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The translation initiation factor eIF4E is involved in
the modulation of cellular growth. In the nucleus,
where eIF4E is associated with PML nuclear bodies,
eIF4E mediates nucleocytoplasmic transport of spe-
ci®c transcripts, and this contributes to its transform-
ation activity. Surprisingly, we found that a trans-
cription factor, the proline-rich homeodomain protein
PRH, is a negative regulator of eIF4E in myeloid cells,
interacting with eIF4E through a conserved binding
site typically found in translational regulators.
Through this interaction, PRH inhibits eIF4E-depend-
ent mRNA transport and subsequent transformation.
These activities of PRH are independent of its tran-
scriptional functions. Further, we found that 199
homeodomain proteins contain potential eIF4E-bind-
ing sites. Thus, there could be many tissue-speci®c
regulators of eIF4E. These ®ndings provide a model
for regulation of a general factor, eIF4E, in tissue-
speci®c contexts, and suggest that its regulation is
important in differentiation and development.
Keywords: eIF4E/Hex/Hox11/PML/PRH

Introduction

The eukaryotic translation initiation factor 4E (eIF4E) is
involved in modulation of cellular growth. eIF4E is
essential to cellular survival. Expression of antisense
oligonucleotides to eIF4E induces cell death in HeLa cells,
and its disruption in Saccharomyces cerevisiae is lethal
(Altmann et al., 1989; De Benedetti and Rhoads, 1990).
Although essential, moderate overexpression of eIF4E
leads to dysregulated cellular proliferation and malignant
transformation (Lazaris-Karatzas et al., 1990, 1992;
Lazaris-Karatzas and Sonenberg, 1992). In fact, eIF4E
levels are prognostic indicators of clinical outcome in a
variety of human cancers including breast cancer, head
and neck squamous cell carcinoma and several non-
Hodgkin B-cell lymphomas (Nathan et al., 1997a,b;
De Benedetti and Harris, 1999; Wang et al., 1999).

The growth-promoting and transforming properties of
eIF4E are thought to involve increased translation of
mRNAs important to growth control (Sonenberg and

Gingras, 1998). During cap-dependent translation, eIF4E
binds the methyl-7-guanosine (m7G) cap present on the
5¢ end of mRNAs and recruits the given transcript to
the ribosome (Sonenberg and Gingras, 1998). eIF4E
overexpression does not increase levels of synthesis
uniformly for all proteins, with a subset of transcripts
more sensitive to eIF4E levels (Sonenberg and Gingras,
1998). Many mRNAs involved in growth control have
complex highly structured untranslated regions (UTRs),
whereas housekeeping genes such as GADPH and actin
have relatively short, unstructured UTRs. It is well
established that the complexity of the UTR slows down
translation rates. Thus, growth control mRNAs are
not translated as readily as housekeeping mRNAs.
Consistently, overexpression of eIF4E leads to increased
translation of transcripts with highly structured UTRs.
These messages are considered eIF4E sensitive and
include transcripts such as ornithine decarboxylase, vas-
cular endothelial growth factor (VEGF) and Pim-1
(Rousseau et al., 1996; Hoover et al., 1997).

A substantial fraction of eIF4E is found in the nucleus
(up to 68%) where it localizes to discrete sites which we
will refer to as eIF4E nuclear bodies (Lejbkowicz et al.,
1992; Iborra et al., 2001). Sonenberg and co-workers
showed that, in the nucleus, eIF4E functions in the
selective transport of speci®c mRNAs from the nucleus to
the cytoplasm (Rousseau et al., 1996). For instance, eIF4E
increased production of cyclin D1 protein by promoting
nucleo-cytoplasmic transport of cyclin D1 transcripts
(Rousseau et al., 1996). In contrast, housekeeping genes
such as GAPDH and actin are not affected. It has been
suggested that speci®city of eIF4E for certain transcripts
is due to the complexity of UTRs in these transcripts
(Rousseau et al., 1996). The molecular mechanism of how
transcripts are transported, what the precise features that
cause eIF4E sensitivity are, whether these are due to direct
interactions with eIF4E and RNA or require accessory
proteins, and how many transcripts are regulated in this
way are currently not known. Interestingly, while the
W73A eIF4E mutant can not form an active translation
complex (Sonenberg and Gingras, 1998), it still functions
in cyclin D1 mRNA transport and still transforms cells
(Cohen et al., 2001). Thus, the ability of eIF4E to
transform cells lies, at least in part, in its mRNA transport
function.

eIF4E is associated with nuclear bodies in a variety of
organisms including yeast, Drosophila, Xenopus, mice and
humans (Lang et al., 1994; Cohen et al., 2001; Strudwick
and Borden, 2002). In mammalian cells, eIF4E nuclear
bodies coincide with those associated with the promyelo-
cytic leukemia protein PML (Lai and Borden, 2000;
Cohen et al., 2001; Topisirovic et al., 2002). Both eIF4E
and PML nuclear bodies are disrupted by treatment with
an analog of the m7G cap, but are not altered by treatment
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with RNase or DNase (Dostie et al., 2000; Cohen et al.,
2001). The cap analog causes a structural rearrangement in
eIF4E, and this is thought to underlie the sensitivity of
eIF4E bodies to this treatment (Cohen et al., 2001). The
RING domain of PML directly interacts with eIF4E,
reducing its af®nity for the m7G cap, and therefore mRNA,
by >100-fold (Cohen et al., 2001; Kentsis et al., 2001).
This loss of cap-binding activity is correlated with a
disruption of the mRNA transport functions of eIF4E and a
suppression of eIF4E-mediated transformation. Con-
sistently, high resolution electron microscopy studies
indicate that there is RNA associated with the periphery
but not inside the nuclear bodies (Boisvert et al., 2000).
PML negatively regulates eIF4E functions in response to
cellular stress (Topisirovic et al., 2002) and was the ®rst
negative regulator reported for the nuclear transport
function of eIF4E (Cohen et al., 2001). Since PML is
expressed in all mammalian cell types reported, it is
positioned to be a general inhibitor of nuclear eIF4E
function.

Although eIF4E is expressed in all eukaryotic cell types,
recent studies suggest that, additionally, eIF4E functions
in a tissue-speci®c manner. eIF4E expression during
zebra®sh development is dynamic and asymmetric, sug-
gesting that its spatio-temporal concentration may be an
important determinant in regulation of tissue- and mRNA-
speci®c protein synthesis (Fahrenkrug et al., 1999).
Studies in zebra®sh suggest that eIF4E plays a role in
regulating protein synthesis speci®cally during oogenesis,
gastrulation and erythropoiesis (Fahrenkrug et al., 1999).
In addition, the localization of eIF4E changes drastically
during Xenopus development where, in stage 1±2 oocytes,
eIF4E is localized diffusely throughout the cytoplasm; by
stage 4, eIF4E has translocated to the nucleus and, in
gastrula, eIF4E is found mainly in nuclear bodies
(Strudwick and Borden, 2002). Thus, eIF4E appears to
play a dynamic role in Xenopus development. Taken
together, these data suggest that although eIF4E is a
general factor, it may also, through interactions with
tissue-speci®c regulators, act as a tissue-speci®c transla-
tion and/or mRNA transport enhancer.

Clearly, ®nding tissue-speci®c regulators of eIF4E
activity is key to understanding how its functions could
be modulated in this way. The association of eIF4E with
PML led us to investigate whether a tissue-speci®c partner
protein of PML, the proline-rich homeodomain PRH
(Topcu et al., 1999), also associates with and modi®es
the activities of eIF4E. PRH, also known as the hemato-
poietically expressed homeodomain Hex, is expressed in
limited tissues in adults including myeloid cells, lung,
thyroid and liver (Hromas et al., 1993; Martinez Barbera
et al., 2000). PRH functions in hematopoiesis in a variety
of organisms including zebra®sh, Xenopus, chicken, mice
and humans (Crompton et al., 1992; Newman et al., 1997;
Thomas et al., 1998; Yatskievych et al., 1999; Liao et al.,
2000). We report that PRH inhibits the transformation and
growth-promoting effects of eIF4E by inhibiting its
mRNA transport function. These effects are a consequence
of the direct interaction between these proteins. Further,
we ®nd that a substantial number of homeodomain
proteins are positioned to be tissue-speci®c regulators of
eIF4E. These ®ndings allow us to develop a biochemical

framework for tissue-speci®c modulation of nuclear eIF4E
function.

