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The eukaryotic initiation factor 4E (eIF4E), when dysregulated, transforms cells. A substantial fraction of
eIF4E forms nuclear bodies that colocalize with those associated with the promyelocytic leukemia protein PML.
Overexpression studies indicate that nuclear eIF4E promotes the transport of cyclin D1 mRNA from the
nucleus to the cytoplasm and that PML is a key negative regulator of this function. Since previous studies used
overexpression methods, the physiological relevance of eIF4E mRNA transport function or its interaction with
PML remained unknown. Therefore, we monitored whether eIF4E-dependent transport could be modulated in
response to environmental conditions. Here we report that cadmium treatment, which disperses PML nuclear
bodies, leaves eIF4E bodies intact, leading to increased transport of cyclin D1 mRNA and increased cyclin D1
protein levels. Removal of cadmium allows PML to reassociate with eIF4E nuclear bodies, leading to decreased
cyclin D1 transport and reduced cyclin D1 protein levels. In contrast, we show that treating cells with interferon
increased the levels of PML protein at the PML-eIF4E nuclear body, leading to nuclear retention of cyclin D1
transcripts and reduced cyclin D1 protein levels. Neither interferon nor cadmium treatment altered cyclin D1
levels in PML�/� cells. Consistently, overexpression of a series of PML and eIF4E mutant proteins established
that PML eIF4E interaction is required for the observed effects of cadmium and interferon treatment. The
present study provides the first evidence that physiological factors modulate the mRNA transport functions of
eIF4E and that this regulation is PML dependent.

The eukaryotic translation initiation factor eIF4E is a critical
regulator of cellular growth (28). The eIF4E gene is essential
since its genomic disruption is lethal in Saccharomyces cerevi-
siae and overexpression of antisense oligonucleotides to eIF4E
is lethal in HeLa cells (1, 9). eIF4E promotes growth, and its
overexpression leads to oncogenic transformation of immor-
talized cell lines (15–17). Increased levels of eIF4E are corre-
lated with a poor clinical outcome in a variety of human can-
cers including breast cancer and several non-Hodgkin’s B-cell
lymphomas (22, 34). eIF4E functions in the rate-limiting step
of translation initiation, where it binds the 7-methylguanosine
(m7G) cap of mRNA and recruits the given transcript to the
translation machinery (28). Its functions in translation are con-
served from yeast to humans (28). The oncogenic potential of
eIF4E lies, at least in part, in its ability to inappropriately
translate growth-promoting transcripts (28).

Intriguingly, up to 68% of eIF4E is found in the nucleus,
where it forms discrete multiprotein structures that we refer to
as eIF4E nuclear bodies (10, 16). We and others have shown
that eIF4E nuclear bodies are found in a variety of organisms
including yeast, Drosophila, Xenopus, mice, and humans (8, 12,
14, 18, 29). Nuclear eIF4E promotes transport from the nu-
cleus to the cytoplasm of a subset of transcripts including cyclin
D1 mRNA but not of products of housekeeping genes such as

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and ac-
tin (8, 14, 26). The specificity of transport is thought to lie in
the structure of the untranslated regions (UTRs) of these
transcripts (26). Cyclin D1 has a complex, highly structured
UTR, whereas GAPDH and actin have relatively short, un-
structured UTRs. eIF4E overexpression stimulates the trans-
port of cyclin D1 transcripts from the nucleus to the cytoplasm
(26). In these studies, alterations in cyclin D1 mRNA levels
were not observed and cyclin D1 transcripts were not loaded
onto ribosomes more efficiently than other transcripts (26).
Further, eIF4E requires its cap binding activity for its transport
function (8). Importantly, this transport activity is correlated
with its ability to oncogenically transform cells (8).

The majority of eIF4E nuclear bodies colocalize with those
associated with the promyelocytic leukemia protein PML (8,
14). PML and eIF4E colocalize and coimmunoprecipitate in a
variety of cell lines (8, 14). PML nuclear bodies, also known as
ND10s or PML oncogenic domains, are multiprotein com-
plexes found in all mammalian cell lines reported (19, 21, 23).
Over 50 proteins have been reported to associate with these
structures (19). PML plays well-established roles in growth
suppression, where it induces G1 arrest, apoptosis, and sup-
pression of oncogenic transformation (21). Thus, its activities
contrast with the growth-promoting characteristics of eIF4E.
PML nuclear bodies are disrupted as a result of a chromo-
somal translocation in acute promyelocytic leukemia (21).
Here, treatment with all-trans-retinoic acid results in reasso-
ciation of PML with nuclear bodies, and this correlates with
remission in patients. In general, disruption of PML nuclear
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bodies is correlated with a loss of the growth-suppressive prop-
erties of PML (21).

The integrity of PML nuclear bodies is sensitive to a variety
of pathogenic conditions. PML nuclear bodies are disrupted by
a wide range of viruses including herpesvirus, human foamy
virus, and rabies virus (24). PML bodies are relocated to the
cytoplasm by lymphocytic choriomeningitis virus (LCMV) and
human immunodeficiency virus infection (4, 32). Studies with
LCMV and human foamy virus indicate that the PML protein
is required, at least in part, for the interferon response of cells
to these viruses (10, 25). In uninfected cells, alpha, beta, and
gamma interferons (IFN-�, IFN-�, and IFN-�) stimulate PML
production, resulting in PML nuclear bodies approximately
twice the size of those found in untreated cells (20, 24). Con-
versely, treatment with the heavy metal cadmium leads to
dispersion of PML nuclear bodies (20). These findings led to
the suggestion that PML plays key roles in response to envi-
ronmental stress and to viral infection (19).

PML negatively regulates the mRNA transport and onco-
genic transformation activities of eIF4E (8, 13, 14). The PML
protein, through its RING domain, directly interacts with
eIF4E, and this association induces a conformational change in
the eIF4E protein that reduces the affinity of eIF4E for the
m7G cap of mRNA (8, 13). This results in suppression of
eIF4E-dependent cyclin D1 mRNA transport (8, 13). Thus,
PML overexpression leads to retention of cyclin D1 mRNA in
the nucleus and subsequently lower cyclin D1 protein levels,
with no alterations in cyclin D1 transcript levels (8, 14). PML-
induced suppression of mRNA transport is correlated with its
ability to suppress eIF4E-mediated oncogenic transformation
(8).

Unlike eIF4E, PML expression is limited to higher eu-
karyotes and no PML gene is found in S. cerevisiae (http:
//genome-www.stanford.edu), Drosophila (http://www.fruitfly
.org), or Arabidopsis (http://www.arabidopsis.org) genomes (2,
8, 29). Further searches in the protein architecture database
SMART (http://smart.embl-heidelberg.de), using adjacent sig-
nature motifs of PML and the RING and B boxes as a criteria,
indicated that no protein with both of these motifs was en-
coded in either the S. cerevisiae or the Arabidopsis genome.
This lack of evolutionary conservation led us to suggest that
PML was a mammalian modulator of an evolutionarily older
organelle composed of, in part, eIF4E (2, 8). However, these
previous studies relied on overexpression of PML and eIF4E
proteins.

