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Nuclear localization of the Extradenticle (EXD) and PBX1 proteins is regionally restricted during Drosophila
and mammalian development. We studied the subcellular localization of EXD, PBX, and their partners
Homothorax (HTH) and PREP1, in different cell contexts. HTH and PREP1 are cytoplasmic and require
association with EXD/PBX for nuclear localization. EXD and PBX1 are nuclear in murine fibroblasts but not
in Drosophila Schneider cells, in which they are actively exported to the cytoplasm. Coexpression of
EXD/PBX with HTH/PREP1 causes nuclear localization of their heterodimers in both cell contexts. We
propose that heterodimerization with HTH/PREP induces nuclear translocation of EXD and PBX1 in specific
cell contexts by blocking their nuclear export.
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The PBC subfamily, of homeodomain proteins includes
the products of the vertebrate Pbx1, Pbx2, and Pbx3, the
Drosophila extradenticle (exd), and the Caenorhabditis
elegans ceh-20 genes (Burglin 1997). The exd gene plays
a crucial role during fly embryogenesis, cooperating with
the genes of the Homeotic Complex (HOM-C) in the
specification of segmental identities (for review, see
Mann and Chan 1996). Similarly, the vertebrate PBX pro-
teins display cooperative binding with HOX proteins
(Mann and Chan 1996), allowing the selective activation
of promoters containing HOX/PBX binding sites (Di
Rocco et al. 1997; Maconochie et al. 1997). We recently
reported that PBX proteins form stable heterodimers
with the novel homeodomain protein PREP1 (Berthelsen
et al. 1998a). Prep1 belongs to a novel subclass of the
TALE superfamily of homeobox genes (Burglin 1997) and
is related to the mammalian Meis and Drosophila homo-
thorax (hth) gene products (Moskow et al. 1995; Rieck-
hof et al. 1997; Berthelsen et al. 1998b; Pai et al. 1998).
Their amino acid sequence conservation extends beyond
the homeodomain and comprises two domains, HR1 and
HR2, located within the amino terminus of the three
proteins (Burglin 1997; Berthelsen et al. 1998b). The HR1

and HR2 regions were shown to be essential for interac-
tion between PREP1 (Berthelsen et al. 1998a), or MEIS1
(Knoepfler et al. 1997) and the PBC proteins. Similarly,
PBC-family proteins share two conserved regions in their
amino-terminal portion, termed PBC-A and PBC-B (Bur-
glin and Ruvkun 1992). In PBC proteins, the surface nec-
essary to contact PREP1 or MEIS1 is located within the
conserved PBC-A domain (Chang et al. 1997; Knoepfler
et al. 1997; Berthelsen et al. 1998a). Unlike PBC and Hox
proteins, however, PREP1 and PBX interact efficiently in
the absence of DNA (Berthelsen et al. 1998b). Likewise,
MEIS1 was shown to form complexes with PBX1 in the
absence of DNA, and to bind DNA cooperatively with
PBX1 (Chang et al. 1997; Knoepfler et al. 1997).

The Drosophila Meis-homolog hth was recently found
to act, in cooperation with exd, as a master antennal-
determining gene in Drosophila development (Casares
and Mann 1998). Additionally, hth was shown to inter-
act with exd in patterning the embryonic peripheral ner-
vous system (Pai et al. 1998), and to suppress eye devel-
opment of the fly (Kurant et al. 1998). HTH is thought to
exert its action by inducing EXD nuclear localization
(Rieckhof et al. 1997). During Drosophila embryogen-
esis, in the absence of coexpressed HTH, EXD is found to
be mainly localized to the cytoplasm, whereas only
nuclear EXD reveals to be functional (Rieckhof et al.
1997; Kurant et al. 1998; Pai et al. 1998). The molecular
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mechanism leading to nuclear localization of the two
proteins, however, remains to be elucidated. It is still
unknown whether the cytoplasmic localization of EXD
is due to the lack of a nuclear localization signal (NLS),
which might be provided by HTH, or whether HTH an-
tagonizes a mechanism that segregates EXD in the cyto-
plasm. It is also still unknown whether EXD is required
for nuclear localization of HTH (see Kurant et al. 1998).

