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In the absence of MEIS family proteins, two mechanisms are known to restrict the PBX family of home-
odomain (HD) transcription factors to the cytoplasm. First, PBX is actively exported from the nucleus via a
CRM1-dependent pathway. Second, nuclear localization signals (NLSs) within the PBX HD are masked by
intramolecular contacts. In a screen to identify additional proteins directing PBX subcellular localization, we
identified a fragment of murine nonmuscle myosin II heavy chain B (NMHCB). The interaction of NMHCB
with PBX was verified by coimmunoprecipitation, and immunofluorescence staining revealed colocalization of
NMHCSB with cytoplasmic PBX in the mouse embryo distal limb bud. The interaction domain in PBX mapped
to a conserved PBC-B region harboring a potential coiled-coil structure. In support of the cytoplasmic
retention function, the NMHCB fragment competes with MEIS1A to redirect PBX, and the fly PBX homologue
EXD, to the cytoplasm of mammalian and insect cells. Interestingly, MEIS1A also localizes to the cytoplasm
in the presence of the NMHCB fragment. These activities are largely independent of nuclear export. We show
further that the subcellular localization of EXD is deregulated in Drosophila zipper mutants that are depleted
of nonmuscle myosin heavy chain. This study reveals a novel and evolutionarily conserved mechanism con-
trolling the subcellular distribution of PBX and EXD proteins.

The Hox family genes encode homeodomain (HD)-contain-
ing transcription factors that play important roles in axial pat-
terning during embryonic development (23). HOX proteins
execute their functions by regulating downstream targets to
specify regional identity (20). The weak DNA-binding affinity
and specificity of HOX proteins are partially compensated for
by DNA-binding partners (16, 27). The most studied of these
partners are PBC and MEINOX proteins belonging to the
TALE class of homeoproteins. The PBC proteins include EXD
(EXTRADENTICLE) in Drosophila and the PBX (pre-B-cell
homeobox) proteins of vertebrates. The MEINOX proteins
include the fly HTH (HOMOTHORAX) and vertebrate MEIS
(myeloid ecotropic viral integration site) and PREP proteins
(7-9).

Additional controls of HOX function have recently been
brought to light. The subcellular localization of EXD is regu-
lated throughout Drosophila embryonic development (4, 26).
HTH, the MEIS homologue in flies, is required for the nuclear
translocation of EXD (21, 31, 36). For example, EXD is ex-
pressed in both proximal and distal regions of the Drosophila
leg imaginal disk; however, nuclear EXD is found only in the
proximal region, where HTH is coexpressed (1, 19). Mamma-
lian MEIS1, and the related PREPI1, can substitute for fly
HTH to induce EXD nuclear translocation in both cell culture
and Drosophila embryos (2, 6, 21, 36, 37). We and others have
shown that PBX1 is localized in the cytoplasm when trans-
fected into Drosophila Schneider 2 (S2) cells, whereas cotrans-
fection of MEIS1 or PREP1 induces PBX1 nuclear transloca-
tion (6, 37). Consistent with this, PBX is localized to the
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nucleus only in the proximal mouse limb bud, where Meis
genes are expressed, and not in the distal portion, where Meis
transcripts cannot be detected (12, 19, 28, 30, 37). These find-
ings suggest that in Drosophila, as well as in vertebrates, the
access of HOX to its cofactors is controlled by the nuclear
localization of PBX/EXD, a process regulated by MEIS/HTH
family proteins.

Interaction between PBX/EXD and MEIS/HTH maps to the
N-terminal PBC-A and HM1/HM2 domains, respectively (14,
22). The PBX/EXD N terminus also directs their cytoplasmic
localization in the absence of MEIS/HTH, via the activity of
CRM1-mediated nuclear export. CRM-1 was identified as a
receptor mediating the nuclear export of proteins containing
leucine-rich nuclear export sequences (NESs) (17). It has been
shown that the cytotoxin leptomycin B (LMB) specifically in-
hibits CRM-1 activity by blocking its binding to its target pro-
teins (24). Two studies characterized a nonconsensus NES in
EXD and PBX; however, nonoverlapping domains were pro-
posed (2, 6). The NES localizes to the EXD PBC-B domain
(residues 178 to 220) and the PBX1 PBC-A region (residues 1
to 96). In any case, the interaction between PBX/EXD and
nuclear export receptors must be directly or indirectly dis-
rupted in the presence of MEIS or HTH.