In the present study, we monitored the ability of PML to
regulate eIF4E function under physiological conditions. In ad-
dition, it was not known whether eIF4E-dependent transport
could be modulated in response to environmental conditions.
To investigate this, we monitored the ability of eIF4E to act in
mRNA transport under these conditions and assessed the im-
portance of PML for these stress responses. Our findings
strongly suggest that PML is a key stress-responsive regulator
of eIF4E mRNA-dependent transport and that the ability of
PML to inhibit eIF4E is dependent on its association with the
eIF4E nuclear body.

MATERIALS AND METHODS

Cell culture and treatments. Cells were maintained in 5% CO2 at 37°C in
Dulbecco’s modified Eagle’s medium (DMEM) (Gibco BRL, Life Technologies,

Grand Island, N.Y.) supplemented with 10% fetal bovine serum (FBS) for NIH
3T3 cells or 20% FBS for PML�/� cells (28) (Gibco BRL, Life Technologies),
100 U of penicillin per ml, and 100 U of streptomycin per ml. When indicated,
the cells were treated with 50 �M CdCl2 for 6 h or with 1000 U of mouse IFN-�
(PBL Biomedical Laboratories) per ml for 18 h (20). For recovery experiments,
CdCl2-treated cells were washed four times with 1� phosphate-buffered saline
(PBS) (pH 7.4) and incubated for 24 h in CdCl2-free medium.

Antibodies. Well-characterized polyclonal antibodies to PML were a kind gifts
of Gerd Maul and of Paul Freemont (3), the monoclonal antibody to PML, MAb
5E10 was a kind gift from L. de Jong (30), and the eIF4E MAb (Transduction
Laboratories) was previously characterized (6, 8, 14). Identical results were
obtained with either PML polyclonal antibody.

Constructs. Full-length PML (69-kDa isoform) and eIF4E constructs were as
described (reference 8 and references therein). Vector controls included the
empty vector for eIF4E (pMV) and for PML (pEFPLINK) as described previ-
ously (8, 15). No differences were seen between these empty vectors on trans-
fection or when both vectors were transfected in these assays.

Cell transfections. NIH 3T3 and PML�/� cells were plated at 1.5 � 105

cells/35-mm tissue culture dish prior to transfection. Transfections were per-
formed in serum-containing medium (DMEM supplemented with 10% FBS)
using GeneJammer transfection reagent (Stratagene) as specified by the manu-
facturer. In NIH 3T3 cell transfections, 1 �g of pMV (which contains G418
resistance), pMV-eIF4EWT, and pMVeIF4EW73A mutant were used. PML�/�

cells were transfected as above and with 1 �g of pEFPLINK vector, PML-
pEFPLINK, and PMLRING mutant-pEFPLINK. PML�/� cells were addition-
ally transfected with 0.2 �g of a vector containing a puromycin selectable marker.
NIH 3T3 cells were selected in G418-containing medium (DMEM supplemented
with 10% FBS, 100 U of penicillin per ml, and 100 U of streptomycin per ml). For
PML�/� cells, selection was done in medium (DMEM supplemented with 20%
FBS, 100 U of penicillin per ml, and 100 U of streptomycin per ml) containing
1 mg of G418 per ml and 2 �g of puromycin per ml. In both cases, selection
agents were added 24 h after transfection. Using GeneJammer, we routinely
obtain transfection efficiencies above 85% as assayed by confocal microscopy.

Cellular fractionation. Preparation of cytoplasm-free nuclei was previously
described (14, 26). Cells were trypsinized, rinsed twice in ice-cold 1� PBS (pH
7.4), and resuspended with slow pipetting in lysis buffer B (10 mM Tris [pH 8.4],
140 mM NaCl, 1.5 mM MgCl2, 0.5 % Nonidet P-40, 1 mM dithiothreitol, RNasin
[100 U/ml] [Promega, Madison, Wis.]) in the presence of protease inhibitors
(Roche Diagnostics GmbH, Indianapolis, Ind.). Nuclear suspensions were cen-
trifuged at 1,000 � g for 3 minutes at 4°C, and the supernatant was saved as the
cytoplasmic fraction. Nuclear pellets were resuspended in lysis buffer B. One-
tenth volume of the detergent (3.3% [wt/vol] sodium deoxycholate, 6.6% [vol/vol]
Tween 40) was added under slow vorterxing, and the nuclear suspension was
incubated on ice for 5 min. Nuclei were pelleted by centrifugation at 1,000 � g
for 3 min at 4°C, and the supernatant (postnuclear fraction) was saved and added
to the cytoplasmic fraction. Together, these are considered the cytoplasmic
fraction. The nuclei were rinsed once in lysis buffer B. This protocol yielded
intact nuclei as determined by light microscopy, with no significant cytoplasmic
contamination as determined from the tRNALys content (see Fig. 5 and 6) (26).
Further, no significant contamination of the cytoplasm by nuclei was observed, as
determined by the small amount of U6 small nuclear RNA (snRNA) present (see
Fig. 5 and 6) (26).

Northern blot analysis. Total RNA and RNA from the cytoplasmic and nu-
clear fractions were isolated by a Trizol procedure as specified by the manufac-
turer (Gibco BRL, Life Technologies), RNA from the nuclear fraction was
treated with RNase-free DNase I (Promega). Purified RNA was quantified by
spectrophotometry. A 5-�g portion of total and fractionated RNA was loaded
onto a 1% formaldehyde/agarose gel and subsequently transferred to a positively
charged nylon membrane (Roche Diagnostics GmbH). Membranes were prehy-
bridized in ULTRAhyb buffer (Ambion, Austin, Tex.) for 1 h at 45°C and probed
with cyclin D1 cDNA probe (20 pM) (14), GAPDH cDNA probe (5 pM)
(Ambion) (14), tRNALys antisense oligoprobe (5�-7CTCATGCTCTACCGACT
GAGCTAGCCGGGC-3� [30 pM]) (26), and U6 antisense oligoprobe (5�-7GA
ATTTGCGTGTCATCCTTGCGCAGGGGCCATGCTAA-3� [30 pM]) (26) in
the same buffer for 16 h at 45°C. cDNA probes were biotinylated using the
BrightStar Psoralen-Biotin kit, and signals were detected using CDP Star chemi-
luminescence (Ambion) as specified by the manufacturer.

Western blot analysis. Cells were scraped in 1� PBS (pH 7.4), centrifuged and
lysed in RIPA buffer supplemented with complete protease inhibitors. Whole-
cell protein extracts (20 �g) were analyzed by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (7.5 and 15% polyacrylamide) using mouse monoclo-
nal anti-eIF4E Ab (BD Transduction Laboratories, Franklin Lakes, N.J.), mouse
monoclonal anti-cyclin D1 Ab (BD PharMingen, Franklin Lakes, N.J.), rabbit
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polyclonal anti-PML Ab, mouse monoclonal anti-PML (5E10) (30), mouse
monoclonal anti-actin Ab (AC 40 [Sigma, St. Louis, Mo.]), and rabbit polyclonal
anti-IRF-1 Ab (M-20 [Santa Cruz Biotechnology]). All primary antibodies were
used at 1:4,000 except MAb 5E10, which was used at 1:100. Secondary antibodies
were used at 1:20,000, and signals were revealed by chemiluminescence (Super-
Signal West Pico; Pierce).

