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E2F is a family of transcription factors required for normal cell cycle control and for cell cycle arrest in G,.
E2F4 is the most abundant E2F protein in many cell types. In quiescent cells, it is localized to the nucleus,
where it is bound to the retinoblastoma-related protein p130. During entry into the cell cycle, the protein
disappears from the nucleus and appears in the cytoplasm. The mechanism by which this change occurs has,
in the past, been unclear. We have found that E2F4 is actively exported from the nucleus and that leptomycin
B, a specific inhibitor of nuclear export, inhibits this process. E2F4 export is mediated by two hydrophobic
export sequences, mutations in either of which result in export failure. Individual export mutants of E2F4, but
not a mutant with inactivation of both export signals, can be efficiently excluded from the nucleus by forced
coexpression of the nuclear export receptor CRM1. Similarly, CRM1 overexpression can prevent cell cycle
arrest induced by the cyclin kinase inhibitor p16"~*“?, an E2F4-dependent process. Taken together, these data
suggest that nuclear export contributes to the regulation of E2F4 function, including its ability to regulate exit
from G, in association with a suitable pocket protein.

Members of the E2F family of transcription factors are im-
portant regulators of cellular proliferation (for reviews, see
references 6 and 30). Binding sites for E2F proteins exist in the
promoters of genes that are induced during the G,-to-S tran-
sition and are required for cell cycle progression and DNA
synthesis (4). Deregulated expression of E2F can promote
entry into the cell cycle, neoplastic transformation, and apo-
ptosis (1). E2F activity is regulated by interactions with pRB,
the product of the retinoblastoma susceptibility gene, and two
related pocket proteins, p107 and p130. Complexes of pocket
proteins and E2F act as transcriptional repressors with growth-
suppressing activity (18). During the G;-to-S transition, the
growth-inhibiting properties of pRB are inactivated by phos-
phorylation catalyzed by cyclin-dependent kinases (cdk’s) (28).
Cyclin-dependent kinase inhibitors, such as the tumor suppres-
sor protein p16™%42 inhibit cdk activity, thereby inducing cell
cycle arrest in G, (34). p16™%** induces growth arrest only
when cells synthesize functional pRB (13, 19, 25, 27) and at
least one of the two pRB-related proteins p107 and p130 (3).
Active E2F-dependent transcriptional repression is also re-
quired for pl6™***induced G, arrest (40). Together, these
data suggest that E2F is required not only for cell cycle pro-
gression but also for pocket protein-mediated growth inhibi-
tion.

E2F is a family of related proteins. High-affinity DNA bind-
ing requires their heterodimerization with a structurally relat-
ed DP subunit. Six E2F proteins (E2F1 to -6) and two different
DP subunits (DP1 and -2) have been identified (6). Conserved
domains mediate DNA binding, heterodimerization, pocket
protein binding, and transactivation. Based on homology and
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on certain functional characteristics, E2F proteins can be sub-
grouped into three distinct classes (6). The first group is com-
posed of E2F1, -2, and -3. They bind exclusively to pRB and
contain a cyclin A binding domain that mediates inhibition of
DNA binding during entry into S phase. The second group is
composed of E2F4 and -5. They associate preferentially with
p107 and p130, although both can interact with pRB as well
(29). Unlike E2F1, -2, and -3, E2F4 and -5 are synthesized
constitutively. E2F4 accounts for the majority of the E2F pro-
teins in many cell types. The last member of the E2F family,
E2F6, is a transcriptional repressor that lacks pocket protein
binding and transactivation domains (6).

Recent observations suggest that the cell cycle-promoting
and -inhibiting activities of E2F are mediated by different fam-
ily members. E2F1 and E2F3 are required for cellular prolif-
eration (17, 22, 37). By contrast, in fibroblasts, E2F4 and -5 are
dispensable for normal proliferation and for reentry into the
cell cycle from G (11, 16, 23, 33). However, a common func-
tion of E2F4 and E2F5 is required for cell cycle arrest in G,
induced by the cyclin-dependent kinase inhibitor pl16™<4s
(11). Taken together, these data suggest a specific role for
E2F4 and E2FS5 in pocket protein-mediated G, arrest.