Also in vertebrates, PBX protein function appears to be
regulated at the level of subcellular localization. PBX
displays a pattern of subcellular distribution in the de-
veloping mouse limb buds that is reminiscent of that
observed in the Drosophila leg imaginal disc, because
PBX is cytoplasmic in cells located in more distal regions
of the limb buds (Gonzales-Crespo et al. 1998). However,
the role of the mammalian PREP1 and MEIS1 proteins in
the regulation of subcellular localization of PBX proteins
has never been directly addressed.

We have investigated the mechanisms underlying the
regulation of subcellular localization of PBX1 and EXD
proteins, and the role played by PREP1 and HTH in this
process, in different cell contexts. We show that in
mouse fibroblasts, PREP1 is localized mainly to the cy-
toplasm, whereas PBX1 is localized to the nucleus. In
Drosophila Schneider cells, PBX1 or EXD, as well as
PREP1 or HTH, are all found in the cytoplasm. Coex-
pression of Pbx1 with Prep1 or hth, and of exd with hth
or Prep1, leads to nuclear localization of the respective
proteins in both cell contexts. PBX1 contains a NLS, lo-
cated within its homeodomain, whose activity in
Schneider cells is negatively regulated by the PREP/
HTH heterodimerization surface. Treatment of trans-
fected Schneider cells with an inhibitor of receptor-me-
diated nuclear export, induces nuclear accumulation of
PBX1 and EXD, indicating that their cytoplasmic local-
ization is based on export from the nucleus. We propose
that complex formation with PREP/MEIS/HTH proteins
triggers nuclear translocation of PBC proteins by pre-
venting the activity of a nuclear export signal located
within the interaction surface between PBC and PREP/
MEIS/HTH proteins.

Results and Discussion

PREP1 requires interaction with PBX1
for nuclear localization

When NIH-3T3 cells were transiently transfected with a
construct expressing the human Pbx1 cDNA under the
control of the SV40 promoter, the subcellular localiza-
tion of the produced PBX1 protein was exclusively
nuclear, as detected by immunofluorescence staining
(Fig. 1A). Conversely, transfection with a construct ex-
pressing Prep1 showed that only a minor fraction of the
produced PREP1 protein is localized to the nucleus,
whereas most of it is found in the cytoplasm of trans-
fected cells (Fig. 1B). Because we showed previously that
PREP1 is found mainly associated with PBX proteins
(Berthelsen et al. 1998b), we tested whether coexpression
with PBX1 would induce PREP1 nuclear import. As shown

in Figure 1 (C,D), cotransfection of Pbx1 together with
Prep1 resulted in nuclear localization of PREP1, as re-
vealed by immunofluorescence staining. Confocal analy-
sis showed that PREP1 and PBX1 wholly colocalize
within the nuclei of coexpressing cells (data not shown).
Identical results were obtained transfecting other mam-
malian cell lines such as COS7 or HeLa cells (data not
shown).

To test whether direct interaction between PBX1 and
PREP1 is necessary for nuclear localization of PREP1, we
transfected a mutant derivative of PREP1, PREP1DHR1+2,
which lacks the two conserved amino-terminal domains,
HR1 and HR2, required for interaction with PBX1 (Ber-
thelsen et al. 1998b). The PREP1DHR1+2 mutant protein
was found in the cytoplasm of expressing cells as its
wild-type counterpart, but was not translocated into nu-
clei if coexpressed with PBX1 (summarized in Table 1).
Similarly, the PBX1D1–140 mutant (Di Rocco et al.
1997), representing a deletion of the amino-terminal
PBC-A domain of PBX1, which is necessary for het-
erodimerization with PREP1 (Berthelsen et al. 1998a,b),
was unable to trigger nuclear localization of PREP1 (Fig.
1F). The PBXD1–140 mutant was nuclear as the wild-
type PBX1 (Fig. 1E,G). These results were confirmed by
immunoblot analysis of protein extracts from trans-
fected COS7 cells (data not shown). Overall, these data
indicate that nuclear localization of PREP1 requires the
formation of a PBX1–PREP1 complex, because deletion
of the interaction surfaces on either protein is sufficient
to abolish nuclear translocation.