Immunofluorescence and laser-scanning confocal microscopy. Cells were
rinsed twice in 1� PBS (pH 7.4), fixed in 100% methanol at �20°C, blocked, and
permeabilized with blocking buffer (10% FBS and 0.1% Tween 20 in 1� PBS
[pH 7.4]) as described previously (reference 8 and references therein). Fixed and
permeabilized cells were incubated with mouse anti-eIF4E MAb (BD Transduc-
tion Laboratories) and rabbit polyclonal anti-PML Ab in blocking buffer for 2 h
at room temperature. The antibodies were used at 2�g/ml and 1:100, respec-
tively. After incubation with primary antibodies, the cells were washed three
times in 1� PBS (pH 7.4) and incubated with fluorescein isothiocyonate (FITC)-
conjugated donkey anti-mouse Ab and Texas Red-conjugated donkey anti-rabbit
Ab (Jackson ImmunoResearch Laboratories) for 45 min at room temperature.
Transfected cells were incubated in a 1:10 dilution of mouse monoclonal anti-
PML MAb 5E10 for the same time and then incubated with Texas Red-conju-
gated donkey anti-mouse Ab for 45 min. When the FITC-conjugated eIF4E Ab
was used, transfected cells were additionally fixed with 3.7% paraformaldehyde
for 10 min at room temperature, washed, and then incubated with a 1:20 dilution
of FITC-conjugated mouse monoclonal anti-eIF4E Ab (BD Transduction Lab-
oratories) at 4°C overnight. The use of the eIF4E FITC-conjugated Ab gives
identical results to experiments which use the unconjugated MAb eIF4E (8). In
both cases, secondary antibodies were used at 1:150 in blocking buffer. After
secondary-antibody incubation, the coverslips were washed three times in 1�
PBS (pH 7.4), mounted in Vectashield with 4�,6-diamidino-2-phenylindole
(DAPI) (Vector Laboratories Inc.), and sealed. Fluorescence was observed using
a 100� objective, further magnified by a zoom of 2, on a Leica inverted scanning
confocal microscope (with a UV laser) exciting at 488 nm (green), 568 nm (red),
or 351/364 nm (blue). No cross talk was observed between channels. Micrographs
represent single sections with a thickness of 300 nm. Experiments were repeated
three times with more than 500 cells in each sample.

RESULTS

Environmental factors modulate the PML-eIF4E interac-
tion. We investigated whether treatments known to alter the
subcellular distribution of PML nuclear bodies altered its abil-
ity to associate with eIF4E nuclear bodies and therefore to
regulate eIF4E-dependent mRNA transport. Previous reports
indicated that treatment of cells with IFN increased the pro-
duction of PML and led to approximately twice the number of
PML nuclear bodies, which were approximately twice as large
as normal (7, 20). In contrast, treatment with cadmium dis-
perses PML nuclear bodies (20).

We used immunofluorescence in conjunction with confocal
laser microscopy to determine the effects of these treatments
on the colocalization of PML and eIF4E in NIH 3T3 cells (Fig.
1). We used well-characterized antibodies to PML and eIF4E
(3, 6, 8). Untreated control cells are shown for comparison
(Fig. 1A to D). Here substantial colocalization is observed
between PML and eIF4E nuclear bodies, consistent with pre-
vious reports for NIH 3T3 as well as other cell lines (8, 14).
Cadmium treatment for 6 h disrupted PML nuclear bodies, as
reported previously (20), moving much of the PML protein to
the cytoplasm (Fig. 1E to H). In contrast, eIF4E retained its
nuclear localization, with some minor alterations in body mor-
phology, where bodies appeared slightly larger. If the cadmium
was removed and the cells were allowed to recover, PML
nuclear bodies reappeared and colocalized with eIF4E (Fig. 1I
to L). These recovered cells closely resembled untreated con-
trols in terms of the subcellular distribution of both PML and
eIF4E proteins. Notably, cadmium treatment only slightly al-
tered the morphology of eIF4E nuclear bodies found in a cell

line derived from PML�/� mouse embryo fibroblasts (35),
where again eIF4E nuclear bodies appeared slightly larger
(compare Fig. 2B and F). In addition, cadmium treatment did
not alter PML or eIF4E protein levels in NIH 3T3 or PML�/�

cells (Fig. 3A and B). Further, no alterations were observed in
eIF4E levels in PML�/� cells (Fig. 3A).

In contrast to cadmium treatment, treatment of cells with
IFN-� led to an increase in the number and in size of PML
nuclear bodies (Fig. 1M to P), consistent with previous reports
(7, 20). After IFN-� treatment, PML and eIF4E nuclear bodies
still colocalized; however, there was more PML per PML-
eIF4E nuclear body than in untreated cells (compare Fig. 1D
and P). Western analysis demonstrates that PML expression
was induced after IFN-� treatment and that other higher-
molecular-weight and/or modified isoforms of PML became
expressed, as reported previously (7, 20), whereas eIF4E pro-
tein levels were unchanged (Fig. 3A and C). IFN-� treatment
did not alter the levels or morphology of eIF4E nuclear bodies
found in PML�/� cells (Fig. 2M to P and 3A). IFN-� treatment
of either NIH 3T3 or PML�/� cells led to an increase in
interferon regulatory factor 1 (IRF-1), indicating that both cell
types respond to IFN-� (Fig. 3D).

Localization of PML to eIF4E nuclear bodies reduces cyclin
D1 protein levels. The production of cyclin D1 protein was
monitored by Western analysis with cells treated as described
above. Cadmium treatment for 6 h resulted in an increase in
cyclin D1 protein levels whereas actin levels were unaltered
(Fig. 4A, lanes 4 and 5). If the cadmium was removed, and the
cells were allowed to recover (see Materials and Methods),
cyclin D1 protein levels were reduced to levels similar to those
observed prior to treatment (lanes 4 and 6). Interestingly, no
effects of cadmium treatment on cyclin D1 levels were ob-
served in PML�/� cells (lanes 1 to 3). These data strongly
suggest that this response to cadmium is mediated through the
PML protein, probably through the PML nuclear body.

Similar studies were conducted to observe the effects of
IFN-� on cyclin D1 protein production. IFN-� treatment of
NIH 3T3 cells led to decreased cyclin D1 protein levels (Fig.
4B, lanes 1 and 2), consistent with other reports (reference 37
and references therein). In contrast, IFN-� treatment of
PML�/� cells did not alter cyclin D1 levels (lanes 3 and 4).
Thus, there is a correlation between that higher concentrations
of PML at the PML-eIF4E nuclear bodies and reduced pro-
duction of cyclin D1 protein levels.

Dispersal of PML nuclear bodies by cadmium treatment
deregulates transport of cyclin D1 transcripts. We extended
these studies to determine whether the effects of cadmium
treatment resulted in alterations in cyclin D1 transcript levels
(Fig. 5A). Northern analyses of NIH 3T3 cells treated with
cadmium, recovered cells, and untreated controls indicate that
cyclin D1 mRNA levels are not altered by cadmium treatment.
Similar results were observed in PML�/� cells. GADPH is
shown as a loading control, and 28S rRNA and 18S rRNA
indicate the quality of the RNA. Thus, the effects of cadmium
on cyclin D1 protein production are not transcriptional and,
further, the stability of the cyclin D1 mRNA is not altered by
this treatment.