While E2F1, -2, and -3 are constitutively located in the
nucleus, a significant fraction of endogenous E2F4 is found in
the cytoplasm, and ectopically overexpressed E2F4 is mainly
cytoplasmic (24, 26). The protein can be translocated to the
nucleus by forced coexpression of DP2 or pocket proteins,
both nuclear localization sequence (NLS)-containing proteins.
It was originally suggested that the cytoplasmic localization of
E2F4 results from the lack of an NLS and that its subcellular
localization is regulated mainly by its association with DP and
pocket proteins.

During the cell cycle, the ratio of nuclear to cytoplasmic
E2F4 changes. In quiescent cells, E2F4 is primarily nuclear,
and it disappears from the nucleus during entry into S phase
(24, 36). Nuclear E2F4 is mainly bound to p130 in G, and to
pRB and p107 during the G,-to-S transition. Very little free
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E2F4 is detected in the nucleus (36). The disappearance of
E2F4 from the nucleus during cell cycle entry correlates well
with the timing of pRB phosphorylation. It has been suggested
that free, uncomplexed E2F4 is selectively lost from the nu-
cleus after it is released from pRB (36). Taken together, these
data suggest that loss of E2F4 from the nucleus contributes to
the alleviation of transcriptional repression of E2F-dependent
target genes during cell cycle entry.

It is unclear, however, whether regulated nuclear import,
nuclear export, or nuclear degradation mediates disappear-
ance of E2F4 from the nucleus. Here we report that E2F4
shuttles between the nucleus and the cytoplasm. Moreover, it
is exported from the nucleus in a process that depends on the
nuclear export receptor, CRM1. Additional evidence suggests
that the G, arrest activity of E2F4, a property of certain pocket
protein-E2F4 complexes (11), is negatively regulated by its
controlled nuclear export.

MATERIALS AND METHODS

Cell culture. Cells were cultivated at 37°C in a 10% CO,-containing atmo-
sphere. U2-OS cells and HeLa cells were maintained in Dulbecco modified Eagle
medium (DMEM) supplemented with 10% fetal calf serum (FCS; HyClone).
NIH 3T3 cells were maintained in DMEM supplemented with 10% bovine calf
serum (GIBCO).

Plasmids. E2F4 deletion and point mutants (E2F4[1-265], E2F4[266-416],
E2F4[68,70A], E2F4[A84-105], E2F4[A169-199], E2F4[A383-388] and E2F4
[A404-416]) were generated by standard cloning techniques using pCDNA-
HA-E2F4 as a template. Details of the construction of these mutants are available
upon request. The identities of the mutants were confirmed by DNA sequencing.
Other expression plasmids have been described elsewhere: pPCDNA3-HA-E2F4
(24), pCMV-HA-E2F1 (20), pCDNA-HA-E2F6 (12), pCMV-HA-DP2 (39),
pCDNA-mycNPc-NLS (32), and pCDNA-HA-crm1 (9).

Transfection of U2-OS cells, leptomycin B treatment, and immunostaining.
U2-0S cells were plated onto coverslips in 30-mm-diameter cell culture dishes
and transfected with 1 wg of each expression plasmid and 3 pl of Fugene 6
(Roche). Twenty-four hours later, cells were fixed in 3% paraformaldehyde and
2% sucrose in phosphate-buffered saline (PBS) for 10 min at room temperature.
Where indicated, cells were incubated with 10 ng of leptomycin B (kind gift of
B. Wolff, Vienna, Austria) per ml for 3 h before fixation. Cells were then
permeabilized with 0.2% Triton X-100 in PBS for 5 min and incubated with
primary antibody at room temperature for 1 h. The following primary antibodies
were used: anti-E2F4 C108 (Santa Cruz), antihemagglutinin (anti-HA), anti-
CRM1 (kind gift of G. Grosveld, St. Jude, Memphis, Tenn.), and anti-c-myc
(9E10). To detect endogenous E2F4 with monoclonal antibody LLF4, fixation
and permeabilization were performed as described elsewhere (36). Secondary
antibody conjugated to rhodamine or fluorescein isothiocyanate was used where
indicated (Roche). Nuclei were counterstained with 1 pg of Hoechst 33258
(Sigma) per ml in PBS. Immunostaining was visualized using the 60X objective
of a Microphot SA fluorescence microscope (Nikon).