Recent reports showed that the EXD protein is local-
ized to the cytoplasm in specific subsets of cells during
fly development, and that coexpression of HTH was as-
sociated with nuclear localization of EXD (Rieckhof et
al. 1997; Pai et al. 1998). Thus, we wondered whether the
cytoplasmic localization of EXD in Drosophila cells in
the absence of HTH was due to an intrinsic property of
EXD, different from PBX1, or was rather controlled by
some cell context-dependent mechanism. When ex-
pressed in NIH-3T3 mouse fibroblasts, EXD, in the ab-
sence of HTH, was found only in the nuclei of expressing
cells, whereas HTH, like its related vertebrate protein
PREP1, was found in the cytoplasm (see Table 1). Coex-
pression of EXD and HTH, induced their colocalization
to the nuclei of NIH-3T3 cells (Table 1). Thus, EXD, like
PBX1, is translocated to the nuclei of mouse fibroblasts
without coexpressed HTH, whereas HTH, like PREP1,
requires the coexpression of EXD for nuclear transloca-
tion.

The NLS of the PBX1–PREP1 complex is located
within the PBX1 homeodomain

We wanted to define the regions within the PBX1–PREP1
complex required for its nuclear localization. As NLSs of
homeodomain proteins were shown in most cases to re-
side within the homeodomain (for review, see Derossi et
al. 1998), we generated a deletion mutant of PBX1,
PBX1NT, lacking the entire homeodomain and carboxyl
terminus of the protein. As shown in Figure 1H, the
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PBX1NT protein was found exclusively in the cytoplasm
of expressing cells. Moreover, the PBX1NT mutant, al-
though being able to associate with PREP1 in vitro (data
not shown), was unable to induce nuclear localization of
PREP1 (Fig. 1I,J). Conversely, deletion mutants lacking
either the carboxyl terminus, PBX1D296–430, or the
amino terminus, PBXD1–230 (Di Rocco et al. 1997) of
PBX1, were found in the nuclei (data not shown), indi-
cating that the NLS of PBX1 is located within its ho-
meodomain.

Recent studies on the subcellular distribution of EXD
in Drosophila (Rieckhof et al. 1997; Pai et al. 1998)
showed that HTH is required for nuclear localization of
EXD. From these results it could be assumed that in the
absence of HTH, or its vertebrate homologs MEIS1 and
PREP1, EXD/PBX proteins would be unable to translo-
cate into the cell nucleus. In transfected murine fibro-
blasts, as well as in other differentiated mammalian cells
(COS7, HeLa), instead, we always observed nuclear lo-
calization of PBX1 or EXD in the absence of PREP1 or
HTH, even if expressed at high levels. This suggests that
in several cell contexts PBC proteins may not necessarily
require the coexpression of PREP/HTH/MEIS proteins

for their nuclear transport, because they possess a func-
tional NLS.

Next, we tested whether the PREP1 protein could be
translocated into the nucleus in the absence of PBX1,
following fusion with a NLS. We generated two deriva-
tives of PREP1, the first carrying the NLS of the SV40
large T antigen, NLS–PREP1, and the second, PREP1/
PBXHD, replacing the homeodomain/carboxyl terminus
of PREP1 with the corresponding region of PBX1. As
shown in Figure 1 K,L, both NLS–PREP1 and the PREP1/
PBXHD chimera were nuclear in expressing cells. Con-
versely, the reciprocal chimeric mutant, carrying a sub-
stitution of the homeodomain/carboxyl terminus region
of PBX1 with the corresponding region of PREP1, PBX1/
PREPHD, was localized solely to the cytoplasm (Fig.
1M). These results show that providing the PREP1 pro-
tein with a NLS is sufficient to cause its nuclear trans-
location in the absence of PBX1, and suggest that the
cytoplasmic localization of PREP1 is likely due to the
lack of a functional NLS. A short stretch of basic amino
acids (RRKRR), resembling the basic stretch of the SV40
NLS (Kalderon et al. 1984), is present at the amino ter-
minus of the PBX1 homeodomain (Kamps et al. 1990) but