As demonstrated above, cadmium treatment disrupts the
subcellular distribution of PML, potentially leaving eIF4E nu-
clear bodies unregulated. Taken together, these findings sug-
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gested that disruption of the PML eIF4E interaction resulted
in dysregulated transport of cyclin D1 mRNA. To investigate
this possibility, NIH 3T3 or PML�/� cells were fractionated
into nuclear and cytoplasmic components and the amount of
cyclin D1 mRNA in each fraction was monitored by Northern
analysis (Fig. 5B). The quality of the fractionation was assessed
by monitoring U6 snRNA, a nuclear RNA, and tRNALys, a
cytoplasmic RNA, as described previously (14, 26). Note that
Northern analyses for all of these RNAs (cyclin D1, GAPDH,
U6 snRNA, and tRNALys) were done using RNAs isolated
from the same experiments.

Prior to cadmium treatment, the amount of cyclin D1
mRNA was nearly equal in the nuclear and cytoplasmic frac-
tions (Fig. 5B, compare lanes 1 and 2). However, cadmium
treatment caused a substantial accumulation of cyclin D1
mRNA in the cytoplasm, consistent with the finding that cad-

mium treatment increases cyclin D1 protein levels. After re-
covery from cadmium treatment, the relative amounts of cyclin
D1 mRNA in the nucleus and the cytoplasm were similar to
those observed in untreated cells (compare lanes 1 and 2 with
lanes 5 and 6). This redistribution of cyclin D1 mRNA is
correlated with re-formation of PML nuclear bodies (Fig. 1I to
L). In contrast, cadmium treatment of PML�/� cells did not
alter the subcellular distribution of cyclin D1 mRNA (Fig. 5B,
lanes 7 to 12). Note that none of these treatments altered the
distribution of GAPDH mRNA in either cell line. Taken to-
gether, these data strongly suggest that disruption of the sub-
cellular distribution of the PML protein, in particular disrup-
tion of the PML eIF4E interaction, results in dysregulation of
eIF4E dependent transport of cyclin D1 mRNA from the nu-
cleus to the cytoplasm.

IFN treatment inhibits eIF4E-dependent transport of cyclin

FIG. 1. Effects of IFN and cadmium chloride on the subcellular localization of PML and eIF4E proteins in NIH 3T3 cells. Cells were stained
with a PML polyclonal antibody which recognizes mouse PML in red and an eIF4E monoclonal antibody showing eIF4E in green. DAPI staining
is shown to identify the nucleus (blue). The PML-eIF4E overlay is shown in light yellow. The objective is 100� with further twofold magnification.
Confocal micrographs represent single optical sections through the plane of the cell. Cells were treated as indicated with untreated controls (A
to D), cadmium treated (E to H), recovered from cadmium treatment (I to L) and IFN-� treated (M to P).
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D1 mRNA. IFN treatment increases the amount of PML and
the PML-eIF4E nuclear body, potentially inhibiting the trans-
port functions of the eIF4E nuclear body. Similar to the above
studies with cadmium, we monitored the distribution of cyclin
D1 mRNA in IFN-�-treated and untreated NIH 3T3 and
PML�/� cells. Northern analysis of total-cell lysates indicated
that IFN-� treatment did not alter the overall levels of cyclin
D1 or GAPDH mRNA in either cell line (Fig. 6A). Fraction-
ation studies indicated that IFN-� treatment of NIH 3T3 cells
led to a nuclear accumulation of cyclin D1 transcripts (Fig. 6B,
compare lanes 6 and 8). This is consistent with the downregu-
lation of cyclin D1 protein levels observed in Fig. 4B. IFN-�
treatment did not alter the subcellular distribution of cyclin D1
mRNA in PML�/� cells (lanes 1 to 4). IFN-� treatment of
either NIH 3T3 or PML�/� cells resulted in no change in the
GAPDH mRNA distribution. The quality of the fractionation
is demonstrated by the distributions of U6 snRNA, which is
enriched in the nuclear fraction, and tRNALys, which is en-

riched in the cytoplasmic fraction, as expected (14, 26). As with
the cadmium treatments, Northern analyses for all of these
RNAs (cyclin D1, GAPDH, U6 snRNA, and tRNALys) were
done using RNAs isolated from the same experiments.

Direct interaction between PML and eIF4E is required for
the effects of cadmium on cyclin D1 transport. To establish a
causal link between the observed effects on eIF4E dependent
cyclin D1 transport and the localization of PML we conducted
a series of overexpression studies with PML and eIF4E mu-
tants. The initial experiments involved the transfection of
PML�/� cells with PML, where we observed the effects on
cyclin D1 protein levels (Fig. 7A). Similar results were ob-
served using NIH 3T3 cells (data not shown). Importantly,
cadmium treatments did not alter the levels of overexpression
of wild-type or mutant proteins used here (Fig. 7B and C),
similar to results observed for endogenous proteins (Fig. 3).

The production of cyclin D1 protein was monitored in cells
transfected with PML or vector controls (Fig. 7A). Cadmium

FIG. 2. Effects of IFN and cadmium chloride treatment on eIF4E in PML�/� cells. Cells were treated as described in the legend to Fig. 1. As
expected, there is no PML staining in these PML null cells. The objective is 100� with further twofold magnification. Confocal micrographs
represent single optical sections through the plane of the cell.
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treatments were conducted as described above. In cells over-
expressing PML, cyclin D1 levels were reduced relative to
those in the vector controls before cadmium treatment (Fig.
7A, compare lanes 6 and 10). As we observed in untransfected
cells, there was no change in cyclin D1 levels on treatment of
vector transfected controls (compare lanes 9 and 10). How-
ever, the cyclin D1 levels increased in the PML-expressing cells
after treatment (lanes 5 and 6). Consistently, cadmium treat-
ment caused the transfected PML to be dispersed from the
eIF4E bodies (Fig. 8), similar to our observations with endog-
enous proteins (Fig. 1). In contrast, cells overexpressing a
construct with a double point mutation in the first zinc binding
site of the RING of PML (PML RING) did not respond to
cadmium (Fig. 7A, compare lanes 3 and 4). This mutant pro-
tein does not form nuclear bodies (3), does not associate with
high affinity with eIF4E (8, 13), and does not alter cyclin D1
levels (8, 14), as determined in previous studies. In fact, the
levels of cyclin D1 were very similar for cells overexpressing
PML RING or the vector controls (compare lanes 9 and 10
with lanes 3 and 4). Cyclin D1 protein levels were not altered
by cadmium treatment in cells overexpressing either wild-type

eIF4E (lanes 7 and 8) or the W73A eIF4E mutant (lanes 1 and
2). Importantly, the W73A eIF4E mutant did not bind to PML
(8, 14). This is consistent with our previous studies, showing
that the W73A mutant had similar cyclin D1 transport activity
to wild-type controls. Cells expressing both PML and eIF4E
showed a reduction in cyclin D1 levels prior to cadmium treat-
ment relative to vector controls and cells transfected only with
eIF4E (compare lanes 13 and 8). As expected, cadmium treat-
ment results in dispersion of PML from eIF4E associated nu-
clear bodies (Fig. 8) and an increase in cyclin D1 protein levels
(lane 14). In contrast, in cells expressing both PML RING and
eIF4E, the cadmium treatment had no effect (lanes 17 and 18).
Finally, in cells expressing both PML and the W73A mutant,
there was no reduction in cyclin D1 protein levels prior to
cadmium treatment (lanes 15 and 16), consistent with our
previous findings that PML does not bind the W73A eIF4E
mutant and therefore cannot inhibit its effects on cyclin D1 (8).
Taken together, these data suggest that there is a causal rela-
tionship between the ability of PML to bind eIF4E and its
ability to negatively regulate eIF4E-dependent mRNA trans-
port.