Previous results showed that PBX1 possesses two nuclear
localization signals (NLSs) within its HD that are masked by
intramolecular interaction with the N terminus (37). PBX-
MEIS interaction induces a conformational change in PBX,
which in turn shifts the balance between nuclear import and
export. However, this does not explain all the observations of
PBX subcellular distribution in vivo. First, no consensus NES
has been identified in the PBX/EXD N terminus. Although
NESs may be heterogeneous, the existence of NES-containing
partners of PBC proteins cannot be excluded, since PBX/EXD
may translocate to the cytoplasm through the binding of an



VoL. 23, 2003

intermediary protein that possesses an NES. The binding of
this adapter to PBX/EXD could be regulated by MEIS/HTH.
Second, inhibition of CRM1-mediated nuclear export by LMB
does not induce full nuclear localization of EXD (2), indicating
the possible involvement of cytoplasmic retention factors that
are insensitive to LMB.

To identify additional factors controlling the subcellular dis-
tribution of PBX, we performed a yeast two-hybrid screen
using the PBX1 N terminus as bait. One resulting clone en-
coded a fragment of nonmuscle myosin II heavy chain B
(NMHCB). We verified the association between PBX1 and
NMHCB in mammalian cells and revealed the colocalization
of these two proteins in the cytoplasm of mouse distal limb bud
cells. Overexpression of the NMHCB fragment induced cyto-
plasmic accumulation of PBX/EXD and MEIS in both mam-
malian cells and Drosophila S2 cells. Furthermore, the subcel-
lular localization of EXD was deregulated in Drosophila zipper
mutants, which have a defective nonmuscle myosin heavy
chain. Together, these results suggest that NMHCB promotes
the cytoplasmic localization of PBX and EXD in vivo.

MATERIALS AND METHODS

Expression vectors. Regions of human PBX1A encoding residues 1 to 96, 137
to 232, and 1 to 232 were amplified by PCR using pBSKpbxla as a template and
cloned into Ncol and Smal sites of the pAS2-1 vector (Clontech). The constructs
were verified by sequencing. pGAL-O45 is a mammalian expression vector for
the GAL4 DNA-binding domain (GAL-DBD) and was described previously
(33). pPacPL is a Drosophila expression vector (described in reference 37).
pcDNA3FLAG is a FLAG-tagged expression vector driven by a cytomegalovirus
promoter. pVP16 is a LEU-selectable yeast expression vector in which VP16
coding sequences (fused to an NLS to direct nuclear localization) are 5’ to the
cloning site. The mouse 9.5-day-postcoitum (dpc) embryo prey library (a gener-
ous gift of S. Hollenberg) was constructed by random-primed cDNA synthesis;
products between 350 and 700 nucleotides were selected and cloned into the NotI
site of pVP16. Expression vectors for PBX1A-HA, PBXIA(A1-89)-HA,
PBX1A(A172-219)-HA, PBXI1A-HA(A172-295), pPacPLPBX1A-HA, and
MEIS1A have been described previously (37). PBX1A(A90-219)-HA was con-
structed by subsequently cloning the coding region for PBX1A residues 1 to 89
and hemagglutinin-tagged residues 219 to 430 into the pCS2+ vector.

Yeast two-hybrid screen and cloning. pAS2-1PBX1A1-232 was transformed
into the yeast strain PJ69-2A and mated to strain Y187 expressing a cDNA prey
library derived from 9.5-dpc mouse embryos. Colony selection, plasmid DNA
isolation from positive clones, and specificity tests were performed according to
the Clontech Matchmaker manual. Positive clones were sequenced and screened
by BLAST analysis of the National Center for Biotechnology Information data-
base (http://www.ncbi.nlm.nih.gov:80/BLAST/). The insert encoding the
NMHCB fragment (fNMHCB; see Results) was excised and subcloned into the
pGAL-045 or pcDNA3 FLAG vector as pPGAL-fNM and pFLAG-fNM, respec-
tively. GAL-DBD and GAL-DBD-tagged fNMHCB were subsequently sub-
cloned into the pPacPL vector.