Figure 1. PREP1 is found in the cytoplasm of transfected mouse fibro-
blast cells and requires interaction with PBX1, which possesses a NLS
within its homeodomain, for nuclear translocation. NIH-3T3 cells were
transiently transfected with expression constructs for the indicated pro-
teins and processed for indirect immunofluorescence with anti-PBX1 or
anti-PREP1 polyclonal antibodies. PBX1 is nuclear (A), whereas PREP1
(B) is found in the cytoplasm of expressing NIH-3T3 cells. Cells coex-
pressing PREP1 and PBX1 (in red and green, respectively) display nuclear
localization of both proteins (C,D). The PBXD1–140 mutant is nuclear in
expressing cells (E,G, green), but is unable to trigger nuclear transloca-
tion of PREP1 (F, red). A PBX1 mutant lacking the homeodomain,
PBXNT, is cytoplasmic in expressing NIH-3T3 cells (H, green). When
coexpressed, PREP1 (red) and PBXNT (green) are both found in the cy-
toplasm of NIH-3T3 cells (I and J, respectively). Fusions of PREP1 with
the SV40 NLS (NLS–PREP1), or with the PBX1 homeodomain (PREP/
PBXHD) are nuclear (K,L, red). The reciprocal chimeric protein PBX/
PREPHD is found in the cytoplasm (M, green). Double stainings (C,D,I,J)
were performed with anti-HA rat monoclonal, to detect HA-tagged
PBX1 and PBXNT, and anti-PREP1 polyclonal antibodies.
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is not conserved in the PREP1 homeodomain (Berthelsen
et al. 1998b).

To prove that nuclear localization of the PREP1–PBX1
complex requires interaction between the two proteins
and the presence of a NLS, we coexpressed PBX1NT with
NLS–PREP1, or PREP1/PBXHD with PBX1/PREPHD, or
NLS–PREP1 with PBX1/PREPHD. All combinations re-
sulted in nuclear localization of the coexpressed proteins
(see Table 1). These data further confirm that PBX1 and

PREP1 translocate to the nucleus as a protein complex.
PREP1 lacks a NLS, but is located into the nucleus in
mouse fibroblasts (or in COS and HeLa cells) following
heterodimerization with PBX1, which conversely pos-
sesses a NLS. These results also rule out the possibility
that nuclear translocation of PREP1 is triggered via an
indirect action of Pbx1, for example, by inducing the
expression of an endogenous gene product.

A subregion of the conserved PBC-A domain mediates
the cytoplasmic localization of PBX1 in Drosophila
Schneider cells

To investigate the role of the cellular context in the cy-
toplasmic localization of EXD, we transfected Dro-
sophila Schneider cells (SL-2) with constructs expressing
exd, hth, and their vertebrate counterparts Pbx1 and
Prep1. EXD was shown to be cytoplasmic and to be
translocated to the nucleus if coexpressed with MEIS1
(Rieckhof et al. 1997; and this work; see Table 1).
Schneider cells thus represent a good model to investi-
gate the regulation of subcellular localization of EXD/
PBX and HTH/PREP1 proteins.