Heterokaryon fusion assay. To detect nucleocytoplasmic shuttling, a hetero-
karyon fusion assay was performed essentially as described previously (32). HeLa
cells (2 X 10°) were plated on glass coverslips in 3-cm-diameter dishes. Twenty-
four hours later, expression plasmids were transfected with 5 ul of Lipofectamine
(GIBCO) in 1 ml of serum-free DMEM. Five hours later, 1 ml of DMEM-20%
FCS was added, and the cells were incubated at 37°C for ~16 h and then washed
with serum-free medium and refed with DMEM-10% FCS. One hour later, 10°
NIH 3T3 cells were plated onto the HeLa cells. After 3 h, the cells were treated
with 75 pg of cycloheximide (Sigma) per ml for 1 h. The cells on the coverslip
were then overlaid with a solution of 50% polyethylene glycol 8000 (Sigma) in
DMEM for 2 min at 37°C to induce cell fusion. The cells were then washed twice
with PBS and transferred back to DMEM-10% FCS containing 75 pg of cyclo-
heximide per ml. One hour later, cells were fixed and stained as described above.

Analysis of entry into S phase by BrdU incorporation. Aliquots of 4 X 10°
U2-0S cells were plated onto coverslips in 60-mm-diameter cell culture dishes.
Sixteen to 20 h later, cells were transfected with 0.5 pg of pPCDNA-p16, pPCDNA-
p21, and/or pCDNA-HA-crm1 and 2 pul of Fugene 6 (Roche). A green fluores-
cent protein expression vector (0.2 pg at 10 ng/ml) was cotransfected to allow
identification of transfected cells. Twenty-four hours later, cells were pulse-
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labeled with 50 uM bromodeoxyuridine (BrdU) for 1 h. Cells were then stained
with an anti-BrdU antibody (Becton Dickinson) as described elsewhere (12).
Transfected cells were identified by their green fluorescence, and the number of
BrdU-positive cells was determined.

RESULTS

E2F4 shuttles between the nucleus and the cytoplasm. To de-
termine whether E2F4 is exported from the nucleus, we per-
formed a heterokaryon fusion assay (32). In this assay, the
ability of a protein to shuttle from one nucleus to a foreign one
is analyzed in a cycloheximide-treated heterokaryon, a cell con-
taining two different nuclei. Apparent transport from one nu-
cleus to another would depend upon export from the former.

HelLa cells were transfected with an E2F4 expression vector
and with DP2 to promote E2F4 import into the HeLa nucleus
(24, 26). The transfected HeLa cells were fused to NIH 3T3
cells in the presence of cycloheximide to prevent further syn-
thesis of E2F4, which would confuse the results. One hour
after fusion, the culture was fixed, and the localization of the
ectopically expressed protein was analyzed by immunostaining.
E2F4 was repeatedly detected in NIH 3T3 nuclei of the result-
ing heterokaryons (Fig. 1A, bottom), indicating that it had
been exported from a HeLa nucleus and then retransported
into the NIH 3T3 nucleus. Thus, E2F4 can shuttle between the
nucleus and the cytoplasm. A myc-tagged nucleoplasmin core
fragment fused to an NLS (myc-NPc-NLS) was studied as a
negative control. myc-NPc-NLS does not shuttle from the nu-
cleus to the cytoplasm (32), and as expected, it was readily
detected in HeLa but not NIH 3T3 nuclei after cell fusion (Fig.
1A, top).

To find out whether E2F4 nuclear export is a specific prop-
erty of HeLa cells, we fused E2F4-transfected monkey kidney
(CV-1) cells to NIH 3T3 cells under the same conditions used
in the HeLa-NIH 3T3 cell fusion experiments. E2F4 was again
detected in the NIH 3T3 nuclei in these fused cells (data not
shown). Therefore, nuclear export of E2F4 is not cell type
specific and, given the human papillomavirus-infected property
of HeLa cells, does not require human papillomavirus onco-
proteins to support this process.