Results

Endogenous PRH co-localizes with endogenous
eIF4E nuclear bodies
Previously we demonstrated that PML interacts separately
with PRH and eIF4E (Lai and Borden, 2000; Cohen et al.,
2001; Topisirovic et al., 2002). Unlike PML, which is
expressed in all mammalian cell types reported (Melnick
and Licht, 1999), PRH expression is limited (Hromas et al.,
1993; Keng et al., 2000; Martinez Barbera et al., 2000).
Using confocal microscopy, we examined whether PRH is
positioned to be a tissue-speci®c modulator of eIF4E. PRH
interacts with eIF4E in human promonocytic U937 cells,
which express eIF4E, PRH and PML endogenously
(Figure 1). PML is found nearly exclusively in nuclear
bodies, whereas eIF4E and PRH have both punctate

Fig. 1. eIF4E, PRH and PML interact in vivo. U937 cells were stained
with eIF4E mAb conjugated directly to FITC, in green (A), an af®nity-
puri®ed PRH polyclonal antibody, in red (B), and PML mAb 5E10, in
blue (C). The eIF4E±PRH±PML overlay is shown in white (D). Each
channel was recorded independently to avoid cross-talk. The objective
is 1003 with further 2-fold magni®cation. Experiments carried out
with either mAb eIF4E-conjugated FITC or mAb eIF4E followed by
FITC secondary antibody yielded identical results, as observed previ-
ously (Cohen et al., 2001). (E and F) K562 cells were triple stained as
above and the overlay is shown for cells treated with GpppG or the cap
analog, m7GpppG. These confocal micrographs (A±F) represent single
optical sections through the plane of the cell. A further 2-fold magni®-
cation for (E) and 4-fold for (F). (G) K562 cell lysates were immuno-
precipitated with PRH antibody (IP-PRH) or immunoglobulin (IgG),
and the resulting western blot (W.B.) was probed as indicated. Sup
indicates supernatant after immunoprecipitation; W, ®nal wash of the
beads; pre-clear as described previously in Carlile et al. (1998); and
lysate, total cell lysate.
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nuclear and cytoplasmic distributions, as reported
(Lejbkowicz et al., 1992; Topcu et al., 1999; Lai and
Borden, 2000; Cohen et al., 2001; Topisirovic et al.,
2002). The nuclear and cytoplasmic localizations of PRH
are consistent with putative nuclear localization signal
(NLS) and nuclear export signal (NES) sequences found
within the protein. In the overlay, nuclear bodies that
contain PML, PRH and eIF4E are shown as white
(Figure 1D). It is clear from these confocal micrographs

that nearly all eIF4E nuclear bodies co-localize with PRH
and PML. There are a few bodies, in red, that contain only
PRH. These results indicate that PRH is positioned to
modulate eIF4E activity in these cells.

PRH bodies are dispersed by the m7G cap analog
in vivo
eIF4E and PML nuclear bodies are disrupted by treatment
with m7GpppG, whereas other nuclear structures such as
splicing speckles or nucleoli are not (Dostie et al., 2000;
Cohen et al., 2001). If PRH is part of the same nuclear
structures, one would expect that it would also be sensitive
to this treatment. To investigate this, K562 cells were
permeabilized and incubated with m7GpppG cap analog,
or with GpppG that does not bind eIF4E and does not
disrupt its nuclear bodies (Figure 1E and F). Following
treatment, cells were washed to remove proteins released
from the nucleus and ®xed. Incubation with GpppG does
not affect the co-localization of PRH, eIF4E or PML.
Strikingly, m7GpppG has dispersed the majority of all
three proteins from bodies (Figure 1F). The same results
were observed in U937 cells (data not shown). Thus, like
eIF4E and PML, treatment with m7G mRNA cap analog
disrupts PRH bodies. Further, treatment of cells with
RNase or DNase does not signi®cantly alter the subcellular
distribution of PRH, PML or eIF4E (data not shown;
Stuurman et al., 1992; Dostie et al., 2000; Cohen et al.,
2001), consistent with previous ®ndings that RNA is
associated with the periphery of the PML nuclear body
(Boisvert et al., 2000). Cap treatment causes a conforma-
tional rearrangement of eIF4E (McCubbin et al., 1988;
von Der Haar et al., 2000; Cohen et al., 2001), and this is
likely to be the cause of eIF4E, PML and PRH nuclear
body disruption. These ®ndings strongly suggest that the
majority of PRH is part of the same nuclear structures as
eIF4E and PML.

PRH associates with eIF4E in both the nucleus and
the cytoplasm
We examined whether PRH and eIF4E physically interact
in vivo. Endogenous PRH and endogenous eIF4E co-
immunopuri®ed in lysates from K562 (Figure 1G) and
U937 cells (Figure 2A). Both PRH and eIF4E have
substantial nuclear and cytoplasmic distributions
(Figure 1). To determine whether they interacted in both
subcellular compartments, we fractionated cells and
immunoprecipitated these fractions with PRH or eIF4E
antibodies (Figure 2A). Clearly, eIF4E co-immunopre-
cipitated with PRH in both the nucleus (lane 1) and
cytoplasm (lane 6). Conversely, PRH co-immunoprecipi-
tated with eIF4E in both fractions (lanes 3 and 6, lower
panel). The quality of the fractionation is demonstrated by
monitoring the distribution of actin, which is mainly
cytoplasmic, and of RNA polymerase II, which is nuclear.
No PRH or eIF4E associated with IgG (data not shown;
Figure 1G). Thus PRH is positioned to alter eIF4E
activities in both subcellular compartments.

PRH directly interacts with eIF4E using a
conserved eIF4E-binding site
Inspection of the amino acid sequence of PRH revealed a
consensus eIF4E-binding motif, similar to ones observed
in eIF4G and 4EBP1 (Figure 2B). This sequence is de®ned