We found HTH to be localized essentially to the cyto-
plasm of transfected Schneider cells. Following coexpres-
sion, EXD and HTH are both translocated to the cell
nuclei (Table 1). PBX1 or PREP1 were also found in the
cytoplasm of transfected cells (Fig. 2A,B). Coexpression
of PBX1 and PREP1 similarly induced nuclear localiza-
tion of both proteins (Fig. 2C,D). Coexpression of EXD
with PREP1, and of PBX1 with HTH resulted in nuclear
transport of the corresponding complexes, as in the case
of NIH-3T3 cells (see Table 1), indicating that EXD and
PBX1 are interchangeable for heterodimerization with
HTH or PREP1, and for triggering their nuclear trans-
port. Thus PBX1, like its Drosophila counterpart EXD, is
cytoplasmic in Schneider cells and translocates into the
nucleus only following coexpression with either PREP1
or HTH. In Drosophila Schneider cells, as in mouse fi-
broblasts, the Drosophila EXD and HTH, and their mam-
malian counterparts PBX1 and PREP1, display the same
subcellular localization, and can replace each other to
form nuclear heterodimers (see Table 1).

To understand the mechanism of cytoplasmic local-
ization of EXD and PBX1 in Schneider cells, we tested
the subcellular distribution of PBX1D1–140, lacking the
conserved amino-terminal PBC-A domain. Surprisingly,
the PBXD1–140 mutant protein was found exclusively in
the nuclei of expressing cells (Fig. 2E), indicating that the
PBC-A domain, which is required for interaction with
the PREP1/MEIS1/HTH proteins, is also mediating cy-
toplasmic localization of the PBX1 protein in Schneider
cells. The nuclear localization of PBXD1–140 further in-
dicates that the PBX1 NLS is potentially functional also
in Schneider cells, but its activity is suppressed by se-
quences within the PBC-A domain.

To further restrict the region required for cytoplasmic
localization of PBX1 in Schneider cells, we generated
two additional deletion mutants of PBX1: one carrying a
deletion of the first 72 amino acids, PBXD1–72, and the

Table 1. Subcellular localization of PBX, EXD, PREP1,
HTH, and their mutant derivatives

Protein

Localization

mouse
fibroblast

Drosophila
Schneider

cells

PBX1 N C
EXD N C
PREP1 C C
HTH C C
PBX1 + PREP1 N + N N + N
EXD + HTH N + N N + N
EXD + PREP1 N + N N + N
PBX1 + HTH N + N N + N
PREP1DHR1+2 C N.D.
PBX1 + PREP1DHR1+2 N + C N.D.
NLS–PREP1 N N.D.
PBX/PREPHD C N.D.
PREP/PBXHD N N.D.
PBX/PREPHD + PREP/PBXHD N + N N.D.
PBXNT C N.D.
PBXNT + PREP1 C + C N.D.
NLS–PREP1 + PBXNT N + N N.D.
NLS–PREP1 + PBX/PREPHD N + N N.D.
PBXD1–72 N.D. C
PBXD1–90 N.D. N
PBX1D1–140 N N
PBXD1–72 + PREP1 N.D. N + N
PBXD1–72 + HTH N.D. N + N
PBX1D1–140 + PREP1 N + C N.D.

PBX 1

PBX 1 D1–72

PBX 1 D1–90

PBX 1 D1–140

PBX NT

PREP1

PREP 1 DHR1+2

NLS–PREP1

PREP/PBX HD

PBX/PREP HD

Summary of the subcellular localizations of the PBX1, EXD,
PREP1, and HTH proteins and their mutant derivatives (sche-
matically represented below), in NIH-3T3 mouse fibroblasts
and in Schneider cells. (N) Nuclear localization; (C) cytoplasmic
localization; (N.D.) not determined.
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other, PBXD1–90, a deletion of the first 90 amino acids.
As shown in Figure 2, the PBXD1–72 protein was de-
tected in the cytoplasm (F), whereas PBXD1–90 was
nuclear in expressing cells (G), indicating that the region
spanning amino acids 73–90 within the PBC-A domain
is required for cytoplasmic localization of PBX1 in
Schneider cells. Following coexpression with PREP1 or
HTH, the PBXD1–72 mutant protein was found in the
nucleus (see Table 1), indicating that deletion of the first
72 amino acids of PBX1 does not impair complex forma-
tion with PREP1 or HTH. Conversely, PBXD1–90, repre-
senting a deletion identical to that of the E2A–PBX1 fu-
sion oncogene (Kamps et al. 1990), does not interact with

MEIS1 or PREP1 (Knoepfler et al. 1997; Berthelsen et al.
1998a; data not shown).