In these experiments, E2F4 was coexpressed with a het-
erodimeric binding partner, DP2, to concentrate it in the HeLa
or CV-1 nucleus prior to the fusion (24, 26). Thus, nuclear
export of E2F4 could, in principle, be mediated by DP2. How-
ever, when expressed alone, DP2 did not accumulate in NIH
3T3 nuclei in HeLa-NIH 3T3 heterokaryons. This result im-
plies that DP2 was not exported from the nucleus and is not
required for export of E2F4 per se (Fig. 1B, top). We also
tested E2F4 fused to an NLS (NLS-E2F4) in these experi-
ments. As shown previously, NLS-E2F4 localized in the nu-
cleus of transfected HeLa cells without coexpression of DP2
(24). In HeLa-NIH 3T3 heterokaryons, NLS-tagged E2F4 was
also detected in NIH 3T3 nuclei (Fig. 1B, bottom). These data
reconfirm the view that E2F4 nuclear export is a DP2-inde-
pendent process.

Leptomycin B inhibits nuclear export of E2F4. In search of
additional experimental evidence that E2F4 is exported from
the nucleus, we utilized leptomycin B, a specific inhibitor of
nuclear export. Exportin, or CRM1, has been identified as a
receptor that is responsible for nuclear export of proteins that
contain specific nuclear export sequences (NES) (8, 10, 31).
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FIG. 1. (A) E2F4 shuttles between the nucleus and the cytoplasm. HeLa cells were transfected with expression plasmid for myc-NPc-NLS or
E2F4 and DP2. After fusion with NIH 3T3 cells and incubation for 1 h, cells were fixed and stained using antibody 9E10 (a-myc) or C-108 (a-E2F4)
and rhodamine-conjugated secondary antibodies (right panels). Nuclei were stained with Hoechst no. 33258 to identify murine nuclei in the fusion
by their distinctive dot-like pattern (left panels). White arrows indicate NIH 3T3 nuclei in transfected heterokaryons. (B) E2F4 does not require
DP2 to shuttle between the nucleus and the cytoplasm. HeLa cells were transfected with HA-tagged DP2 or NLS-E2F4, fused to NIH 3T3 cells

as described for panel A, and stained with antibody 12CAS5 (a-HA) or with C-108 (a-E2F4).
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FIG. 2. Nuclear export of E2F4 is inhibited by leptomycin B. (A)
Asynchronously growing U2-OS cells were treated with carrier
(=LMB) or 10 ng of leptomycin B per ml (+LMB) for 3 h and then
stained with a monoclonal anti-E2F4 antibody (LLF4) (top). Nuclei
were counterstained with Hoechst no. 33258. E2F4 was cytoplasmic in
the majority of asynchronously growing U2-OS cells. In leptomycin
B-treated cells E2F4 is no longer excluded from the nucleus. (B)
U2-0S cells (top) or NIH 3T3 cells (bottom) were transfected with an
expression plasmid for E2F4. Twenty-four hours after transfection,
cells were mock treated (—LMB) or exposed to 10 ng of leptomycin B
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Leptomycin B binds to CRM1 and inhibits its interaction with
NES-containing proteins (21, 38).

Consistent with previous studies, endogenous E2F4 was pre-
dominantly cytoplasmic in untreated U2-OS cells, as reflected
by immunostaining with a monoclonal anti-E2F4 antibody
(Fig. 2, —LMB). However, after incubation for 3 h with lepto-
mycin B, E2F4 was detected in the nuclei of most cells in the
culture (Fig. 2A, +LMB). These data further support the view
that E2F4 is exported from the nucleus and suggest that this
process is CRM1 dependent.

To address the possibility that the cytoplasmic localization of
ectopically overexpressed E2F4 is also a consequence of effi-
cient nuclear export, we transiently expressed E2F4 and treat-
ed the cells with leptomycin B. The localization of E2F4 was
then analyzed by immunofluorescence. As expected, ectopi-
cally overexpressed E2F4 was cytoplasmic in untreated NIH
3T3 and U2-0OS cells (Fig. 2B, —LMB). However, after treat-
ment with leptomycin B for 3 h, E2F4 efficiently accumulated
in the nucleus (Fig. 2B, +LMB), suggesting that in the absence
of drug, high levels of E2F4 accumulate in the cytoplasm as a
result of efficient nuclear export.