Fig. 2. PRH and eIF4E interact directly. (A) U937 cells were fraction-
ated, immunoprecipitated and analyzed by western analysis. IP refers to
the immunoprecipitated fraction, Sup to supernatant after IP, and wash
to last wash of protein A beads after IP. Fractionation controls are
given in the adjacent panels, using actin as a cytoplasmic marker and
RNA polymerase II as the nuclear marker. Total indicates total cell ly-
sate; nuc, nuclear fraction; and cyto, cytoplasmic fraction.
(B) Schematic of the PRH protein showing the position of the homeo-
domain (HD) relative to the eIF4E-binding site (indicated by the arrow-
head) and the location of the NLS (in blue). The eIF4E-binding site in
PRH from several organisms is shown. Accession numbers are as fol-
lows: NP-002720 (human), NP-032271 (mouse), NP-077361 (rat),
AAB82335 (Xenopus) and NP-571009 (zebra®sh). (C) His tag pull-
down analysis of the PRH±eIF4E interaction. Wild-type (right panel) or
mutant PRH proteins were immobilized on nickel±agarose beads and
incubated with wild-type or mutant eIF4E as indicated. Loading of
PRH mutants is shown in the bottom left panel. All constructs produced
proteins at the expected molecular weight. Faster migrating bands indi-
cate degradation products. eIF4E proteins used in lanes 7 and 8 are
slightly degraded; the top band corresponds to full-length protein.
Loading of eIF4E mutants is shown by western blot (W.B.) in the
lower right panel. Equivalent amounts of eIF4E were used for experi-
ments in the right panel where binding is ~10% of eIF4E input. C.B.
indicates Coomassie Blue-stained SDS±polyacrylamide gel.
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by YXXXXLF, where X is any residue and F is a
hydrophobic residue (Sonenberg and Gingras, 1998). We
examined the possibility that PRH and eIF4E interacted
directly through this site. Wild-type and mutant PRH-His
and eIF4E proteins were produced in bacteria and puri®ed
to homogeneity. PRH-His protein, retained on nickel±
agarose beads, binds free eIF4E. eIF4E is retained on the
PRH±nickel±agarose beads (lane 2), but not on nickel±
agarose beads alone (lane 1). Point mutations within the
eIF4E consensus site in PRH abrogate its ability to bind
eIF4E (lanes 3±5), as does deletion of a large portion of the
N-terminal proline-rich region (residues 42±98, PRHD,
lane 6). Although the eIF4E-binding site is still present in
PRHD, this mutation unfolds the proline-rich region (data
not shown). Thus, the eIF4E-binding site is necessary but
not suf®cient for association with eIF4E, requiring add-
itional sequence for preservation of the three-dimensional
structure of the N-terminal region. Consistently, other
eIF4E-binding proteins such as eIF4G bind more effect-
ively when the full-length eIF4G is used rather than a
corresponding peptide containing only the consensus
sequence (von Der Haar et al., 2000). Importantly, a
construct containing only the proline-rich region of PRH
(PRHpro, residues 1±136) binds eIF4E with the same
af®nity as wild-type PRH, indicating that the homeo-
domain and acidic regions of PRH do not contribute to
binding in vitro (Figure 2C, lanes 7 and 8). Together, these
data indicate that PRH uses a conserved eIF4E-binding
site to interact directly with the eIF4E protein.

We extended these studies to establish which portion of
eIF4E is required for this interaction. PRH binds the dorsal
surface of eIF4E, since a W73A mutation abrogates
binding (lane 10). This result is consistent with previous
®ndings demonstrating that proteins which use a con-
served eIF4E-binding site require W73 (Ptushkina et al.,
1998; Sonenberg and Gingras, 1998). Mutation of either
the cap-binding site, W56A, or of a putative phosphoryl-
ation site, S53A, does not alter binding to PRH (lanes 9
and 11). PRH associates with ~10% of the eIF4E input
(lower panel). Previous studies indicated that all of the
eIF4E mutants used here were structured. W73A has wild-
type af®nity for m7GTP±Sepharose (Cohen et al., 2001)
and, additionally, W73A, S53A and W56A all had
secondary structure content indistinguishable from that
of wild type, as monitored by circular dichroism studies
(Kentsis et al., 2001; data not shown).

Thus, PRH interacts with the functionally important
dorsal surface of eIF4E, where previous studies indicate
that several positive and negative regulators of eIF4E bind.
PRH uses a conserved eIF4E consensus sequence found in
its N-terminal proline-rich region for this association.
Further, this sequence is conserved amongst species from
zebra®sh to humans (Figure 2B), highlighting its potential
functional importance.

PRH negatively regulates cyclin D1 production
post-transcriptionally
Overexpression of eIF4E results in increased levels of
cyclin D1 protein due to increased nucleo-cytoplasmic
transport of cyclin D1 transcripts (Rousseau et al., 1996;
Lai and Borden, 2000; Cohen et al., 2001). The direct
interaction of PRH with eIF4E led us to investigate
whether PRH overexpression alters cyclin D1 protein

production. In this way, PRH could be a tissue-speci®c
regulator of the growth-promoting properties of eIF4E.
We constructed a series of tet-inducible U937 cell lines
with either wild-type PRH, or with mutants that
disrupt the direct interactions with eIF4E: PRHD or
PRHLL2324AA (Figure 2C). All of these constructs had
a FLAG(M2) tag to distinguish transfected from endo-
genous PRH. The time course and levels of induction are
nearly identical for the wild-type and mutant proteins,
allowing direct comparisons to be made amongst cell lines
(Figure 3A). Overexpressed PRH immunoprecipitates
and co-localizes with endogenous PRH (http://atlas.
physbio.mssm.edu/~kbgroup/supplementary/PRH). Further,
overexpression of PRH does not alter eIF4E or PML
protein levels (Figure 5).

We examined the effects of PRH overexpression on
cyclin D1 protein levels (Figure 3B). PRH overexpres-
sion substantially reduces cyclin D1 protein levels
(lanes 4 and 5) relative to vector controls, but does
not alter production of the housekeeping protein actin,
consistent with eIF4E's speci®city (Rousseau et al.,
1996). PRHD and PRHLL2324AA, which do not
interact with eIF4E, do not alter cyclin D1 protein
levels (lanes 6±9) relative to vector controls. Several
studies indicate that cyclin D1 levels can be regulated
by proteosomal degradation (Langenfeld et al., 1997).
However, addition of 10 mM lactacystin did not alter
PRH's repression of cyclin D1 protein levels
(Figure 3C). Northern analysis of cyclin D1 transcript
levels indicated that PRH, PRHD or PRHLL2324AA
overexpression did not substantially alter mRNA levels
of either cyclin D1 or GAPDH (Figure 3D). Thus PRH
modulates cyclin D1 levels post-transcriptionally but not
through proteosomal degradation, and does not modulate
steady-state transcript stability. Since GAPDH and actin
levels are unaffected, these effects of PRH demonstrate
the same speci®city as observed for eIF4E. These
mutational analyses demonstrate that the ability of PRH
to modulate cyclin D1 levels is strongly linked to its
interaction with eIF4E.

PRH inhibits eIF4E-dependent mRNA transport of
cyclin D1 and growth
We examined the possibility that PRH inhibits eIF4E-
dependent transport of cyclin D1 transcripts. Using the tet-
inducible system, cells were fractionated into nuclear and
cytoplasmic compartments, and RNAs were isolated from
each fraction and analyzed by northern methods. The
quality of the fractionation was assessed by monitoring
tRNALys, a mainly cytoplasmic RNA, and U6snRNA, a
mainly nuclear RNA (Figure 3E).

Prior to withdrawal of tetracycline, the amounts of
cyclin D1 found in the nucleus and cytoplasm are
approximately equal (lanes 5 and 6) in cells transfected
with PRH, similar to observations in vector controls
(lanes 1 and 2). However, when PRH expression is high
(PRH3, Figure 3A), it is clear that the majority of cyclin D1
mRNA is in the nucleus whereas there is no change in the
vector controls (lanes 3 and 4 versus 9 and 10).
Concomitantly, there is a reduction of cyclin D1 mRNA
in the cytoplasm. In contrast to wild-type PRH, expression
of PRHD or PRHLL2324AA does not alter cyclin D1
mRNA distribution (lanes 11 and 12 versus 13 and 14, and
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lanes 15 and 16 versus 17 and 18). Notably, the
compartmentalization of GAPDH transcripts, isolated
from the same experiments as shown for cyclin D1, is
not altered by expression of any of the constructs. Thus,
PRH modulates cyclin D1 protein levels through retention
(either directly or indirectly) of cyclin D1 transcripts in the
nucleus. Further, the ability to retain these transcripts is
linked to PRH's ability to interact directly with eIF4E.

Fluorescence-activated cell sorting (FACS) analysis
revealed that PRH overexpression and subsequent sup-
pression of cyclin D1 protein production are correlated
with G1 arrest (Figure 4). DNA content was monitored by
propidium iodide. In contrast to wild type, PRHD and
PRHLL2324AA do not alter the cell cycle relative to
vector controls, consistent with the requirement for a
direct interaction between PRH and eIF4E.

