or ferritin
mRNA was amplified using the primer pair 59-CCTGCTTCAA
CAGTGCTTGG-39 (sense) and 59-CCGAAGCACTTTCTTGCC-39

(antisense) or 59-CCATGTCTTACTACTTTGACCGC-39 (sense)
and 59-GTTGGTCACGTGGTCACCC-39 (antisense), respec-
tively. cDNA of SMG7 mRNA was analyzed using a previously
reported primer pair (Kim et al. 2005). cDNA for c-MYC or c-FOS
mRNA was amplified using 59-GCAAGACTCCAGCGCCTT
CT-39 (sense) and 59-ACCTTTTGCCAGGAGCCTGC-39 (anti-
sense) or 59-AAGGTGGAACAGTTATCTCC-39 (sense) and
59-CTAGTTGGTCTGTCTCCGCTTGG-39 (antisense), respec-
tively. cDNA of U1 snRNA was amplified using the primer pair
59-ATACTTACCTGGCAGGG-39 (sense) and 59-AAGCGCGA
ACGCAGTCCCCC-39 (antisense). cDNA of Escherichia coli

LACZ mRNA was amplified using the primer pair 59-CGCGAG
GCGGTTTTCTCC-39 (sense) and 59-GCCTGAATGGCGAAT
GGCG-39 (antisense). Primers used to amplify cDNA of the
oligonucleotide-directed and RNase H-catalyzed 59-cleavage
product of IRE-Gl mRNA were the same sense primer that was
used to amplify full-length IRE-Gl mRNA and 59-CACAGGG
CAGTAACGG-39 (antisense). cDNA of the corresponding
39-cleavage product was amplified using 59-GCTGCTGGTGGT
CTACCC-39 (sense) and the same antisense primer that was used
to amplify full-length IRE-Gl mRNA. The simultaneous analysis
of serial dilutions of RNA ensured that RT-sqPCR analyses were
quantitative. RT–sqPCR products were quantitated using Ty-
phoon PhosphorImaging (Molecular Dynamics).

RT coupled to qPCR

RNA was converted to cDNA by random priming as described
above for RT coupled to sqPCR. Specific cDNAs were analyzed
by qPCR, which was performed at the University of Rochester
Functional Genomics Center using an ABI 7900 PCR machine.
TaqMan probes (ABI) consisted of human HBB (hemoglobin, b;
assay ID Hs00747223-gl) to detect IRE-Gl mRNA, either Norm

or Ter, and human ACTB (b actin; part no. 4326315E) to detect
b-actin mRNA. All samples were analyzed in triplicate, and the
levels of test mRNAs were normalized to the level of b-actin
mRNA. Relative mRNA levels were determined from CT values
according to the DDCT method (Applied Biosystems).
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Hentze MW, Kühn LC. 1996. Molecular control of vertebrate
iron metabolism: mRNA-based regulatory circuits operated
by iron, nitric oxide, and oxidative stress. Proc Natl Acad Sci

93: 8175–8182.
Hoshino S, Imai M, Kobayashi T, Uchida N, Katada T. 1999. The

eukaryotic polypeptide chain releasing factor (eRF3/GSPT) car-
rying the translation termination signal to the 39-poly(A) tail of
mRNA. Direct association of erf3/GSPT with polyadenylate-
binding protein. J Biol Chem 274: 16677–16680.

Hosoda N, Kim YK, Lejeune F, Maquat LE. 2005. CBP80
promotes interaction of Upf1 with Upf2 during nonsense-
mediated mRNA decay in mammalian cells. Nat Struct Mol
Biol 12: 893–901.

Hosoda N, Lejeune F, Maquat LE. 2006. Evidence that poly(A)
binding protein C1 binds nuclear pre-mRNA poly(A) tails.
Mol Cell Biol 26: 3085–3097.

Huang Y, Steitz JA. 2001. Splicing factors SRp20 and 9G8
promote the nucleocytoplasmic export of mRNA. Mol Cell
7: 899–905.

Ishigaki Y, Li X, Serin G, Maquat LE. 2001. Evidence for
a pioneer round of mRNA translation: mRNAs subject to
nonsense-mediated decay in mammalian cells are bound by
CBP80 and CBP20. Cell 106: 607–617.

Isken O, Maquat LE. 2007. Quality control of eukaryotic
mRNA: Safeguarding cells from abnormal mRNA function.
Genes & Dev 21: 1833–1856.

Isken O, Kim YK, Hosoda N, Mayeur GL, Hershey JW, Maquat
LE. 2008. Upf1 phosphorylation triggers translational repres-
sion during nonsense-mediated mRNA decay. Cell 133: 314–
327.

Izaurralde E, Lewis J, McGuigan C, Jankowska M, Darzynkiewicz
E, Mattaj IW. 1994. A nuclear cap binding protein complex
involved in pre-mRNA splicing. Cell 78: 657–668.

Kabnick KS, Housman DE. 1988. Determinants that contribute
to cytoplasmic stability of human c-fos and b-globin mRNAs
are located at several sites in each mRNA. Mol Cell Biol 8:
3244–3250.

Kashima I, Yamashita A, Izumi N, Kataoka N, Morishita R,
Hoshino S, Ohno M, Dreyfuss G, Ohno S. 2006. Binding of
a novel SMG-1–Upf1–eRF1–eRF3 complex (SURF) to the
exon junction complex triggers Upf1 phosphorylation and
nonsense-mediated mRNA decay. Genes & Dev 20: 355–367.

Kim VN, Kataoka N, Dreyfuss G. 2001. Role of the nonsense-
mediated decay factor hUpf3 in the splicing-dependent exon–
exon junction complex. Science 293: 1832–1836.

Kim YK, Furic L, Desgroseillers L, Maquat LE. 2005. Mamma-
lian Staufen1 recruits Upf1 to specific mRNA 39UTRs so as
to elicit mRNA decay. Cell 120: 195–208.

Klausner RD, Rouault TA, Harford JB. 1993. Regulating the fate
of mRNA: The control of cellular iron metabolism. Cell 72:
19–28.

Klebe C, Bischoff FR, Ponstingl H, Wittinghofer A. 1995. Inter-
action of nuclear GTP-binding protein Ran with its regula-
tory proteins RCC1 and RanGAP1. Biochem 34: 639–647.

Koritzinsky M, Magagnin MG, van den Beucken T, Seigneuric
R, Savelkouls K, Dostie J, Pyronnet S, Kaufman RJ, Weppler
SA, Voncken JW, et al. 2006. Gene expression during acute
and prolonged hypoxia is regulated by distinct mechanisms
of translational control. EMBO J 25: 1114–1125.
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