To test whether the closely related protein E2F5 is also
exported from the nucleus, we transiently transfected HA-
tagged E2F5 into U2-OS cells, which were then exposed to
leptomycin B. These cells were then immunostained with an-
ti-HA antibody. Like E2F4, E2FS5 was cytoplasmic in untreated
cells but accumulated in the nucleus after leptomycin B treat-
ment (Fig. 2C), indicating that E2FS5 is also exported from the
nucleus and that nuclear export of E2F5 is also mediated by
CRML. Importantly, leptomycin B had no effect on the cyto-
plasmic localization of transiently expressed B-galactosidase
(Fig. 2C, bottom). Thus, the closely related proteins E2F4 and
-5 are both targets of CRM1-mediated nuclear export.

E2F is an unstable protein, and its turnover is controlled by
the ubiquitin-proteasome degradation system (14, 15). It has
been suggested that regulated nuclear degradation contributes
to the selective loss of nuclear E2F4 during entry into the cell
cycle. By contrast, we observed that proteasome inhibitors had
no effect on the cytoplasmic localization of E2F4, suggesting
that proteasome-dependent nuclear degradation is not respon-
sible for the cytoplasmic concentration of E2F4 (data not
shown).

E2F4 contains two NES. CRM1-dependent NES are char-
acterized by short leucine- or isoleucine-rich hydrophobic re-
gions (2). E2F4 contains five such sequences (Fig. 3A). To
determine whether one or more of them are involved in its
nuclear export, we generated a number of E2F4 deletion and
missense mutants (Fig. 3B and C). Given that ectopically ex-
pressed E2F4 is exported from the nucleus (Fig. 2), we asked
whether these mutants behaved similarly in transiently trans-
fected cells. The data show that a fragment containing the
amino-terminal 265 residues of E2F4 (E2F4[1-265]) was large-
ly cytoplasmic in untreated cells but accumulated in the nu-

per ml (+LMB) for 3 h and then stained with anti-E2F4 (C-108)
antibody. (C) U2-OS cells were transfected with expression plasmids
for HA-E2F5 (top) or B-galactosidase (bottom). Cells were treated as
described for panel B and stained with anti-HA (12CAS) or with
anti-B-galactosidase antibodies.



1388 GAUBATZ ET AL.

MoL. CELL. BIOL.

A LXHLXHLXE NES Consensus
1 ITNVLEGIGL E2F4 (61-70)
2 REIADKLIEL E2F4(91-100)
3 VSGPIEVLLV E2F4 (186-195)
4 FAPLLRLSP E2F4 (380-388)
5 LFDVPVLNL E2F4 (408-416)
12 3 4 3
Il oNA HENFANEE v I [TA+PB |

A 169-199
i g 1 e e ] [ 1 A 383-388
g I TR i 77'[77 TRV R SR il A 404-416

A169
-199

A383-
388

A404-
416

FIG. 3. E2F4 contains two NES. (A) NES-like sequences in E2F4 were compared to a consensus NES (2). The location of the NES-like
sequences in E2F4 is shown. (B) (Top) Schematic representation of E2F4 deletion mutants. (Bottom) E2F4 mutants were expressed in U2-OS
cells. Their localization before and after treatment with 10 ng of leptomycin B per ml for 3 h was assessed by immunostaining with polyclonal
anti-E2F4 antibody (C-108). (C) (Top) Schematic representation of NES1 and NES2 mutants. (Bottom) The E2F4 mutants shown were expressed
in U2-OS cells, and their subcellular localization was evaluated by immunostaining with C-108. Where indicated, cells were treated with 10 ng of
leptomycin B per ml for 3 h before fixation (+LMB). CRM1 was coexpressed where indicated (+crm1). The expression of CRM1 was confirmed
by immunostaining with a polyclonal anti-CRM1 antibody (not shown). Nuclei were counterstained with Hoechst no. 33258 (not shown). ctrl.,

control.

cleus after leptomycin B treatment (Fig. 3B). In contrast, the
carboxy-terminal portion of the protein, E2F4[266-416], was
nuclear, even in the absence of leptomycin B. Thus, nuclear
export appears to be a function of the amino-terminal region
of E2F4. Consistent with these results, deletion of two poten-
tial export motifs in the carboxy terminus of otherwise intact
E2F4 had no effect on its cytoplasmic localization (Fig. 3B,
mutants E2F4[A383-388] and E2F4[A404-416]). Likewise, de-
letion of residues 169 to 199 did not affect the cytoplasmic
localization of E2F4, suggesting that this region is also not
involved in nuclear export (Fig. 3B, E2F4[A169-199]). Impor-
tantly, leptomycin B treatment resulted in nuclear accumula-

tion of those mutants that, like wild-type protein, were cyto-
plasmic, indicating that the relevant mutation did not alter the
ability of E2F4 to be imported into the nucleus (Fig. 3B, right
panels).