PRH overexpression disrupts eIF4E and PML
nuclear bodies
The marked effects on cyclin D1 transport led us to
determine whether PRH modulated eIF4E function by
altering its subcellular distribution. We monitored the
subcellular distributions of endogenous PML, endogenous
eIF4E and exogenous PRH. Prior to withdrawal of
tetracycline, no expression of PRH-FLAG is observed,
and the PML and eIF4E proteins co-localize in nuclear
bodies (Figure 5A, I±L) as expected and as observed in
vector controls (Figure 5A, A±H). However, when
substantial exogenous PRH is produced (PRH3), the

localization of PML and eIF4E is altered substantially
(Figure 5A, Q±T). Overexpressed PRH is found in some
nuclear bodies, but the majority is found diffusely
throughout the cytoplasm. The majority of eIF4E and
PML are redistributed to the cytoplasm, with nearly a
complete loss of nuclear bodies. PRH co-localizes with the
remaining eIF4E and PML bodies. PRH mutants that do
not bind eIF4E in vitro have a more diffuse pattern than
wild-type PRH and do not alter the distribution of either
PML or eIF4E (Figure 5B and D). Importantly, over-
expression of wild-type or mutant PRH does not alter PML
or eIF4E protein levels (Figure 5D). Fractionation studies
con®rm that PML and eIF4E are redistributed to the
cytoplasm by PRH, whereas PRH mutants have no effect
(Figure 5E). Several known isoforms of PML are present,
consistent with previous studies (Flenghi et al., 1995). In
addition, there may also be some degradation products of
some PML isoforms present. These data suggest that PRH
inhibits eIF4E's mRNA transport function by disrupting
eIF4E nuclear bodies. Importantly, localization of splicing
speckles or nucleoli and Cajal bodies was not altered by
PRH (Figure 5C). Thus, PRH must interact directly with
eIF4E in order to disrupt eIF4E and PML nuclear bodies,
and this disruption is speci®c, leaving other nuclear
organelles intact. The exact mechanism of how over-
expression results in disruption of PML and eIF4E nuclear
bodies is currently not known.

For comparison, we monitored the effects of over-
expression of PML, since it also inhibits eIF4E-dependent

Fig. 3. PRH suppresses cyclin D1 protein production and cyclin D1 mRNA transport. (A) Induction of PRH, PRHD and PRHLL cells is the same in
the U937 system as observed by both PRH polyclonal antibody and FLAG tag antibody. PRHLL refers to the PRHLL2324AA mutant and PRHD to
the deletion mutant. (B) Cyclin D1 levels are suppressed by overexpression of PRH wild-type but not mutant constructs. (C) Addition of 10 mM lacta-
cystin does not reverse the effects of PRH on cyclin D1 protein levels. (D) Northern analysis of RNA isolated from total cell lysates of PRH-overex-
pressing cells indicates that there are no alterations in the total levels of cyclin D1 mRNA. (E) Fractionation studies in conjunction with northern
analysis reveal that PRH overexpression leads to retention of cyclin D1 mRNA in the nucleus. Cells transfected with vector or overexpressing PRH
mutants do not have these effects. n indicates the nuclear, and c the cytoplasmic fraction. tRNALys is a marker for the cytoplasmic fraction, and
U6snRNA for the nuclear fraction. The numbers 0, 2 and 3 indicate days post-tetracycline withdrawal. W.B., western blot; N.B., northern blot.
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mRNA transport. Using a tet-inducible system, we
observed that overexpression of PML leads to larger
PML nuclear bodies (http://atlas.physbio.mssm.edu/
~kbgroup/supplementary/PRH) as observed in other cell
types (e.g. Topisirovic et al., 2002). Endogenous PRH and
eIF4E still localize with these bodies where PML does not
alter the subcellular distribution of these proteins or levels
of expression. Thus, the effects of PRH are speci®c, where
overexpression of PML or eIF4E does not lead to
re-localization of body constituents to the cytoplasm
(Topisirovic et al., 2002). Moreover, PRH disrupts the
eIF4E nuclear body and subsequently eIF4E's ability to
transport mRNAs.

PRH and eIF4E associate independently of PML
In the above studies, we monitored the ability of PRH to
modulate eIF4E-dependent cyclin D1 mRNA transport
and growth in U937 cells that endogenously express PML,
PRH and eIF4E. Since both PRH and eIF4E associate
directly with the PML protein (Topcu et al, 1999; Cohen
et al., 2001), we set out to establish whether these proteins
associate in cells in the absence of PML and, in this way, if
PRH modulates eIF4E function independently. Initially,
we monitored the subcellular localization of PRH and
eIF4E proteins in PML±/± cells (Figure 6). Note that PRH is
not expressed endogenously in these cells, but eIF4E is.
Overexpression of eIF4E resulted in a pattern similar to
that observed for endogenous eIF4E in these cells, where
eIF4E is found both in nuclear bodies and diffusely
throughout the cytoplasm (Figure 6A versus C). In PRH-
expressing cells, PRH is found throughout the cytoplasm
and in nuclear bodies (Figure 6G±I), similar to the pattern
observed for endogenous PRH in U937 cells. PRH
expression leads to the apparent disruption of endogenous
eIF4E nuclear bodies, with some bodies remaining, and an
additional diffuse pattern similar to observations in U937
cells (Figure 5A), suggesting that the relative levels of
PRH and eIF4E are important for localization. In cells
overexpressing both PRH and eIF4E, these two proteins

co-localize in nuclear bodies, as well as being found
diffusely throughout the cytoplasm and nucleoplasm
(Figure 6P±R). Clearly, no proteins speci®c to the myeloid
lineage are required to mediate this interaction in vivo as it
occurs readily in the PML±/± mouse embryo ®broblast
(MEF)-derived cell line.

Importantly, mutations in PRH that disrupt association
with eIF4E result in the inability of PRH to associate with
eIF4E nuclear bodies, leaving both endogenous and
exogenous eIF4E nuclear bodies intact (Figure 6J±L and
M±O). Finally, expression of PRH and W73A eIF4E
results in the expected pattern, where PRH is found in
some nuclear bodies, presumably through association with
endogenous eIF4E (Figure 6S±U). W73A eIF4E forms
very large bodies, as observed previously (Topisirovic
et al., 2002). Immuno¯uorescence results were con®rmed
by immunoprecipitation studies (Figure 6, lower panel).
Here, mutants that could not bind eIF4E (PRHD and
PRHLL2324AA) did not co-immunoprecipitate, whereas
wild-type proteins did.

We examined whether PML interferes with the PRH
eIF4E association in cells in which PRH is not normally
expressed but PML is. Experiments in NIH-3T3 cells
yielded results identical to those observed in PML±/± cells
(http://atlas.physbio.mssm.edu/~kbgroup/supplementary/
PRH). Similarly to U937 cells, overexpression of PRH
resulted in re-localization of PML and eIF4E to the
cytoplasm. Consistently, mutagenesis studies indicated
that this reorganization required a direct interaction
between eIF4E and PRH. Thus the presence or absence
of PML, even in cellular contexts where PRH is not
normally expressed, does not alter PRH's association with
eIF4E. Thus, the association of PRH and eIF4E in cells, as
in vitro, is independent of PML.