Cell culture and transfection. HEK293T and Cos-7 cells were cultured in «
minimal essential medium and Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum, respectively. Drosophila S2 cells were
cultured in Schneider’s Drosophila medium (GIBCO) with 10% fetal bovine
serum. For immunoprecipitation, HEK293T cells were seeded at 3 X 10° per
100-mm-diameter dish. The cells were allowed to attach overnight and then
transfected by the calcium phosphate coprecipitation method or by Lipo-
fectamine 2000 reagent (Invitrogen). For immunostaining, cells were plated on
glass coverslips in 35-mm-diameter dishes.

Antibodies. Rabbit polyclonal antibody against PBX1 and mouse monoclonal
antibody against GAL-DBD were purchased from Santa Cruz. FLAG M2 aga-
rose beads were purchased from Sigma. A monoclonal antibody against NMHCB
was obtained from the Developmental Studies Hybridoma Bank. The anti-EXD
monoclonal antibody and anti-ZIPPER antibodies were provided by R. A. White
and D. Kiehart, respectively. The secondary antibodies were horseradish perox-
idase-conjugated goat anti-mouse immunoglobulin G (IgG) (Santa Cruz) and

CYTOPLASMIC RETENTION OF PBX 3637

goat anti-rabbit IgG (Sigma), fluorescein isothiocyanate-linked goat anti-rabbit
IgG (Sigma), and rhodamine-conjugated goat anti-mouse IgG (Jackson Immu-
noResearch Laboratories Inc.). Anti-MEISI antibody was generated by the im-
munization of rabbits with a fusion of maltose binding protein to the first 34
residues of MEIS1. Antiserum was purified by immunoaffinity methods.

Immunoprecipitation assays. Forty to 48 h posttransfection, cells were har-
vested and lysed in 500 wl of EBC lysis buffer (120 mM NaCl, 50 mM Tris-Cl [pH
8.0], 0.5% NP-40, and protease inhibitors) at 4°C for 30 min, followed by brief
sonication. Whole-cell extracts were precleared with protein G-Sepharose for 30
min; 0.5 to 1 mg of precleared lysate was incubated with 0.5 to 1 pg of primary
antibody from 2 h to overnight at 4°C, followed by the addition of 30 ul of a 50%
slurry of protein G-Sepharose and further incubation for 2 h at 4°C. The pre-
cipitates were washed two times with high-salt NETN (20 mM Tris-Cl, pH 8.0, 1
mM EDTA, 0.5% NP-40, 0.5 M NaCl) and one time with NETN (without 0.5 M
NaCl) and eluted with 1X sodium dodecyl sulfate (SDS) sample buffer. The
eluted proteins were separated by SDS-polyacrylamide gel electrophoresis and
analyzed by Western blotting. The secondary antibodies were conjugated with
horseradish peroxidase and detected by enhanced chemiluminescence (MEN
Life Science). To immunoprecipitate FLAG epitope-tagged proteins, lysates
were incubated with Anti-FLAG M2 agarose beads (Sigma) instead of protein
G-Sepharose. FLAG peptide (0.2 mg/ml; Sigma) was used to elute the precipi-
tates for 1 h at 4°C.

Immunofluorescence staining. Cells were cultured on 12-mm-diameter circu-
lar coverslips and fixed with 4% paraformaldehyde. After incubation with ap-
propriate primary antibodies for 2 h at room temperature, the cells were washed
with 0.1% Tween 20 in phosphate-buffered saline (PBS) and incubated with
fluorescein isothiocyanate- or rhodamine-conjugated secondary antibody for 1 h
at room temperature in the dark. DAPI (4',6’-diamidino-2-phenylindole; 1 p.g/ml
in PBS) was added to the last wash solution. Samples were analyzed under a
Nikon ECLIPSE E800 fluorescence microscope with a Nikon DXM1200 digital
camera. Mouse embryos (11.5 dpc) were sectioned by cryostat and immunola-
beled with anti-PBX1 and anti-NMHCB antibodies. Samples were examined
with a Zeiss LSM510 laser scanning confocal microscope. The images were
further processed using Adobe PhotoShop.