FIG. 3. IFN and cadmium chloride effects on eIF4E and PML protein levels. Standard Western blot (W.B.) methods were used to monitor the
production of proteins as indicated. Actin is shown as a loading control. (A and B) Cd2��, untreated; Cd2��, treated for 6 h; Cd2�� recov., cells
treated with cadmium, washed, and allowed to recover for 24 h. (C and D) IFN�� and IFN�� indicate cells treated with IFN-� and untreated
controls, respectively. Using this PML polyclonal antibody, we observed mainly the isoform which migrates near the 96-kDa marker, probably the
97-kDa isoform, induction of higher-molecular-weight species after IFN treatment (C), similar to those reported previously (7), may represent
SUMO modified forms of PML. IRF-1 migrates just above the 52-kDa molecular mass marker, consistent with its known size (D).
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To ensure that cyclin D1 protein levels were being altered at
the mRNA transport level, we monitored total cyclin D1
mRNA levels as well as the distribution of cyclin D1 mRNA in
the nuclear and cytoplasmic fractions in these transfected cells.
Consistent with our results with endogenous proteins (Fig. 5),
cyclin D1 mRNA levels were not altered by the overexpression
of eIF4E, PML, or the mutants used (Fig. 7D). Fractionation
studies (Fig. 7E) revealed that consistent with the changes we
observed in cyclin D1 protein levels, overexpression of PML
resulted in an accumulation of cyclin D1 mRNA in the nuclear
fraction (Fig. 7E, lanes 9 and 10), whereas after cadmium
treatment, substantially more cyclin D1 mRNA was present in
the cytoplasmic fraction (lanes 11 and 12). In eIF4E- or W73A
eIF4E-overexpressing cells (lanes 1 to 4 and 13 to 16, respec-
tively), there was substantially more cyclin D1 mRNA in the
cytoplasmic fraction than in the vector control (lanes 5 to 8) or
PML-expressing cells (lanes 9 to 12). As expected, cadmium
treatment did not alter the cyclin D1 mRNA distribution in
these cells. Similarly, cells expressing PML RING did not have
an accumulation of nuclear cyclin D1 mRNA but did have a
distribution similar to vector controls (compare lanes 17 to 20
with lanes 5 to 8). Again, cadmium treatment did not alter the
distribution of cyclin D1 mRNA in these cells. Importantly,
there was a substantial accumulation of cyclin D1 mRNA in
the nuclear fraction of cells overexpressing both PML and
eIF4E relative to that in cells overexpressing eIF4E alone
(compare lanes 25 to 28 with lanes 1 to 4). Furthermore,
cadmium treatment resulted in dispersal of PML from the
eIF4E bodies (Fig. 8) and an increase in the cyclin D1 mRNA
levels in the cytoplasmic fraction (compare lanes 25 and 26
with lanes 27 and 28). Finally, expression of both PML and
W73A eIF4E mutant yielded a mainly cytoplasmic distribution
of cyclin D1 mRNA (lanes 29 to 32), similar to that observed
in cells expressing only W73A eIF4E, with no alteration in this
distribution by cadmium. Consistently, expression of PML
RING did not alter the distribution of cyclin D1 mRNA in the

presence of eIF4E or after treatment with cadmium relative to
vector controls (lanes 33 to 36).

We monitored the localization of transfected PML and
eIF4E proteins in PML�/� cells and the effects of cadmium on
their subcellular distribution (Fig. 8) to ensure that the ob-
served effects correlated with alterations in the distribution of
PML relative to eIF4E nuclear bodies. Cadmium treatment
did not alter the localization of endogenous eIF4E (Fig. 8A to
D versus A� to D�) in vector-transfected controls, similar to our
previous observations. The localization of transfected eIF4E
was very similar to that observed for endogenous protein, and
consistently, cadmium did not alter its subcellular distribution
significantly (Fig. 8E to H versus E� to H�). Note that the MAb
to eIF4E used detects both endogenous and overexpressed
eIF4E. Similar results were obtained with transfection of the
W73A eIF4E mutant (Fig. 8I to L versus I� to L�). Interest-
ingly, more cytoplasmic eIF4E was observed in these cells,
consistent with the observation that interactions through W73
may facilitate the transport of eIF4E into the nucleus (11).
Again, cadmium did not alter the distribution of the W73A
mutant. These results are consistent with the above results,
indicating that cells overexpressing either eIF4E and W73A
eIF4E have higher cyclin D1 protein levels and that these
levels are not increased by cadmium. Expression of PML in the
PML�/� cells led to colocalization of PML with endogenous
eIF4E nuclear bodies (Fig. 8M to P), consistent with previous
results (8). This was correlated with reduced cyclin D1 protein
levels. Treatment with cadmium dispersed PML nuclear bod-
ies, leaving eIF4E nuclear bodies slightly larger but intact (Fig.
� to P�). In this case, cadmium treatment of cells expressing
PML led to an increase in cyclin D1 protein levels relative to
those in vector controls. Analysis of cells overexpressing the
PML RING mutant (Fig. 8Q to T), which does not associate
with high affinity with eIF4E (8, 13), revealed that PML RING
was distributed throughout the nucleoplasm of the PML�/�

cells, consistent with previous results (3). Consistently, PML

FIG. 4. Cadmium chloride and IFN treatments alter cyclin D1 protein levels in a PML-dependent manner. Western blot (W.B.) analysis was
used to monitor cyclin D1 and actin protein levels as indicated. Cadmium (A) and IFN-� (B) treatments were as described in the legend to Fig.
3.
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RING did not appear to localize with the endogenous eIF4E
nuclear bodies. Cadmium treatment led to dispersal of PML
RING to the cytoplasm (Fig. � to T�), similar to the results
observed for wild-type PML (Fig. � to P�). Importantly, PML

RING does not form bodies and cannot suppress cyclin D1
transport mediated by endogenous eIF4E and subsequent cy-
clin D1 protein production (8, 14). Consistently, cadmium
treatment did not alter cyclin D1 levels in PML RING-express-

FIG. 5. Cadmium chloride treatment results in the transport of cyclin D1 transcripts from the nucleus to the cytoplasm in a PML-dependent
manner. (A) Total cyclin D1 or GAPDH mRNA was monitored by Northern blot (N.B.) analysis in NIH 3T3 and PML�/� cells. 28S and 18S rRNA
show the quality of the RNA. (B) RNA, treated as described in the text, was fractionated into nuclear (nc) and cytoplasmic (cy) fractions and
analyzed by Northern blot methods. All RNAs shown were isolated from the same set of experiments. tRNALys, a mainly cytoplasmic RNA, and
U6 snRNA, a nuclear RNA, are shown to demonstrate the quality of the fractionation (14, 26).
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ing cells (Fig. 7A, lanes 3 and 4). These studies strongly suggest
that PML must be physically associated with eIF4E nuclear
bodies to suppress cyclin D1 transport, since although PML
RING is nuclear, albeit diffusely so, and is moved to the cyto-
plasm as a result of cadmium treatment, it does not suppress
eIF4E-mediated cyclin D1 transport.