PRH inhibits eIF4E-dependent transformation
eIF4E overexpression transforms immortalized cell lines
(Lazaris-Karatzas et al., 1990; Sonenberg and Gingras,
1998). Thus, we examined the ability of PRH to modulate

Fig. 4. PRH overexpression induces G1 arrest in U937 cells. Tet-inducible U937 cells expressing wild-type PRH, PRHD and PRHLL2324AA
(PRHLL) mutants were stained with propidium iodide (PI), and the DNA content was measured by FACS. Cell phase distributions were determined
using the CellQuest software. The numbers 0, 2 and 3 indicate days after tetracycline withdrawal.
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eIF4E-mediated transformation in anchorage-dependent
foci formation assays in NIH-3T3 and PML±/± ®broblasts
using stable transfection. It is clear from Figure 7A that
eIF4E-overexpressing cells produce so many foci that it is

dif®cult to quantitate as foci coalesce, as observed
previously (Lazaris-Karatzas et al., 1990; Sonenberg and
Gingras, 1998). For these experiments, only distinct foci of
a minimal size and above were counted, so that the number

Fig. 5. PRH overexpression leads to disruption of eIF4E and PML nuclear bodies. (A) Confocal micrographs show that PRH overexpression leads to
disruption of nuclear bodies as indicated. Cells are triple stained for eIF4E (green), PRH (red) and PML (blue). FLAG antibody is used to detect PRH,
so only exogenous PRH is observed. The numbers 0 and 3 refer to days post-tetracycline withdrawal. (B) Mutant PRH that does not bind to eIF4E
does not disrupt eIF4E nuclear bodies. PRHLL refers to the PRHLL2324AA mutation, and PRHD the deletion mutant. (C) The subcellular distribution
of Sc35 splicing speckles (Sc35), Cajal bodies and nucleoli (nopp140) does not change upon PRH overexpression. Confocal micrographs represent sin-
gle sections through the plane of the cells. (D) Protein levels in total cell lysates from cells overexpressing PRH, PRHLL, PRHD or vector-transfected
controls. (E) Fractionation studies reveal that PRH overexpression leads to re-localization of eIF4E and PML to the cytoplasm. W.B. indicates western
blot. The PML antibody mAb 5E10 indicates that there is a difference in isoform distribution between the two subcellular compartments, consistent
with previous studies (Stuurman et al., 1992; Flenghi et al., 1995). Further, it is possible that some bands represent degradation products rather than
different isoforms of PML. Actin is used for the loading control in the cytoplasmic fraction, and Sc35 (splicing speckles) in the nuclear fraction. Note
that staining for PRH and eIF4E looks more intense after the bodies are disrupted (A), but by western analysis these levels do not change (D). This is
due to differences in antibody availability increasing in the ®xed cells after dispersal of the nuclear bodies, whereas this is not an issue on the denatur-
ing gels used for western analysis.
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of foci in eIF4E-overexpressing cells may be underesti-
mated. Importantly, overexpression of PRH wild-type or
mutant proteins does not affect levels of eIF4E expression,
and vice versa (Figure 7D and E), in either cell line.

Results in these two cell lines were analogous; there-
fore, only those from PML±/± cells will be discussed in
detail (Figure 7A). For NIH-3T3 results, see http://
atlas.physbio.mssm.edu/~kbgroup/supplementary/PRH.
The number of foci per experiment is shown in Figure 7B.
In vector-transformed cells, some foci are present,
consistent with the inherent transformed phenotype
reported for PML±/± cells. However, substantially more
foci are visible in eIF4E-overexpressing cells than in the
vector controls (Figure 7A, panels A and B). PRH
expression reduced the number of foci relative to both
the vector, presumably acting on the endogenous eIF4E,
and the eIF4E-overexpressing cells. Experiments using
either the PRHD or PRHLL2324AA mutants revealed
more foci than those using wild-type PRH, similar in
number to those observed in vector controls (Figure 7A,

panels E and J versus A). Co-expression of eIF4E and
wild-type PRH resulted in a signi®cant reduction in the
number of foci relative to cells overexpressing eIF4E
alone (Figure 7A, panel B versus G). As reported
previously, the W73A eIF4E mutant, which is de®cient
in translation activity (Sonenberg and Gingras, 1998),
transforms cells as readily as wild-type eIF4E (Figure 7A,
panel C), consistent with previous results (Cohen et al.,
2001). Co-expression of PRH and the W73A eIF4E mutant
resulted in approximately the same number of foci as
with W73A eIF4E alone (Figure 7A, panel C versus H).
Further, co-expression of either PRHLL2324AA or PRHD
with wild-type eIF4E resulted in the same number of foci
as experiments using wild-type eIF4E alone (Figure 7A,
panels I and J versus B). Thus, PRH's ability to inhibit
eIF4E-mediated transformation is linked to its ability to
interact directly with eIF4E and disrupt eIF4E nuclear
bodies.

Since there is a strong correlation between eIF4E's
ability to increase cyclin D1 protein levels and its ability to

Fig. 6. The PRH±eIF4E interaction is independent of PML. Upper panel: PML±/± ®broblasts were stably transfected with eIF4E or PRH constructs as
indicated. Confocal micrographs represent single sections through the plane of the cells. Lower panel: PML±/± cells transfected as indicated, immuno-
precipitated (IP) with the Xpress antibody (IP PRH) and western blotted for eIF4E (W.B. eIF4E), or vice versa. n, nuclear fraction; c, cytoplasmic frac-
tion; S = supernatant after IP. IP and S in the last two lanes on the right are positive controls for IP, where in the upper panel it is IP eIF4E, and in the
lower panel IP PRH, and were probed as indicated.
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transform cells (Cohen et al., 2001), we examined whether
PRH suppression of foci formation is correlated with
suppression of cyclin D1 protein levels. PRH reduces
cyclin D1 protein levels relative to vector controls in both
PML±/± and NIH-3T3 cells (Figure 7C; http://atlas.
physbio.mssm.edu/~kbgroup/supplementary/PRH), pre-
sumably by acting on endogenous eIF4E. However, PRH
mutants that do not interact directly with eIF4E, i.e. PRHD
and PRHLL2324AA, have cyclin D1 levels similar to
those observed for vector controls. As expected, cyclin D1
levels are elevated relative to vector controls in cells
overexpressing eIF4E or W73A eIF4E. Co-expression of
PRH and eIF4E results in lower levels of cyclin D1
relative to cells expressing eIF4E. Mutagenesis studies
indicate that as for foci formation, there is a strong
correlation between the ability of PRH to inhibit cyclin D1
protein production and to interact directly with eIF4E.
Thus, there is a correlation between the ability of PRH to
bind eIF4E directly, to associate in cells, to suppress
eIF4E-dependent cyclin D1 transport and subsequently
to suppress eIF4E-mediated oncogenic transformation.
Furthermore, these activities of PRH are independent of
PML.

The nuclear fraction of PRH is critical for its
roles in modulating eIF4E mRNA transport
and transformation
To assess the importance of the nuclear localization of
PRH to its ability to modulate eIF4E activity, we mutated
its NLS. We identi®ed a putative NLS sequence in PRH
(Figure 2B), and subsequently mutated arginines 188 and
189 to alanine. Mutations in this region (PRHDNLS)
resulted in a complete loss of the nuclear localization of
PRH, as observed by confocal microscopy and by
fractionation analysis (Figure 8B). The loss of nuclear
localization was con®rmed by fractionation methods in
conjunction with western analysis (Figure 8B, right panel).
Further, the distribution of PML and eIF4E nuclear bodies
is unchanged by this mutant. PRH and PRHDNLS both
interact with the cytoplasmic fraction of eIF4E (Figure 8B,
bottom right panel).

We monitored the ability of PRHDNLS to modulate
cyclin D1 levels. In contrast to experiments with the wild-
type protein, PRHDNLS overexpression did not alter
cyclin D1 protein levels where cyclin D1 levels were
similar to those observed in vector control experiments
(Figure 8A, left panel). Further, PRHDNLS did not repress

Fig. 7. PRH suppresses oncogenic transformation of eIF4E and expression of cyclin D1. (A) Anchorage-dependent foci formation assays in PML±/±

cells. Foci stained with Giemsa formed as a result of different transfections. Cells were transfected as indicated: 4E (wild-type eIF4E), PRH (wild-type
PRH), PRHLL (PRHLL2324AA), PRHD (PRH ApaI deletion), W73A (eIF4E W73A mutation) and vector. Identically sized areas were taken from rep-
resentative regions of each Petri dish. The results were quantitated in (B). Foci were counted in ®ve dishes per treatment, and values are 6 SD.
(C) Cyclin D1 levels. Western blots (W.B.) of the indicated experiments after transfection. (D and E) Western analysis indicated that overexpression
of eIF4E and PRH did not alter each other's levels.
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cyclin D1 protein production in the presence of eIF4E,
in contrast to wild-type PRH (Figure 8C, left panel).
Importantly, overexpression of PRHDNLS did not alter
cyclin D1 transcript levels or steady-state stability of these
transcripts (Figure 8A, right panel). Fractionation studies
in conjunction with northern analysis indicate that
PRHDNLS does not alter the nucleo-cytoplasmic distri-
bution of cyclin D1 transcripts relative to vector controls
(Figure 8A, right panel). In contrast, PRH overexpression
caused nuclear retention of transcripts (Figures 3 and 8A).