Drosophila stocks The wild-type Drosophila stock used was Oregon R, and the
zipper mutant stock used was zi "°1%/CyO (P[w*""“= GAL4-Kr.C|DC3,P[w+™C=
UAS-GFP.S65T|DC7). Homozygous zipper embryos were distinguished from
their heterozygous siblings by the absence of green fluorescent protein signal.

Immunolabeling of Drosophila embryos. Eggs were collected from Oregon R
and zipper mutant flies for 13 h and then dechorionated and fixed for 15 min in
4% paraformaldehyde in 1X PBS- 0.2% Tween 20 and heptane. The embryos
were rehydrated, washed with 1X PBS-0.2% Tween 20, and blocked with 1X
PBS- 1% bovine serum albumin- 0.2% Triton X-100 overnight. After being
blocked, the embryos were incubated with anti-EXD and anti-ZIPPER primary
antibodies. The secondary antibodies were Alexa Fluor-568-conjugated anti-
mouse IgG and Alexa Fluor-633-conjugated anti-rabbit IgG (Molecular Probes).
Immunostainings were visualized using a Leica TCS-SP2 confocal microscope.

RESULTS

A yeast two-hybrid screen identifies a PBX N terminus-
interacting clone highly related to rat NMHCB. To search for
proteins modulating PBX subcellular distribution, we used res-
idues 1 to 232 of human PBXI1 as bait in a yeast two-hybrid
screen of a mouse 9.5-dpc embryo ¢cDNA library. Of 3 X 10°
clones screened, 21 true-positive clones were obtained. Se-
quence analysis showed that the majority of them were MEIS/
PREP family proteins. However, one clone had 93% nucleo-
tide identity and 100% amino acid identity with the Rattus
norvegicus NMHCB. This clone included a 297-bp DNA frag-
ment encoding 99 amino acids in the NMHCB tail region
(hereafter referred to as fNMHCB), as shown in Fig. 1.

The NMHCB interaction domain in PBX1 includes the
PBC-B region. PBC-A and PBC-B are two conserved domains
in the N-terminal half of PBC family members (Fig. 2A).
PBC-A is important for interaction with MEIS/PREP1 family
proteins. PBC-B includes a region corresponding to the pre-
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FIG. 1. Fragment of murine NMHCB identified in a yeast two-
hybrid screen as an interaction partner of the PBX N terminus. The
head and coiled-coil tail domains are indicated. The murine prey clone
contained a 297-bp insert encoding a peptide 100% identical to rat
NMHCB residues 850 to 948, as indicated. The DNA sequences (seq.)
are 93% identical.

dicted NES of EXD and other functional motifs (2, 10). To
further map the NMHCB interaction region in the PBX1A N
terminus, we performed a yeast two-hybrid assay using the
PBX deletion mutants PBX1 1-232 (NT), PBX1 1-96 (PBC-A)
and PBX1 137-232 (PBC-B) as bait. Protein expression was
verified by Western blotting (data not shown). After mating
was performed with yeast expressing fNMHCB prey peptides,
>30 colonies bearing the bait plasmids encoding the entire
PBX N terminus or the PBC-B region appeared on selective
medium after 3 and 5 days, respectively. By contrast, no colo-
nies appeared after 10 days of incubation when the PBC-A
region was used as bait. B-Galactosidase filter lift assays veri-
fied activation of an independent reporter carrying the lacZ
gene (Fig. 2B). A primary-structure prediction program,
COILS, identified a potential coiled-coil motif at residues 161
to 177 in the PBC-B domain of PBX1A. The myosin II heavy
chain dimerizes via its coiled-coil a-helical tail, suggesting a
means of interaction with a structurally similar domain in
PBC-B.