These results indicate that a stretch of 18 amino acids
within the conserved PBC-A domain is required both for
interaction with PREP1/MEIS1/HTH proteins, and for
cytoplasmic localization of PBX1 in Schneider cells. Our
results further indicate that in Drosophila Schneider
cells there is a mutual requirement between PBC and
PREP1/HTH proteins for nuclear translocation: EXD/
PBX1 require HTH/PREP1 to overcome a cell context
-dependent block of NLS activity, whereas HTH/PREP1,
as in mouse fibroblasts, likely require a functional NLS
to translocate into the nucleus. Both conditions are ful-
filled following the formation of a heterodimer between
members of the two protein families.

The cytoplasmic localization of EXD and PBX
in Schneider cells is mediated by nuclear export

To explain the cytoplasmic localization of PBX and EXD
in Schneider cells, despite the presence of a NLS, we
considered the possibility that PBX and EXD might be
actively exported from the nucleus. In eukaryotic cells,
nuclear export is mediated by receptors recognizing spe-
cific nuclear export signals (NESs) within their cargoes
(for review, see Ohno et al. 1998). A receptor mediating
nuclear export of proteins containing leucine-rich NES,
exportin1 (CRM1), was recently identified in yeast and
vertebrate cells, and its activity was shown to be specifi-
cally inhibited by the cytotoxin leptomycin B (LMB) in
yeast, Xenopus, and mammalian cells (for review, see
Mattaj and Englmeier 1998). We treated Schneider cells,
transfected with the expression constructs for PBX1 or
EXD, with increasing amounts of LMB. As shown in Fig-
ure 3A, whereas 5 nM LMB had no effect on the subcel-
lular localization of PBX1, 50 nM or 250 nM LMB caused
efficient nuclear accumulation of PBX1 in Schneider
cells. Similarly, EXD (Fig. 3B) and PBXD1–72 (Fig. 3C),
were found in the nuclei of cells treated with 50 nM or
250 nM LMB. These results show that the cytoplasmic
localization of PBX1 and EXD in Schneider cells is based
on LMB-sensitive nuclear export. In contrast, PREP1 did
not accumulate in the nuclei of expressing Schneider
cells at all tested concentrations of LMB (50, 250, and
500 nM, data not shown). Because relatively large globu-
lar proteins are unable to cross the nuclear pores by dif-
fusion (for review, see Ohno et al. 1998), this result fur-
ther confirms that the cytoplasmic localization of PREP1
(64 kD) is due to the lack of a NLS, and passive exclusion
from the nucleus.

Because PBXD1–140 and PBXD1–90 were spontane-
ously nuclear, whereas PBXD1–72 was exported to the
cytoplasm, we can conclude that the region comprising
amino acids 73–90 of PBX1 contains sequences that are
required for its nuclear export. The PBC-A subdomain of
PBX1 spanning amino acids 73–90 contains three leucine
residues, which are conserved among PBC family mem-
bers, and may thus represent a target for nuclear export
receptor recognition. Active nuclear export of PBC pro-
teins appears to be cell context-dependent, because ex-