We extended these studies to determine whether
PRHDNLS alters eIF4E-mediated transformation as
described above for wild-type PRH (Figure 8C). Unlike
wild-type PRH, overexpression of PRHDNLS resulted in
the same number of foci as observed for vector controls
(data not shown). PRHDNLS did not suppress eIF4E-
mediated transformation where there were the same
number of foci as observed in cells only expressing
eIF4E, whereas wild-type PRH substantially reduces the
number of foci in cells overexpressing eIF4E (Figure 8C).

Fig. 8. Nuclear localization of PRH is necessary for its function in the suppression of eIF4E-mediated transport and transformation. All experiments
were carried out in NIH-3T3 cells. (A) Left panel: western analysis of total cell lysates overexpressing PRH, PRHDNLS and vector controls. Right
panel: northern analysis of total mRNA and (far right) RNA from nuclear (n) and cytoplasmic (c) fractions. (B) Left panel: confocal micrographs of
cells transfected as described. Cells were triple stained for eIF4E (green), PRH (red) and PML (Cy5 shown in blue). In addition, DAPI staining is
shown in gray. Overlays are as described in Figure 1. The objective is 1003 with a further 2-fold magni®cation. Right panel: western analysis of the
nuclear and cytoplasmic fraction where b-actin and Sc35 are markers for the cytoplasmic and nuclear fraction, respectively. Below, co-immunoprecipi-
tation analysis shows that exogenous PRH and PRHDNLS interact with endogenous eIF4E. Total cell lysates were immunoprecipitated (IP) with
eIF4E or PRH antibody. (C) Left panel: western analysis of cells transfected as described. Right panel: anchorage-dependent foci formation assays
transfected as described. On the far right, foci were counted in ®ve dishes per treatment and values are 6 SD. WB indicates western blot, and N.B.
northern blot.
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In summary, the nuclear localization of PRH is required
for its ability to disrupt PML and eIF4E nuclear bodies and
to suppress eIF4E-mediated cyclin D1 mRNA transport,
cyclin D1 protein production and transformation.

Other homeodomain proteins are potential
modulators of eIF4E
Our results demonstrate that PRH is a tissue-speci®c
modulator of eIF4E. This leaves open the question of
whether, in those tissues and organisms where PRH is not
expressed, there are other regulators of eIF4E function. In
particular, could PRH regulation of eIF4E represent a
general phenomenon where other homeodomain proteins,
with limited expression, modulate eIF4E activity? We
carried out database searches of the 803 homeodomain
proteins found in the Swissprot database for the presence
of the YXXXXLF motif using PROSE (http://bioweb.
pasteur.fr/seqanal/interfaces/prose.html). A total of 199
homeodomain proteins contain at least one of these
potential binding sites, including Hox11, a close relative
of PRH and the Drosophila Bicoid protein (http://
icb.mssm.edu/borden/hd_tbl.html). In 100 of these, the
binding site is found N-terminal to the homeodomain,
as in PRH (Figure 2B). The binding site in Hox11 was
conserved between human and mouse, and has a conser-
vative substitution of L to I in Xenopus and chicken. To
assess if these sites were involved in interactions with
eIF4E, we produced Hox11±GST (Figure 9). Hox11 binds
eIF4E with similar af®nities to those observed for PRH
and for the RING of PML. Like other proteins that utilize
this binding motif, the W73A mutation of eIF4E elimin-
ates Hox11 binding, but mutation of distal sites on eIF4E
does not. Mutation of the consensus binding site in Hox11

(Y45A) results in a loss of association with eIF4E. Further,
the Bicoid protein uses its consensus sequence to bind
eIF4E directly (Niessing et al., 2002). Thus, other
homeodomain proteins are potential modulators of
eIF4E, and this type of regulation is likely to be a general
phenomenon and not one limited to cell types that express
PRH.

Discussion

Although eIF4E is required for survival in all eukaryotic
cells, its subcellular localization and levels of expression
are altered during zebra®sh and Xenopus development
(Sonenberg and Gingras, 1998; Fahrenkrug et al., 1999;
Strudwick and Borden, 2002). These observations led us to
investigate whether these activities of eIF4E were modu-
lated in a tissue-speci®c manner, allowing eIF4E to be
regulated during development and differentiation in a
variety of contexts. Here we report the ®rst tissue-speci®c
modulator of eIF4E activity, PRH. Unlike eIF4E, which is
expressed ubiquitously in eukaryotes, PRH expression is
limited to only a few cell types. We demonstrate that PRH
inhibits eIF4E's function in mRNA transport through a
direct interaction using a conserved eIF4E-binding site.
Other parts of the N-terminal proline-rich region are also
required for eIF4E binding, by preserving the structural
integrity of this part of the protein. The PRH±eIF4E
interaction leads to disruption of eIF4E nuclear bodies,
disruption of eIF4E-mediated transport of cyclin D1
mRNA, subsequent retention of cyclin D1 mRNA in the
nucleus and reduction in cyclin D1 protein levels. eIF4E
undoubtedly regulates the transport of other, as yet
unidenti®ed, transcripts. Whether it is cyclin D1 mediating
the observed effects on growth or other transcripts is a
focus of future studies. However, monitoring cyclin D1
allows us to monitor the transport process.

These molecular events are correlated with the ability of
PRH to repress the growth-promoting and transforming
properties of eIF4E in a variety of cell lines. In addition,
PRH and eIF4E interact in the cytoplasm through its dorsal
surface (W73), suggesting that PRH also modulates the
translation activity of eIF4E, since the dorsal surface is
required for eIF4E's assembly into the translation pre-
initiation complex. Our preliminary data suggest that PRH
inhibits eIF4E-dependent translation in vitro (unpublished
observations). Thus, PRH may alter other physiological
activities of eIF4E through modulation of eIF4E-depend-
ent translation. Further, PRH does not require PML, which
binds both PRH and eIF4E, for any of these activities.
Thus, PRH is positioned to be a powerful regulator of
eIF4E in speci®c tissues and in a variety of organisms.
This interaction could be key to the balance between
proliferation and differentiation.

Since PRH is required for blood differentiation in
zebra®sh, Xenopus and mice, and for liver and thyroid
organogenesis in mice (Yatskievych et al., 1999; Keng
et al., 2000; Liao et al., 2000; Martinez Barbera et al.,
2000), its negative regulation of eIF4E may be important
to these processes. Interestingly, eIF4E is highly over-
expressed in patients with a variety of non-Hodgkin B-cell
lymphomas (Wang et al., 1999) where PRH levels
increase upon differentiation from early pre-B cells to
late pre-B cells (Man®oletti et al., 1995). There are other

Fig. 9. Other homeodomains utilize conserved eIF4E-binding sites to
bind eIF4E. (A) The eIF4E-binding site in Hox11 is conserved from
chicken to human. Conserved residues are highlighted in yellow.
Accession numbers are: XP-046733 (human), P43345 (mouse),
AA14453 (Xenopus) and 093366 (chicken). (B) Puri®ed Hox11 binds
to puri®ed wild-type eIF4E with the same af®nity as PML and PRH
(Figure 2), binding ~10% of eIF4E input. Hox11 and PML RING are
immobilized GST fusion proteins, and were incubated with puri®ed
wild-type or mutant eIF4E, as indicated. Hox11Y45A mutation does
not interact with eIF4E. Loading for Hox11 wild-type and mutants is
shown by the Coomassie Blue gel (C.B. Hox11). W.B. indicates
western blot.
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examples of PRH modulation during differentiation. For
example, PRH levels increase after differentiation of
HL60 cells (myeloblasts±promyelocytes) to granulocytes
but decrease upon differentiation of HL60s to the
monocyte±macrophage lineage (Man®oletti et al., 1995).
Recent data indicate that Bicoid inhibits translation of
caudal mRNA through association with eIF4E (Niessing
et al., 2002). Thus, regulation in all tissue types is not as
simple as the levels of PRH relative to eIF4E and probably
involves additional factors such as PML or Hox11 and
their relative activities in these cell types. Further, it is not
clear that all homeodomain proteins that bind eIF4E will
be inhibitory. Clearly eIF4E can be regulated by a variety
of unrelated mechanisms in addition to those described
here. For instance, the 4E-binding proteins inhibit its
translational activities in response to extracellular signals
(Sonenberg and Gingras, 1998). These modes of regula-
tion are also undoubtedly important to roles that eIF4E
plays in differentiation and development.