NMHCB associates with PBX1 in vivo. NMHCB-PBX1 in-
teraction was tested by coimmunoprecipitation in mammalian
HEK293T cells. A fusion of the GAL-DBD to fNMHCB
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FIG. 2. The PBC-B region interacts with fNMHCB. (A) Diagram
of PBX1A. PBC-A and PBC-B are two domains conserved among
PBC family proteins. The HD, NLS, putative NES, and a potential
coiled-coil structure are indicated. (B) The interaction domain was
further mapped to PBC-B using the yeast two-hybrid assay. The inter-
action strength was scored as time to colony formation on selective
medium. The expression of GAL-PBX fusion proteins in yeast was
confirmed by Western blot analysis. ++, +, and —, high, intermediate,
and undetectable interactions, respectively.
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(GAL-fNM) coprecipitated with transfected PBX1A. As
shown in Fig. 3A, PBX1A associated with the GAL-fNM fu-
sion protein but not GAL-DBD alone (compare lanes 2 and 4).
Similar results were obtained using a FLAG-tagged NMHCB
fragment, FLAG-fNM (data not shown). To confirm this in-
teraction in untransfected cells, we precipitated endogenous
NMHCB with a monoclonal antibody. Results showed weak
but detectable association with endogenous PBX1A as re-
vealed with an anti-PBX1 antibody (Fig. 3B, top). By contrast,
we detected no association of MEIS1 with NMHCB (Fig. 3B,
bottom). To further define the NMHCB interaction domain in
PBX, hemagglutinin-tagged PBX1A and a series of PBX1A
deletion mutants (Fig. 3C) were expressed in HEK293T cells,
and their interactions with NMHCB were examined. From the
results shown in Fig. 3D, we conclude that residues 90 to 172
in the PBC-B region (Fig. 3D, lane 12), with contributions
from the PBC-A region (Fig. 3D, lane 8), are required for the
interaction between PBX1A and NMHCB.

fNMHCB promotes cytoplasmic retention of PBX. NMHCB
is a cytoplasmic protein and a major component of the cy-
toskeleton. To investigate whether NMHCB directs the cyto-
plasmic localization of PBX, we first investigated the cytoplas-
mic retention properties of the NMHCB fragment obtained in
the yeast two-hybrid screen. In contrast to the exclusively nu-
clear localization of GAL-DBD (Fig. 4a and f), we observed
that the GAL-fNM fusion protein is mainly cytoplasmically
localized in HEK293T (Fig. 4b, ¢, and g) and Cos-7 cells (data
not shown). Both cell lines express MEIS proteins (data not
shown), and thus, endogenous PBX1 protein is normally local-
ized in the nucleus (Fig. 4a’ and f'). However, GAL-fNM
induced a marked nuclear-to-cytoplasmic shift of endogenous
PBX1 (Fig. 4b’, ¢/, and g'). Moreover, these two proteins
appeared to colocalize in the cytoplasm (compare b to b’ and
ctoc’).

In contrast, GAL-fNM did not affect the nuclear localization
of TBP (data not shown), indicating that this cytoplasmic re-
tention effect is specific to PBX1.

The results described above suggest that the NMHCB frag-
ment has cytoplasmic retention properties, since its overex-
pression causes PBX to accumulate in the cytoplasm. How-
ever, an alternative explanation could invoke nuclear export.
For example, INMHCB could harbor an NES or expose the
NES in PBX. To test whether CRM1-mediated nuclear export
plays a role in this process, we expressed GAL-fNM in
HEK293T cells and treated them with a high concentration
(200 nM) of LMB, an inhibitor of CRM1-dependent export.
While LMB did cause a moderate shift toward nuclear accu-
mulation of both GAL-fNM and PBX, a substantial fraction of
cells showed a strict cytoplasmic accumulation of both proteins
(Fig. 4d, e, and h and d’, ¢/, and h’). These results support a
role for NMHCB that is independent of export functions.