Figure 2. The EXD/PBX1 and HTH/PREP1 proteins are mu-
tually required for nuclear localization in transfected Dro-
sophila Schneider cells. A subregion of the PBC-A domain is
necessary for cytoplasmic localization of PBX1 in Schneider
cells. Drosophila Schneider cells were transiently transfected
with expression constructs for the indicated proteins, and pro-
cessed for indirect immunofluorescence with anti-PREP1 and
anti-PBX1 polyclonal, or anti-FLAG and anti-HA monoclonal
antibodies. PBX1 (A, green) and PREP1 (B, red) are found in the
cytoplasm of expressing Schneider cells. Coexpression of PREP1
with PBX1 (C, green) causes nuclear localization of PREP1 (D,
red). A PBX1 mutant, representing a deletion of its amino-ter-
minal PBC-A domain, PBXD1–140 (E, green), is nuclear in
Schneider cells in the absence of PREP1 or HTH. In contrast, the
PBXD1–72 mutant (F, red) is found in the cytoplasm. PBXD1–90
is nuclear in expressing cells (G, green). Double stainings (C,D)
were performed with anti-HA (rat) monoclonal, and anti-PREP1
polyclonal antibodies.
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pression of PBX1 and EXD, even at high levels, always
showed their spontaneous nuclear localization in mouse
fibroblast and other tested mammalian cell lines. In this
respect, it can be considered unlikely that the endog-
enous levels of PREP1 and/or MEIS in these cells medi-
ate nuclear localization of highly expressed, exogenous
PBX1 or EXD in a nonsaturable manner. Several mecha-
nisms could be envisaged to explain the differential, cell
context-dependent subcellular distribution of PBC pro-
teins. One possibility is that the putative NES localized
within the PBC-A domain is differentially modified in
various cell contexts, such as to alter its capability to
interact with the nuclear export receptor. Several ex-
amples of post-translational modifications involving
NESs were recently reported (for review, see Mattaj and
Englmeier 1998).

Nuclear export of EXD and PBX could be required in
specific contexts, such as in distal Drosophila limb
imaginal disc cells and in mouse distal limb mesenchy-
mal cells to prevent EXD and PBX from inappropriately
regulating target genes in space and time, in the absence
of HTH and PREP1/MEIS proteins. It was shown that
forcing EXD nuclear localization through overexpression
in the distal regions of the Drosophila leg imaginal disc
leads to a block in development of distal structures, due
to a repression of genes downstream of Dpp and Wg sig-
naling (Gonzalez-Crespo and Morata 1996; Abu-Shaar
and Mann 1998).

In conclusion, our results indicate that cytoplasmic
localization of PBC proteins, as observed in spatially re-

stricted regions during Drosophila and mouse develop-
ment, as well as in Schneider cells, is based on an active
nuclear export mechanism operating on conserved se-
quences located within the PBC-A domain. On the basis
of our data, we propose a model (Fig. 4), for the induction
of nuclear localization of PBC proteins by PREP1/
MEIS1/HTH proteins, in cells that actively export PBC
proteins from the nucleus. Heterodimerization with
PREP1/MEIS1/HTH proteins, involving sequences over-
lapping the NES, would cause its inactivation, allowing
NLS function to prevail, thereby leading to a shift in the
nucleocytoplasmic shuttling equilibrium in favor of
nuclear import. According to our model, PREP1/MEIS1/
HTH proteins, rather than acting as escorts for nuclear
localization of PBC proteins, would trigger their nuclear
translocation in specific cell contexts by antagonizing
export from the cell nucleus.

Materials and methods

Expression constructs

Mammalian expression constructs for PREP1, PREPDHR1+2,
PBX1, HA–PBX1, and PBXD1–140 were described previously (Di
Rocco et al. 1997; Berthelsen et al. 1998b). The pSGFLAG–EXD
and pSGFLAG–HTH expression constructs were generated by
fusing the PCR-amplified ORFs of EXD or HTH to the Flag
epitope and cloned into the pSG5 expression vector. pSGPbxNT
was generated by PCR amplification of the region encoding
amino acids 1–230 of Pbx1 and cloning into pSG5. The PREP/
PBXHD fusion contains residues 1–257 of PREP1, linked to the