Although PML and PRH both act as negative regulators
of the mRNA transport function of eIF4E, their mechan-
isms of action are distinct. PML utilizes its RING domain
to bind the same region of eIF4E as PRH (Cohen et al.,
2001). Direct binding by the RING reduces eIF4E's
af®nity for the m7G cap by >100-fold (Cohen et al., 2001;
Kentsis et al., 2001). This biochemical activity of PML is
correlated with its ability to inhibit eIF4E-mediated
transformation of ®broblasts. Unlike PRH, overexpression
of PML and eIF4E results in larger nuclear bodies that still
localize with the respective partners, consistent with
previous transfection experiments in other cell lines
(Borden et al., 1995; Topisirovic et al., 2002). There is
no apparent disruption of the bodies or re-localization of
PML, PRH or eIF4E in these cells. This is in stark contrast
to PRH overexpression in a variety of cell lines (shown
here), which results in disruption of most bodies and
substantial re-localization of eIF4E and PML to the
cytoplasm (Figures 5 and 6). Unlike PML, PRH only
modestly inhibits eIF4E cap-binding activity by ~10-fold
(our unpublished observations). Although PRH and PML
utilize different mechanisms to inhibit eIF4E-mediated
transport, their potencies as inhibitors of cyclin D1 protein
production appear quite similar (data not shown). Since
PML, PRH and eIF4E can bind one another independently
of the third component, it seems likely that PML and PRH
could have synergistic effects on eIF4E function.

Identi®cation of PRH as the second negative regulator
of nuclear eIF4E function may help to address the question
of why PML±/± mice do not get more cancers than
littermate controls (Wang et al., 1998). Our previous
studies with PML and eIF4E led us to hypothesize that
PML is a mammalian modulator of an evolutionarily older
organelle comprised, at least in part, of eIF4E nuclear
bodies (Cohen et al., 2001). In this model, PML and eIF4E
balance each other's contrasting effects on growth. The
data presented here suggest that in the absence of PML,
there are other negative regulators of these eIF4E func-
tions, and the presence of these additional inhibitors,
which may or may not act synergistically, could regulate
eIF4E. We found that a substantial number of homeo-
domain proteins contain eIF4E-binding sites and demon-
strated that Hox11 utilizes this site to interact with eIF4E
on its dorsal surface (W73). Thus, there are potentially

many tissue-speci®c proteins that regulate eIF4E in this
manner.

To our knowledge, this is the ®rst report of a homeo-
domain protein regulating mRNA transport. Other homeo-
domain proteins are negative regulators of growth, such
as Cdx1 which negatively regulates cyclin D1 levels
transcriptionally (Lynch et al., 2000). Alternatively, Msx1
post-transcriptionally stimulates cyclin D1 protein pro-
duction and cell growth (Hu et al., 2001). Other groups
have focused on the potential transcriptional activities of
PRH typical of homeodomain proteins. Mutation of the
homeodomain does not alter the ability of PRH to repress
reporter constructs, but deletion of the proline-rich region
does (Tanaka et al., 1999; Guiral et al., 2001). Inter-
estingly, the parts of the proline-rich region required for
repression of reporter genes correspond to those required
for association with eIF4E, which are deleted in the PRHD
mutant. It is formally possible that the reporter assays
monitored an alteration in transport and not directly
transcription. Alternatively, PRH may have additional
functions in transcription. For instance, the few PRH
bodies in the nucleus that do not localize with eIF4E
nuclear bodies in U937 cells may be sites for PRH
transcriptional activity.

The Bicoid homeodomain protein also controls gene
expression post-transcriptionally as well as transcription-
ally (Niessing et al., 1999). Bicoid mediates control of
gene expression in the Drosophila embryo to allow proper
anterior±posterior patterning by activating transcription of
zygotic segmentation genes. Interestingly, PRH plays a
role in anterior±posterior patterning, but in the mouse
(Martinez Barbera et al., 2000). Interestingly, Bicoid uses
a consensus eIF4E-binding site to interact with eIF4E
and repress translation of caudal mRNA (Niessing et al.,
2002). The transcriptional activation and translational
repression activities of Bicoid involve different parts of the
protein, although both activities require the homeodomain
for DNA±RNA binding.

In summary, we demonstrate that the mRNA transport
function of eIF4E is modulated in a tissue-speci®c manner
by PRH. This is the ®rst evidence that the integrity of this
nuclear structure is required for eIF4E-dependent mRNA
transport. PRH thereby inhibits the growth-promoting and
transforming properties of eIF4E. PRH appears to be the
®rst homeodomain protein reported that modulates mRNA
transport, and these activities are independent of its role as
a transcription factor. Apart from PRH, there are a wide
variety of other possible homeodomain protein modulators
of eIF4E, including Hox11. These ®ndings position
homeodomain proteins in a new role as modulators of
eIF4E. Further, we provide a biochemical framework for
the tissue-speci®c regulation of a general factor, eIF4E,
and its involvement in processes such as differentiation
and development.

Materials and methods

Reagents
Full-length cDNA constructs for bacterial (PRH-His tag) and mammalian
overexpression (pcDNA3.1 PRH) were described previously in Topcu
et al. (1999). For the tet-inducible system, PRH-pTRE was a kind gift of
Robert Hromas. PRHD was made by digestion with ApaI, which deletes
residues 42±98. We identi®ed a putative NLS in PRH. Mutation of R188
and R189 to alanine resulted in no nuclear PRH (Figure 8) and is referred
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to as PRHDNLS in the text. PRHpro contains only the proline-rich region
of PRH residues 1±136. Mammalian and bacterial expression constructs
for eIF4E and PML were described in Cohen et al. (2001). Full-length
Hox11 was subcloned into pGEX6T. Point mutations were engineered
using the Stratagene Quikchange kit. DNA sequencing was used to verify
the integrity of all constructs.

Polyclonal antibodies to full-length PRH were produced and gave
similar results to those obtained with a fragment of the proline-rich region
(Topcu et al., 1999). The PRH antibody was af®nity puri®ed against
puri®ed PRH-His protein. Antibodies used against PML include
monoclonal antibody (mAb) 5E10 which recognizes human PML
(Stuurman et al., 1992), polyclonal antibodies which recognize both
human and mouse PML, kind gifts of Gerd Maul and Paul Freemont,
described previously in Borden et al. (1995) and Topisirovic et al. (2002),
and the polyclonal antibody against nopp140 (Meier, 1996). Additional
antibodies used include mouse anti-eIF4E mAb (BD Transduction
Laboratories), mouse anti-cyclinD1 mAb (BD PharMingen), mouse
anti-FLAG-M2 mAb (Sigma), mouse anti-Xpress mAb (Invitrogen),
mouse anti-SC35 mAb (BD PharMingen) and rabbit polyclonal anti-PolII
antibody [sc-899 (Santa Cruz Biotechnology)].