fNMHCB competes with MEIS for translocation of PBX1A
or EXD in Drosophila S2 cells. To determine whether the
interaction between MEIS and PBX can be affected by fN-
MHCB, we used Drosophila S2 cells, in which endogenous
EXD is localized in the cytoplasm due to the absence of HTH
(Fig. 5A and B). After expression of MEIS1A in S2 cells, both
EXD and MEISIA localized to the nucleus (Fig. 5C to E).
Similar to EXD, PBX1A localized to the cytoplasm of S2 cells
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FIG. 3. PBX1A associates with fNMHCB, as well as endogenous NMHCB, in vivo. (A) The NMHCB fragment interacts with PBX1A in
HEK293T cells. Cells were transfected with mammalian expression vectors for GAL-DBD (lanes 1 and 2) or GAL-fNM (lanes 3 and 4) with
PBXI1A. The cell lysates were immunoprecipitated (IP) with anti-GAL-DBD antibody and resolved by SDS-10% polyacrylamide gel electro-
phoresis. PBX1A was detected with an anti-PBX1 antibody. Below is the Western blot (WB) of the same membrane demonstrating comparable
levels of GAL species in input (lanes 1 and 3) and IP (lanes 2 and 4) samples. +, present. (B) Endogenous NMHCB associates with PBX1A but
not MEIS1 in HEK293T cells. Cell lysate (input [inp]) was immunoprecipitated with nonspecific antibody (lane C) or anti-NMHCB antibody (lane
IP). Anti-PBX1 (top) and anti-MEIS1 (bottom) antibodies were used for Western blot analysis. The arrow points to PBX1. (C) Schematic
illustration of wild-type and mutant PBX1A proteins. PBC-A and PBC-B are two regions conserved among PBC family proteins. HA, hemag-
glutinin tag. (D) Finer mapping of the NMHCB interaction domain in PBX1A. Deletion of the putative NES (A172-219) or HD (A172-295) did
not affect PBX1A and NMHCB interaction, while deletion of PBC-A (A1-89) and PBC-B (A90-219) reduced or abolished the interaction.
Expression vectors for 3XHA empty vector (lanes 1 and 2), PBX1A-HA (lanes 3 and 4), PBX1AA172-219-HA (lanes 5 and 6), PBX1AA1-89-HA
(lanes 7 and 8), PBX1AA172-295-HA (lanes 9 and 10), and PBX1AA90-219-HA (lanes 11 and 12) were transfected into HEK293T cells,
coimmunoprecipitation was performed with anti-NMHCB, and Western blotting was carried out with anti-HA antibody (top) and anti-NMHCB
antibody (bottom).

in the absence of MEIS (Fig. 6A and B). Coexpression of
MEIS1A led to nuclear accumulation of both PBX1A and
MEIS1A (Fig. 6C to E). However, overexpression of GAL-
fNM, but not GAL-DBD, induced cytoplasmic retention of
EXD, PBX1A, and MEIS1A (Fig. 5C to H and Fig. 6F to N).
A higher ratio of GAL-fNM to MEIS1A expression vector was
required for cytoplasmic retention of PBX1A than for that of
EXD and was likely due to the greater abundance of trans-
fected PBX1A over endogenous EXD. Thus, {NMHCB can
compete against the action of MEIS to direct the localization
of PBX/EXD to the cytoplasm.

Colocalization of NMHCB and PBX1 in the mouse distal
limb bud. PBX1 is expressed in many tissues in the mouse
embryo. However, the subcellular distribution of PBX1 is not
uniform. For example, PBX is localized to the cytoplasm in
distal limb bud mesenchymal cells but is localized to the nu-

cleus in the proximal limb bud, where MEIS proteins are also
expressed (19). By immunofluorescence staining, we confirmed
the subcellular distribution of PBX1 in the mouse limb bud
and elsewhere. As shown in Fig. 7B, PBX1 is concentrated in
the nucleus of mesenchymal cells surrounding the notochord.
By contrast, PBX1 is cytoplasmically localized in the gut epi-
thelium and neural tube (data not shown). To study whether
there is colocalization of cytoplasmic PBX1 and NMHCB,
11.5-dpc mouse embryonic sections were double stained with
anti-PBX1 and anti-NMHCB, and the samples were examined
by confocal microscopy. In the distal limb bud region, the
majority of PBX1 is colocalized with NMHCB in the cytoplasm
(Fig. 7 A and C to E). By contrast, mesenchymal cells sur-
rounding the notochord show nuclear PBX1 staining and min-
imal overlap with NMHCB (Fig. 7B).
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FIG. 4. fNMHCB has cytoplasmic retention properties. HEK293T cells were transfected with GAL-DBD or GAL-fNM and double labeled
with anti-GAL-DBD (a to h) and anti-PBX1 (a’ to h") antibodies. The two sets of photomicrographs show the same cell(s) visualized for GAL and
PBX1 immunoreactivities (e.g., a and a’). The bar graphs display the percentages of cells showing nuclear (N), nuclear and cytoplasmic (NC), and
cytoplasmic (C) localization of GAL species (f, g, h) and PBX1 (f', g’, h’). The values are the averages of three independent experiments; 150 to
200 cells from each transfection were scored for the localization of the protein of interest. The error bars show standard deviations.