Among the potential NES motifs in E2F4, the most amino
terminal NES-like sequence (residues 61 to 70) most closely
resembles a CRM1-dependent nuclear export motif (Fig. 3A).
Indeed, conversion of two hydrophobic residues, isoleucine 68
and leucine 70, to alanine resulted in nuclear accumulation of
E2F4 (Fig. 3C). Analogous changes in export motifs of other
proteins also inhibited (CRM1-dependent) export (2). This
result suggests that residues 61 to 70 function as a CRM1-de-
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FIG. 3—Continued.

pendent NES. Surprisingly, deletion of the second hydropho-
bic motif in the N-terminal region (residues 84 to 105) also
resulted in nuclear accumulation of the mutant protein (Fig.
3C). These residues of E2F4 make up the short spacer region
between the DNA binding and dimerization domains. When
this segment (residues 84 to 99) was replaced by the corre-
sponding sequence of E2F1 (residues 186 to 198), the resulting
mutant, E2F4s1, was also nuclear in the absence of leptomycin
B treatment (Fig. 3C). Thus, the E2F1 sequence did not func-
tion as a NES in this assay. Given the limited structural simi-
larity of the second export motif to a consensus NES, we next
asked whether hydrophobic amino acids in this region were
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needed for the cytoplasmic localization of E2F4. To address
this possibility, we replaced the two hydrophobic residues, 97
(leucine) and 98 (isoleucine), with serine and arginine, respec-
tively. The resulting mutant, E2F4[97,98SR], was nuclear in
the absence of leptomycin B (Fig. 3C), indicating that these
residues are likely required for the cytoplasmic localization of
E2F4. These data suggest that this motif is also a hydrophobic
NES. Consequently, we have referred to the two elements of
the NES of E2F4 as NES1 (residues 61 to 70) and NES2
(residues 91 to 100) (Fig. 3C).

CRML1 overexpression results in exclusion of nuclear export
mutants of E2F4 from the nucleus. Because there are two,
discrete NES in E2F4, we wondered whether single NES1
and/or NES2 mutants could still be exported from the nucleus
by CRMI. It has been demonstrated that overproduction of
CRMI1 can result in exclusion of NES-containing proteins from
the nucleus (41). As expected, overproduction of CRM1 did
not change the cytoplasmic localization of wild-type E2F4 (Fig.
3C). However, it efficiently relocated the single NES1 and
NES2 mutants E2F4[68,70A], E2F4[A84-105], and E2F4sl
from the nucleus to the cytoplasm (Fig. 3C), suggesting that
there is a remaining CRM1-responsive NES in each of these
mutant proteins. Consistent with this notion, the double mu-
tant E2F4[68,70A+s1], with mutations in both hydrophobic
regions, was nuclear in the majority of cells that overproduced
CRM1 (Fig. 3C). Since neither NES1 nor NES2 is sufficient to
direct nuclear export under normal conditions, they may rep-
resent the two parts of a bipartite export signal that are sepa-
rated by a 20-amino-acid spacer.

E2F1, -2, and -3 and pocket proteins are not excluded from
the nucleus by CRM1. Although the NESI sequence is con-
served among all E2F proteins, E2F1, -2, and -3 are constitu-
tively localized to the nucleus (36). Given that ectopically ex-
pressed CRM1 resulted in exclusion of single NES mutants of
E2F4 from the nucleus, we asked whether coexpression of
CRM1 had a similar effect on the localization of E2F1. How-
ever, when E2F1 was expressed together with CRM1, E2F1
remained nuclear in the presence of CRM1 (Fig. 4A), suggest-
ing that it is not normally exported from the nucleus. Nuclear
localization of overexpressed E2F2, -3, and -6 was also un-
changed by overexpression of CRM1 (data not shown). Taken
together, these data imply that among the E2F proteins, nu-
clear export is a specific property of E2F4 and -5. On the other
hand, one cannot rule out the formal possibility that E2F1, -2,
and -3 do contain a functional NES but its experimental de-
tection is masked by a powerful effect of the NLS present in
these proteins.