Cell culture
U937 and K562 cells were maintained as described previously in Cohen
et al. (2001) and NIH-3T3 and PML±/± cells as in Topisirovic et al.
(2002). Tet-inducible U937T cells were grown in 0.3 mg/ml
tetracycline±HCl and, when indicated, were washed four times with
PBS and resuspended in tetracycline±HCl-free medium. Where indicated,
cells were treated with 10 mM lactacystin for 24 h.

Cell transfection
Tet-inducible U937T cells (2 3 107 cells) (Boer et al., 1998) were co-
transfected with 10 mg of pIND (neomycin selectable marker gene) and
10 mg of pTRE-PRH or mutants by electroporation. Transfected cells
were seeded at 1 3 105 on methylcellulose plates supplemented with full
growth medium and selected with 1 mg/ml G418. The plates were
incubated until macroscopic colonies were visible. Single colonies were
dispensed into 24-well plates containing full growth medium, and
individual clones were tested for induction of pTRE constructs. Positive
clones were tested, with `leaking' clones excluded.

NIH-3T3 and PML±/± cells were plated at 1.5 3 105 cells/35 mm tissue
culture dish 24 h prior to transfection. Transfections were performed
using GeneJammer Transfection Reagent (Stratagene) according to the
manufacturer's instructions. NIH-3T3 and PML±/± cells were transfected
with 3 mg of pMV, pMV-eIF4E wild-type or mutants, or pcDNA 3.1,
pcDNA 3.1-PRH wild-type or mutants. At 48 h post-transfection, cells
were selected in 1 mg/ml G418-containing medium.

Foci growth assay
Anchorage-dependent foci formation assays were as described previously
(Cohen et al., 2001). Brie¯y, stably transfected NIH-3T3 and PML±/± cells
were seeded at 105 cells per 100 mm dish and maintained for 7 days with
addition of fresh medium containing 1 mg/ml G418 every 3 days. After
the incubation, cells were dried, ®xed in methanol at room temperature,
stained with Giemsa and counted. The numbers represent the average of
®ve plates, and experiments were repeated independently at least three
times.

Cellular fractionation and northern analysis
Fractionation and RNA isolation were described previously in Lai and
Borden (2000) and Topisirovic et al. (2002). Brie¯y, U937T cells were
rinsed twice in ice-cold 13 PBS pH 7.4 and resuspended in lysis buffer B
[10 mM Tris pH 8.4, 140 mM NaCl, 1.5 mM MgCl2, 0.5% NP-40, 1 mM
dithiothreitol and RNasin (100 U/ml) (Promega)] with slow pipeting.
Nuclear suspensions were centrifuged at 1000 g for 3 min at 4°C and the
supernatant saved as the cytoplasmic fraction. Nuclear pellets were
resuspended in lysis buffer B. A one-tenth volume of the detergent [3.3%
(w/v) sodium deoxycholate and 6.6% (v/v) Tween-40] was added under
slow vortexing, and the nuclear suspension was incubated on ice for 5 min.
Nuclei were pelleted by centrifugation at 1000 g for 3 min at 4°C, and
supernatant (post-nuclear fraction) was saved and added to the
cytoplasmic fraction. Nuclei were rinsed once in lysis buffer B. This
protocol yielded intact nuclei as determined by light microscopy, with no
signi®cant cytoplasmic contamination as seen from the tRNALys content.

Total or fractionated RNAs were isolated by the TRizol (Gibco)
procedure. The RNA from the nuclear fraction was treated additionally
with RNase-free DNase I (Promega). A 5 mg aliquot of RNA was loaded
on a 1% formaldehyde/agarose gel and transferred onto positively

charged nylon membrane (Roche). Membranes were pre-hybridized in
ULTRAhyb buffer (Ambion) and probed with cyclin D1 cDNA probe
(20 pM), GAPDH cDNA probe (5 pM) (Ambion), biotinylated tRNALys

antisense oligoprobe (30 pM) or U6 antisense oligoprobe (30 pM). cDNA
probes were biotinylated using the BrightStar Psoralen±Biotin kit
(Ambion) and signals were detected using CDP Star chemiluminescence
(Ambion).

Western blot and co-immunoprecipitation studies
For western analysis, cells were lysed in RIPA buffer supplemented with
complete protease inhibitors (Roche) on ice. A 20 mg aliquot of whole-
cell extracts was analyzed. All primary antibodies except 5E10 and
af®nity-puri®ed PRH antibody (1:100) were used at 1:4000. Signals were
revealed by chemiluminescence (SuperSignal). Fractionation for co-
immunoprecipitations was as described previously (Carlile et al., 1998;
Lai and Borden, 2000; Topisirovic et al., 2002).

Immuno¯uorescence and laser scanning
confocal microscopy
Experiments were as described previously (Cohen et al., 2001;
Topisirovic et al., 2002). Brie¯y, cells were rinsed twice in 13 PBS
pH 7.4, ®xed for 20 min in 100% methanol at ±20°C or in 3.7%
paraformaldehyde at room temperature, blocked and permeabilized with
blocking buffer (10% fetal bovine serum, 0.1% Tween-20 in 13 PBS
pH 7.4). Both ®xation protocols gave identical results. Secondary
antibodies were: ¯uorescein isothiocyanate (FITC)-conjugated donkey
anti-rabbit antibody, Texas red-conjugated donkey anti-rabbit antibody,
Texas red-conjugated donkey anti-mouse antibody, Cy5-conjugated
donkey anti-mouse antibody (Jackson ImmunoResearch Laboratories)
or Alexa 350-conjugated donkey anti-mouse antibody (Molecular
Probes). For triple staining, cells were additionally ®xed with 3.7%
paraformaldehyde for 10 min at room temperature, washed and incubated
with a 1:20 dilution of FITC-conjugated mouse anti-eIF4E mAb (BD
Transduction Laboratories) at 4°C overnight. Fluorescence was observed
using 1003 magni®cation with a zoom of 2, unless indicated otherwise,
on a Leica TCS-SP (UV) confocal microscope exciting at 488, 568 or
351/364 nm. All channels were detected separately, with no cross-talk
between them. Micrographs represent single sections with a thickness of
300 nm. Experiments were repeated three times with >500 cells in each
sample. Cap treatments were performed as in Dostie et al. (2000).

Flow cytometric analysis
For ¯ow cytometry, ~108 U937 cells were washed twice in PBS and ®xed
by the addition of ice-cold ethanol to 70% at 4°C for 20 min. After
®xation, cells were pelleted, resuspended in the staining solution
(10 mg/ml propidium iodide, 30 U/ml RNase A in PBS) and incubated
for 30 min at 37°C. Data were collected using a FACScalibur apparatus
(Becton Dickinson) and results were analyzed with Becton Dickinson
Cell Quest software. For each sample, 10 000 events were collected, and
clumped cells were gated out.

GST pull-down assays
GST fusion proteins (PML, Hox11, eIF4E and mutants) or PRH-His tag
proteins were expressed in Escherichia coli BL21 (DE-3) cells, induced
with IPTG and puri®ed as described in Cohen et al. (2001) for GST
fusions and according to the manufacturer's instructions for PRH-His.
IF4E±GST was cleaved with thrombin (Amersham) to release it from
GST. The purity and concentrations of all isolated proteins were veri®ed
by SDS±PAGE and UV spectroscopy using calculated extinction
coef®cients, respectively. GST fusion proteins bound to glutathione±
Sepharose or PRH-His fusions bound to nickel±agarose were incubated
with puri®ed eIF4E in 0.5 ml of binding buffer (PBS supplemented with
0.5 M KCl and 1% NP-40) for 1 h at room temperature while tumbling.
Beads were washed three times with binding buffer, sedimented by
centrifugation and analyzed by western blotting.
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