Figure 3. LMB blocks nuclear export of PBX1, EXD, and PBXD1–72 proteins in Drosophila Schneider cells. Cells were transiently
transfected with expression constructs for PBX1, EXD, and PBXD1–72 and processed for indirect immunofluorescence with anti-PBX1
and anti-Flag antibodies. Schneider cells, transfected with the PBX1, the EXD or the PBXD1–72 expressors were treated with 5, 50, and
250 nM LMB as indicated. Fifty and 250 nM LMB induce relocalization of PBX1 (A, green), of EXD (B, red), or of the PBXD1–72 mutant
(C, red) into the nuclei of expressing cells. Treatment with LMB at the indicated concentrations was performed 18 hr after transfection.
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homeodomain and carboxy-terminal sequences of PBX1a (resi-
dues 232–431). The PBX1/PREPHD fusion contains residues
1–231 of PBX1a, linked to the homeodomain and carboxyl ter-
minus of PREP1 (residues 258-436). Both chimeras are cloned
into the pSG5 vector. The pSGNLSPrep1 expression construct
was generated by cloning the Prep1 ORF downstream of an oli-
gonucleotide encoding for the SV40 large T NLS into pSG5.

For expression in Drosophila Schneider cells, the cDNAs en-
coding PREP1, PBX1, Flag–EXD, and Flag–HTH were excised
from the corresponding pSG5 expression constructs and cloned
into the pAC5c actin promoter-driven expression vector. The
pACPbxD1–140 construct was generated excising the insert of
pSGPbxD1–140 and cloning into pAC5c. The pACPbxD1–72
construct was generated by cloning a PCR product representing
the Pbx mutant derivative into pAC5c. All PCR-derived con-
structs were verified by sequencing.

Transfections and LMB treatment

NIH-3T3 fibroblast cells were grown in DMEM supplemented
with 10% newborn calf serum and antibiotics. Cells were trans-

fected with 5 or 10 µg of the various mammalian expression
constructs by CaPO4 precipitation in 10 cm dishes. Cells were
reseeded after 24 hr on Chambers Slides (Nunc) and fixed after
16 hr for immunocytochemistry. Drosophila SL-2 Schneider
cells were transfected with SuperFect (QIAGEN) according to
the manufacturer’s instructions. Transfected Drosophila SL-2
Schneider cells were treated 18 hr after addition of DNA with 5,
50, and 250 nM LMB for 0.5–6 hr prior to fixation with metha-
nol.

Antibodies and immunocytochemistry

Anti-PREP1 antibody (Berthelsen et al. 1998b) was used to de-
tect wild-type PREP1, PREPDHR1+2, and NLS–PREP1. Anti-
bodies against PBX proteins were obtained from Santa Cruz Bio-
technology (Santa Cruz, CA). The antibody aPBX1 C-20 recog-
nizes an epitope in the carboxyl terminus of PBX1, and was used
according to the manufacturer’s instructions to detect the wild-
type PBX1, HA-tagged PBX1, PREP/PBXHD, PBXD1–72, and
PBXD1–140. The antibody aPBX1 P-20 recognizes an epitope in
the amino terminus of PBX1, and was used to detect wild-type
PBX1, HA-tagged PBX1, PBXNT, and PBX/PREPHD. Mouse
monoclonal M2 Anti-Flag epitope antibodies (Sigma) was used
according to the manufacturer’s instructions to detect Flag–
EXD and Flag–HTH. Rat high affinity anti-HA tag (Boehringer)
was used according to the manufacturer’s instructions to detect
HA–PBX1, and HA–PBXNT. Anti-rabbit, anti-mouse, or anti-rat
FITC or TRITC-conjugated secondary antibodies (Sigma) were
used according to the manufacturer’s instructions. For immu-
nocytochemistry, cells were fixed in 100% methanol, rehy-
drated in PBS, blocked in PBS 1% BSA, incubated for 1 hr with
the primary antibody, washed in PBS and 1% BSA, incubated for
1 hr with secondary antibody, washed with PBS and 1% BSA,
and mounted for examination with an Olympus Provis fluores-
cence microscope.
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