These studies were extended to examine the localization of
coexpressed PML and eIF4E wild-type and mutant proteins in
the absence and presence of cadmium (Fig. 8, lower panels).
Overexpressed PML and eIF4E proteins colocalized in
PML�/� cells (Fig. 8A to D, lower panels), consistent with our
previous results (8). As observed for endogenous proteins (Fig.
1), cadmium treatment (Fig. 8A� to D�, lower panels) led to
dispersal of PML to the cytoplasm while eIF4E bodes re-
mained intact and presumably unregulated, correlating with an
increase in cyclin D1 protein levels. In cells expressing both
PML and the W73A eIF4E mutant, which PML does not bind
(8, 13), PML still formed bodies (Fig. 8E to H and E� to H�,
lower panels). The W73A eIF4E mutant had a similar subcel-
lular distribution to wild-type eIF4E. PML still partially colo-
calized to eIF4E in these experiments, presumably to bodies
composed of endogenous eIF4E. Cadmium treatment led to
dispersal of the transfected PML, where it relocalized to the

cytoplasm, as observed for single-transfection experiments,
and the distribution of W73A eIF4E was not significantly al-
tered by cadmium treatment, consistent with above (Fig. 8M to
P versus M� to P� and I to K versus I� to K�, lower panels,
respectively). Finally, expression of both the PML RING mu-
tant and wild-type eIF4E (Fig. 8I to L and I� to L�, lower
panels) led to patterns similar to those observed for the single-
transfection experiments. PML RING was found distributed
diffusely throughout the nucleus, while the transfected eIF4E
was found in bodies. Notably, PML RING did not colocalize
with eIF4E. These data are consistent with our observation
that PML RING cannot suppress eIF4E-mediated cyclin D1
transport since it does not bind to eIF4E in vitro and does not
localize significantly with eIF4E in these experiments. Cad-
mium treatment left eIF4E bodies intact, while PML RING
was dispersed to the cytoplasm (Fig. 8I to L versus I� to L�,
lower panels). Taken together, these data indicate that PML
must be present at the eIF4E nuclear body in order to suppress
its function in cyclin D1 mRNA transport. Further, these trans-
fection data are consistent with the above results obtained with
endogenous proteins.

The IFN effect on eIF4E-mediated cyclin D1 transport is

FIG. 6. IFN-� treatment results in the retention of cyclin D1 transcripts in the nucleus in a PML-dependent manner. (A) Total cyclin D1 or
GAPDH mRNA was monitored by Northern blot (N.B.) analysis in NIH 3T3 and PML�/� cells. 28S and 18S rRNAs are shown as loading controls.
Cells were treated with IFN-� (IFN��) or untreated (IFN��) as indicated. (B) RNA, treated as described in the text, was fractionated into nuclear
(nc) and cytoplasmic (cy) fractions and monitored by Northern blot analysis. All RNAs shown were isolated from the same set of experiments.
tRNAlys, a mainly cytoplasmic RNA, and U6 snRNA, a nuclear RNA, are shown to demonstrate the quality of the fractionation (14, 26). 18S and
28S rRNA demonstrate the quality of the RNA.
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FIG. 7. Effects of overexpression of PML and eIF4E wild-type and mutant proteins on the cadmium response in PML�/� cells. Cells were
treated for 6 h with cadmium (�) or left untreated (�). (A) Cyclin D1 protein levels were monitored using standard Western blot (W.B.) methods.
(B and C) Cadmium treatment does not alter PML or eIF4E overexpression. The MAb 5E10 anti-PML antibody was used to detect expression
of the 69-kDa isoform of PML used in these overexpression studies. The upper band represents the full-length isoform, and the lower band
represents a degradation product. (D) Total cyclin D1 mRNA levels were monitored by Northern blot (N.B.) analysis for the given transfection
experiment. (E) RNA treated as described was fractionated into nuclear (nc) and cytoplasmic (cy) fractions. All RNAs shown were isolated from
the same set of experiments. tRNAlys, a mainly cytoplasmic RNA, and U6 snRNA, a nuclear RNA, are shown to demonstrate the quality of the
fractionation (14, 26). RING indicates the construct with the point mutation in the RING of full-length PML (PML RING) as described in the
text. W73A indicates the eIF4E W73A mutant.
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mediated through PML. Our studies with endogenous proteins
strongly suggest that IFN treatment suppresses cyclin D1
mRNA transport and protein production through induction of
PML and its subsequent ability to inhibit this activity of eIF4E
(Fig. 9). To establish that these effects occur through the PML-
eIF4E interaction, we carried out a series of overexpression
studies. In these experiments, we monitored the effect of over-
expressing wild-type and W73A eIF4E in NIH 3T3 cells on this
process, where we could monitor the IFN response of endog-
enous PML. Similar to studies with endogenous eIF4E, levels
of overexpression of either W73A or wild-type eIF4E were not
altered by interferon treatment (Fig. 9B). Further, induction of
endogenous PML by IFN was not altered by overexpression of
these proteins (Fig. 9C). Finally, overexpression of either wild-
type or W73A eIF4E did not alter the induction of IRF-1, and
similar results were obtained to those of studies not involving
transfection (compare Fig. 9C with Fig. 3).

Overexpression of either wild-type or W73A eIF4E resulted
in increased cyclin D1 protein levels relative to vector controls

(Fig. 9A). Cyclin D1 levels were decreased in eIF4E-overex-
pressing cells in response to IFN treatment (Fig. 9A, compare
lanes 3 and 4), consistent with our results with endogenous
proteins (Fig. 4B). Further, confocal microscopy data indicate
that transfected eIF4E and endogenous PML colocalized be-
fore and after IFN treatment (Fig. 10) as observed for endog-
enous proteins (Figure 1). However, more PML was present at
the eIF4E nuclear body after IFN treatment, as observed for
endogenous proteins (compare Fig. 1 with Fig. 10E to H and
E� to H�). In contrast to results with wild-type eIF4E, cyclin D1
levels were not lowered in response to IFN in cells overex-
pressing the W73A mutant (compare lanes 5 and 6). This is
consistent with our previous studies showing the PML cannot
directly associate with this mutant and therefore cannot re-
press mRNA transport mediated by it.