It has been suggested that association with pocket proteins
plays a role in the regulation of the subcellular localization of
E2F4 (24, 36). To address the question of whether pocket
proteins are also exported from the nucleus, we overproduced
CRM1 in U2-OS cells and then analyzed their subcellular
localization by immunostaining. pRB and p107 were nuclear in
the presence of ectopically overexpressed CRMI, implying
that they are not exported from the nucleus by CRM1 (Fig.
4B). We were unable to detect p130 in asynchronously growing
U2-0S cells by immunostaining. Together with the fact that
E2F4 contains two NES, these data strongly suggest that nu-
clear export of E2F4 is not mediated by association with pocket
proteins and is a function of E2F4 itself.
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FIG. 4. Overexpression of CRM1 does not result in cytoplasmic localization of E2F1, pRB, and p107. (A) HA-E2F1 was expressed alone or
coexpressed with CRM1 in U2-OS cells, as indicated. The subcellular localization of HA-E2F1 was determined by immunostaining with an anti-HA
antibody. Expression of CRM1 was confirmed by immunostaining with a polyclonal anti-CRM1 antibody. (B) The subcellular localization of p107
and pRB in U2-OS cells expressing CRM1 was analyzed by immunostaining. For p107 a mixture of monoclonal antibodies, SD6 and SD9, was used.
pRB was detected with a monoclonal antibody, 245. Expression of CRM1 was confirmed by immunostaining with a polyclonal anti-CRM1 antibody.

CRM1 overcomes pl6™**™.induced G, arrest. Cell cycle

arrest induced by the cdk4 inhibitor p16"™%** requires either
E2F4 or E2F5, consistent with a role for E2F4 and -5 in pocket
protein-mediated cell cycle arrest in G, (11). Because CRM1
can affect E2F4 intracellular localization (Fig. 3C), we won-
dered whether overexpression of CRM1 had any effect on G,
arrest induced by the cyclin kinase inhibitor p16™%*2, To ad-
dress this possibility, we transiently expressed p16™%** in

U2-0S cells and analyzed entry into S phase by BrdU incor-
poration. As expected, p16™%4 reduced the number of cells in
S phase by about 90% compared to the number of such cells
transfected with a control plasmid (Fig. 5). Remarkably, the
ability of p16™%* to induce G, arrest was inhibited when
CRM1 was coexpressed. In contrast, when CRM1 was ex-
pressed alone, it had no significant effect on entry into S phase.
Importantly, p16™*4* expression levels were unaffected by
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FIG. 5. CRM1 overcomes pl16™X*-mediated cell cycle arrest.
U2-0S cells were transfected with a control vector (pCDNA3) or with
expression plasmids for CRM1, p16™¥4 or p21**7 as indicated. A
green fluorescent protein (GFP) expression plasmid was cotransfected
to allow identification of transfected cells. Twenty-four hours after
transfection, cells were labeled with BrdU for 1 h, fixed, and then
stained with an anti-BrdU antibody. Transfected cells were identified
by their green fluorescence, and the number of BrdU positive cells was
determined. The experiment was repeated four times with similar
results. Results of a typical experiment are shown.

CRM1, and p16™%2 remained in the nucleus in cells express-
ing CRM1, as analyzed by immunostaining (not shown). More-
over, CRM1 had no effect on p21¥*F'-induced growth arrest
(Fig. 5), which is a pocket protein-independent process (5).

Taken together, these data suggest that CRM1 inactivates
one or more components of the pocket protein G, arrest path-
way. Since E2F4 and E2F5, and no other E2F family members
or pocket proteins, are exported from the nucleus by CRM1,
these data suggest that CRM1-dependent nuclear export reg-
ulates the G, arrest function of E2F4 and E2F5. This model is
consistent with our earlier finding that a shared function of
either E2F4 or E2F5 is required for pl16™%**.mediated cell
cycle arrest (11).

DISCUSSION

The activity of E2F family members is regulated by a variety
of mechanisms. Given the results reported here, the list likely
includes changes in subcellular localization.

It has been suggested that the predominant cytoplasmic lo-
calization of E2F4 results from the lack of an intrinsic NLS and
that timely nuclear localization of the protein was achieved by
association with pocket and/or DP proteins (24, 26). While it is
possible that complex formation with these proteins contrib-
utes to E2F4 nuclear localization, data reported here show that
E2F4 shuttles between the nucleus and the cytoplasm and that
incubation with the export inhibitor leptomycin B results in its
nuclear accumulation. Thus, the relatively low nuclear levels of
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ectopically overexpressed E2F4 and of the endogenous protein
in asynchronous cultures are maintained by efficient, CRM1-
dependent nuclear export.

This mechanism could well explain the prior observation
that free, uncomplexed E2F4 is selectively lost from the nu-
cleus (36). E2F4 is largely nuclear in G, cells and becomes
progressively cytoplasmic as cells emerge into G, and S (22,
33). The disappearance of E2F4 from the nucleus during entry
into the cell cycle correlates well with the known timing of
pocket protein phosphorylation, suggesting that E2F4 is ex-
ported from the nucleus once it is released from a phosphor-
ylated pocket protein(s). Thus, our data suggest that the newly
described E2F4 NES motifs contribute to the cell cycle-depen-
dent changes in its subcellular localization. Moreover, given
the fact that CRM1 overproduction overrode a p16™ 4%in-
duced G, block, which is an E2F4- and -5-dependent process
(11), our results are consistent with the hypothesis that nuclear
export of E2F4 contributes to cell cycle progression (Fig. 6).

Several lines of evidence suggest that E2F4 and E2F5 are
the components of the pocket protein pathway that are specif-
ically inactivated by nuclear export. First, among the E2F pro-
teins, nuclear export is a specific behavior of E2F4 and E2F5.
Other E2F family members are constitutively nuclear and were
not excluded from the nucleus by CRM1 overproduction (Fig.
4 and data not shown). The nuclear localization of p16™&4=
and of pocket proteins was also not affected by CRM1 expres-
sion. Thus, of the different components tested, only E2F4 and
E2F5 appear to be exported from the nucleus in a CRM1-
dependent manner.

This model is consistent with recent observations that E2F4
and -5 serve primarily as negative regulators of cell cycle pro-
gression (11, 35). While they are not necessary for normal
proliferation of embryonic fibroblasts, they exhibit a shared
function that is required for cell cycle arrest induced by the cdk
inhibitor p16™%*2, Since G, arrest by pocket proteins depends
upon their ability to form E2F-containing transcription-re-
pressing complexes (40), these observations further suggest that

E2F4,E2F5
Go pocket protein

nucleus

pocket protein~P
cyclin/cdk

E2F4,E2F5

crmi
cytoplasm

FIG. 6. Model for the role of CRM1-dependent nuclear export in
G, control (see text). E2F4 and E2F5 are required for pocket protein-
mediated arrest in G, (11). During entry into the cell cycle, pocket
proteins are phosphorylated (~P) by cdk and E2F is released. E2F4
(and probably E2F5) is exported from the nucleus by CRM1 after
release from a relevant pocket protein. Other E2Fs, such as E2F3, are
not exported, remain nuclear, and presumably contribute to the tran-
scriptional activation of E2F-responsive genes (17, 22).
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E2F4 and E2F5 mediate pocket protein-dependent transcrip-
tional repression in G,. We assume that E2F proteins that are
likely not exported, such as E2F1 and E2F3, remain in the nu-
cleus during cell cycle entry and contribute to the activation of
E2F-responsive genes. Consistent with that notion, E2F3 is re-
quired for reentry into the cell cycle from G, and plays a major
role in promoting the G-to-S transition of cycling cells (17, 22).
Intriguingly, the export function of certain transcription fac-
tor NES is regulated by the timely phosphorylation of specific
neighboring residues (7). It is noteworthy that the state of phos-
phorylation of endogenous E2F4 was different depending upon
whether it was nuclear (in Gy/early G,) or not (in late G; and S
phase) (unpublished observations). Furthermore, the phosphor-
ylation pattern of pRB-bound E2F4 differs from that of free E2F4
(11). One wonders whether specific phosphorylation of a serine
or threonine contributes to regulation of its nuclear export.
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