Consistent with our results with endogenous proteins and
previous studies (8, 14, 26), total cyclin D1 mRNA levels were
not altered by overexpression of eIF4E or of W73A mutant or
by IFN treatment (Fig. 9D). Fractionation studies reveal that

FIG. 7—Continued.
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FIG. 8. Effects of cadmium treatment in PML�/� cells on the localization of overexpressed PML, eIF4E, or mutant proteins. Cells were treated
with cadmium (Cd2��) or left untreated (Cd2��), as described in the text. Cells were stained with a MAb to PML, MAb 5E10, in red, and an
eIF4E MAb conjugated to FITC showing eIF4E in green as described in Materials and Methods. Our previous studies indicate that there is no
difference between using unconjugated and conjugated MAb eIF4E (8). DAPI staining is shown to identify the nucleus (in blue). The PML-eIF4E
overlay is shown in light yellow. The objective is 100� with further two-fold magnification. Confocal micrographs represent single optical sections
through the plane of the cell. (Top) Cells were transfected as follows: vector (A to D), eIF4E (E to H), W73A eIF4E mutant which does not bind
PML (I to L), PML (M to P), the PML RING mutant with a point mutation in the RING domain which does not bind eIF4E with high affinity
(Q to T). (Bottom) Cells were transfected with both PML and eIF4E (A to D), PML and W73A eIF4E (E to H), and PML RING and eIF4E (I
to L). There were no differences observed in single- or double-transfected vector control cells, so only one (A to D) is shown here. The prime
notation indicates the corresponding set of transfections which were cadmium treated.
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for both eIF4E and W73A, there was more cyclin D1 mRNA
in the cytoplasmic fraction than for vector controls (Fig. 9E).
However, after IFN treatment there was an accumulation of
cyclin D1 mRNA in the nucleus of cells overexpressing eIF4E
but no change in cyclin D1 mRNA distribution was observed in
cells overexpressing the W73A mutant (Fig. 9E, compare lanes
7 and 8 with lanes 11 and 12).

To ensure that the effects observed are indeed due to the
presence or absence of PML at eIF4E bodies, we examined the
subcellular distribution of overexpressed eIF4E and W73A
eIF4E in NIH 3T3 cells before and after treatment with IFN
(Fig. 10). In both treated and untreated cells, endogenous
PML localized to eIF4E nuclear bodies in vector-transfected
controls (Fig. 10A to D and A� to D�), similar to results ob-
served for endogenous proteins (Fig. 1). Endogenous PML
localized to eIF4E nuclear bodies, where IFN treatment led to
larger and more abundant PML nuclear bodies, and these
bodies still localized to eIF4E (Fig. 10E to H versus E� to H�).

Similar to our results with endogenous eIF4E, the localization
of eIF4E in these overexpression studies was not significantly
altered by IFN. Finally, the effects of IFN treatment on the
W73A eIF4E mutant were examined (Fig. 10I to L and I� to
L�). There was more cytoplasmic W73A than in wild-type over-
expression studies, consistent with previous observations (11).
IFN treatment did not substantially alter the localization of the
W73A eIF4E mutant. PML still localized to eIF4E nuclear
bodies, presumably those containing endogenous wild-type
eIF4E. However, localization is less easy to determine here
because the W73A overexpression resulted in very large bodies
that took up the majority of the nucleus. Unlike experiments
with wild-type eIF4E, where localization between PML and
eIF4E nuclear bodies was nearly complete, a substantial frac-
tion of the W73A eIF4E mutant did not localize to PML.
These results are consistent with the above findings, which
show that IFN treatment by induction of PML reduced the
ability of eIF4E to transport cyclin D1 mRNA. In contrast,

FIG. 9. Effects of eIF4E overexpression in NIH 3T3 cells on the ability of IFN-induced PML to suppress cyclin D1 protein levels. Cells were
transfected with vector, eIF4E, or the W73A eIF4E mutant as indicated. IFN treatment was carried out as described in the text. Cells were treated
with IFN� (�) or left untreated (�) as indicated. (A) Cyclin D1 protein levels were determined by Western blot (W.B.) analysis. (B) Overex-
pression of eIF4E levels is shown by Western blot analysis. (C) Induction of PML and IRF-1 is shown. PML is detected using a polyclonal antibody
that recognizes mouse PML, and the higher-molecular-weight isoforms are observed as described previously (7). Actin is shown as a loading
control. IFN treatment does not alter the overexpression of either wild-type or W73A eIF4E as indicated by Western blot analysis. (D) Total cyclin
D1 or GAPDH mRNA was monitored by Northern blot (N.B.) analysis. (E) RNA, treated as described in the text, was fractionated into nuclear
(nc) and cytoplasmic (cy) fractions and monitored by Northern blot analysis. All RNAs shown were isolated from the same set of experiments.
tRNALys, a mainly cytoplasmic RNA, and U6 snRNA, a nuclear RNA, are shown to demonstrate the quality of the fractionation (14, 26). 18S and
28S rRNA demonstrate the quality of the RNA.
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induction of PML by IFN treatment did not substantially in-
crease the amount of PML at eIF4E bodies in cells expressing
the W73A mutant, consistent with the observations that nei-
ther overexpressed PML (Fig. 7A) nor IFN-induced PML (Fig.
9A) can suppress the ability of W73A eIF4E to transport cyclin
D1 mRNA.

Taken together, our mutagenesis and overexpression results
are completely consistent with the results of studies using en-
dogenous proteins. These studies strongly suggest that the ef-
fects of PML with eIF4E-dependent cyclin D1 mRNA trans-
port rely on the direct association of PML on eIF4E and its
ability to localize to eIF4E-associated nuclear bodies. Dis-

persal of PML by cadmium treatment allowed eIF4E to oper-
ate unchecked and the increased association of PML with
eIF4E inhibited eIF4E-dependent cyclin D1 transport in IFN-
treated cells.

DISCUSSION

PML negatively regulates eIF4E-dependent transport of cy-
clin D1 transcripts from the nucleus to the cytoplasm when
PML is overexpressed in a variety of cell lines (8, 14). Muta-
tional analysis indicates that inhibition of this transport activity
is linked to the ability of PML to suppress eIF4E-mediated
oncogenic transformation (8). Biochemically, PML reduces the

FIG. 10. Effects of IFN treatment on NIH 3T3 cells overexpressing eIF4E or W73A eIF4E. Cells were stained with a polyclonal PML antibody
in red and an eIF4E monoclonal antibody showing eIF4E in green. DAPI staining is shown to identify the nucleus (in blue). The PML-eIF4E
overlay is shown in light yellow. The objective is 100� with further 1.6-fold magnification. Confocal micrographs represent single optical sections
through the plane of the cell. Cells were transfected as follows: vector (A to D), eIF4E (E to H) and W73A eIF4E (I to L). The prime notation
indicates the corresponding cells were treated with IFN, as described in the text.
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affinity of eIF4E for the m7G cap of mRNA, an activity re-
quired by eIF4E for both its transport and transformation
functions (8, 13). Since these previous studies depended on in
vitro and overexpression methods, the physiological impor-
tance of the PML eIF4E interaction was not known. Further,
the effect of these treatments on eIF4E nuclear body morphol-
ogy and mRNA transport functions had not been investigated.

Here, we monitored the effects of two environmental
stresses, IFN and cadmium, on the ability of PML to inhibit the
nuclear functions of eIF4E. These two treatments were chosen
because of their opposing effects on PML nuclear body mor-
phology (20). In the cadmium experiment, we observed that
PML nuclear bodies were dispersed, eIF4E nuclear bodies
were retained, and transport of cyclin D1 mRNA to the cyto-
plasm increased, leading to an increase in cyclin D1 protein
levels. Further, if cadmium was removed and the cells were
allowed to recover, PML nuclear bodies relocalized with eIF4E
nuclear bodies and cyclin D1 protein levels decreased. Thus,
this response is robust and reversible. In PML�/� cells, cad-
mium treatment did not alter cyclin D1 production.

In the IFN-� treatment experiment, we observed more PML
protein at the PML-eIF4E nuclear bodies while eIF4E was
essentially unaltered, and transport of cyclin D1 transcripts was
inhibited, leading to decreased cyclin D1 protein levels. These
results are consistent with previous reports showing that IFN-�
is antiproliferative and reduces cyclin D1 protein levels in
other cell types (reference 37 and references therein). Again in
the absence of PML, IFN-� had no effect on cyclin D1 pro-
duction (Fig. 4).

Mutagenesis and overepxression studies demonstrated that
the effects of cadmium and IFN on cyclin D1 transport were
indeed a result of interactions between PML and eIF4E (Fig.
7 to 10), consistent with our previous studies (8, 14). Further,
either overexpressed PML or PML induced by IFN suppresses
eIF4E-mediated cyclin D1 mRNA transport. Our data showed
that for cells expressing PML or eIF4E mutants that no longer
directly interact, these cells no longer responded, at the level of
cyclin D1, to these treatments. These findings are similar to
those that we observed in PML�/� cells where neither cad-
mium nor IFN altered cyclin D1 transport. Taken together,
these data strongly suggest that PML must directly interact
with eIF4E in order to inhibit its cyclin D1 transport function.

These findings have a number of implications. First, eIF4E-
dependent mRNA transport is modulated by external factors.
Previous studies on eIF4E-dependent transport were based on
overexpression methods (8, 14, 26); therefore, this is the first
report of these functions being modified as part of a physio-
logical response. Importantly, the specificity of transport re-
ported here is the same as that reported in overexpression
studies, where cyclin D1 mRNA, but not actin and GAPDH
mRNAs, was affected (8, 14, 26). Second, the PML-eIF4E
interaction is physiologically relevant, where PML modifies
eIF4E activity in response to external factors. Third, PML is a
key mediator of these responses, at least in terms of cyclin D1,
since these responses are lost in PML�/� cells. PML�/� cells
are resistant to apoptosis induced by a number of factors in-
cluding IFN (36). This is consistent with our findings that
PML�/� cells have lost the ability to modulate cyclin D1 levels
in response to IFN.

Previous studies indicated that the presence of PML is im-

portant for the IFN response in a variety of viral infections.
PML confers resistance to infections by vesicular stomatitis
virus, influenza A virus, human foamy virus, and LCMV but
not to the IFN-resistant encephelomyocarditis virus (24). In
human foamy virus infection, IFN inhibits viral replication in
PML�/� but not PML�/� cells, suggesting that in this infec-
tion, PML mediates the antiviral effects of IFN (25). IFN-�
treatment of LCMV-infected cells leads to a reduction in viral
replication for both PML�/� and PML�/� cells. However,
IFN-� decreases the production of viral proteins 30% more in
PML�/� than PML�/� cells (10). During LCMV infection,
PML nuclear bodies are relocated to the cytoplasm, whereas
the morphology of eIF4E nuclear bodies is not altered (6).
Thus, eIF4E is potentially left unregulated under these condi-
tions. Although other factors in addition to PML can mediate
the IFN response during LCMV infection, PML appears to
amplify these effects (10). Interestingly, in NIH 3T3 cells,
LCMV infection prolongs cell survival under serum starvation
conditions (5), suggesting that when PML is not associated
with the eIF4E nuclear body, the growth promoting properties
of eIF4E proceed unchecked. For LCMV, which establishes
chronic infections in tolerant hosts (27), clearly this would be
advantageous to the viral life cycle. Taken together, these
studies suggest that the ability of PML to negatively regulate
eIF4E dependent mRNA transport is important to the cellular
antiviral response and growth control.

Although these studies focused on cyclin D1 transport, it is
likely that other mRNAs, yet to be identified, are also regu-
lated in a similar manner by PML and eIF4E (8, 26). Thus,
these mRNAs may play critical roles in the physiological re-
sponse to modulation of eIF4E-dependent transport. In addi-
tion, many studies show that cyclin D1 mRNA levels can be
modulated posttranscriptionally. Our studies, consistent with
previous reports (14, 26), demonstrate that under these con-
ditions, levels are regulated through transport. Consistently,
we observed no alterations in transcript levels (Fig. 5 and 6),
indicating that steady-state transcript stability is not signifi-
cantly altered by these treatments in this system.

eIF4E is overexpressed in a variety of human cancers (28).
Previous studies indicate that not only its translation but also
its transport functions contribute to its oncogenic potential (8).
The present studies suggest that during cadmium treatment
when PML is dispersed from the eIF4E nuclear body, the
growth-suppressive properties of PML are reduced and the
growth-promoting properties of eIF4E are dysregulated. Con-
sistently, cadmium is considered a human carcinogen, and ex-
posure to this metal is linked to lung and prostate cancers (33).
Further, PML�/� animals are more likely to get cancers as a
result of environmental challenges (35), presumably because
they have lost a key stress-responsive regulator of eIF4E nu-
clear bodies. A critical question is why are the PML�/� mice
not prone to spontaneous cancers through dysregulation of
eIF4E? There must be other negative regulators of eIF4E,
which may be expressed in a cell type-specific manner, such as
the proline-rich homeodomain PRH, which binds both PML
and eIF4E; however, these regulators do not appear to re-
spond to stress in the same way that PML does (31; Topisirovic
et al., submitted).

In summary, we demonstrated that eIF4E-dependent
mRNA transport is modulated by environmental challenges in
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the presence of the PML protein in mammalian cells. Presum-
ably in other organisms where PML is absent, other factors
regulate the nuclear functions of eIF4E. The ability of PML to
modulate cyclin D1 protein production posttranscriptionally
suggests that negative regulation of the eIF4E nuclear body
provides a means of responding to environmental challenges or
viral infection more quickly than through modulation of tran-
scription. Our findings suggest that PML must be present at
the nuclear eIF4E body and that PML nuclear bodies need to
be intact to inhibit transport, since removal of PML from these
eIF4E structures results in dysregulation of its transport func-
tion. Since this association can be modified under these con-
ditions, there are likely to be other situations, such as certain
viral infections, or other factors where the association between
PML and eIF4E is modulated. These alterations lead to mod-
ulation of mRNA transport and eventually alter cellular
growth (8). Identifying physiological situations and factors that
result in modulation of this interaction is likely to give us new
insights into how its dysregulation could contribute to eIF4E-
mediated carcinogenesis.
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