The subcellular localization of EXD in Drosophila zipper
mutant embryos is partially deregulated. In Drosophila, EXD
is broadly expressed but localized to the cytoplasm at early
embryonic stages. Nuclear accumulation first becomes appar-
ent in the anterior ventral epidermis from stages 8 to 10 and
more significantly in the thoracic epidermis, thoracic CNS, and
midgut constrictions after germ band retraction (stage 15) (4).
zipper encodes the Drosophila nonmuscle myosin heavy chain.
Zygotic zipper transcripts and protein peak 4 to 12 h after egg
laying (41). To study whether the zipper mutation shifts EXD
to the nucleus, we analyzed zipper mutants at stage 15, when
the contribution of maternal zipper begins to diminish (41). As
previously shown (4), nuclear accumulation of EXD in the
CNS of stage 15 wild-type embryos was predominantly in the
thoracic segments T1, T2, and T3. In the abdominal CNS, most
cells expressed a low level of EXD that was restricted to the
cytoplasm (Fig. 8A and C), consistent with the repression of
exd and hth in abdominal segments (5, 25, 34). However, in
homozygous zipper mutant embryos, the boundary of nuclear
versus cytoplasmic EXD, and high versus low levels of EXD
expression, was shifted at least one segment posterior to en-
compass the first abdominal segment, Al (Fig. 8B and D).
Reduced accumulation of ZIPPER protein in stage 15 mutant

embryos was confirmed (compare Fig. 8E and F). These results
demonstrate that the nonmuscle myosin promotes the cyto-
plasmic retention of EXD and that it is one of several mech-
anisms that constrain EXD availability in the nucleus.

DISCUSSION

A novel function of NMHCB. In this study, we demonstrate
that nonmuscle myosin regulates the subcellular localization of
PBX and EXD in cultured cells and the fly embryo. It seems
that nonmuscle myosin plays important roles in development
and oncogenesis by controlling not only such processes as cell
shape and motility but also the availability of at least one
transcription factor family, PBX/EXD. These apparently dis-
parate functions could provide a means to coordinate morpho-
genetic programs at the cellular and transcriptional levels.
There is a precedent for a role for cytoskeletal elements in this
regard, since signaling through Rho GTPases induces the ac-
tivity of the transcriptional regulator serum response factor via
actin polymerization and the depletion of G-actin pools (18,
38). In addition, microtubule association controls the nucleo-
cytoplasmic compartmentalization of the Smad and MIZ-1
transcription factors (15, 42). We have shown colocalization of
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FIG. 5. fNMHCB retains EXD in the cytoplasm of Drosophila S2 cells. Drosophila S2 cells were transfected with expression vectors for
MEIS1A, GAL-DBD, and GAL-fNM individually or in combination. Immunostaining was performed with anti-EXD and anti-MEIS1 antibodies.
DAPI staining reveals nuclei. (A and B) Endogenous EXD is located in the cytoplasm of S2 cells (which lack HTH, a Drosophila MEIS
homologue). (C to E) Cotransfection of MEIS1A induces nuclear translocation of EXD. (F to H) GAL-fNM opposes the action of MEIS1A,

inducing retention of EXD and MEIS1A in the cytoplasm.

PBX1 and NMHCB in the mouse distal limb bud. It is con-
ceivable that signaling pathways controlling other aspects of
MEIS and PBX functions in the limb (11, 29) also regulate this
interaction.

NMHCSB functions through cytoplasmic retention, not as an
NES-containing adapter. The putative NES in PBX may func-
tion alternatively as a docking site for NES-containing part-
ners. We first mapped NMHCB interaction to the PBC-B
domain of PBX, which includes the putative NES, suggesting
that NMHCB could be such a partner. However, a region in
PBC-B (residues 172 to 219) largely coextensive with the pu-
tative NES of EXD (residues 178 to 220) is not required for
interaction with NMHCB. In addition, NMHCB is unlikely to
ever act in the nuclear compartment, since its large molecular
mass (~220 kDa) would prohibit diffusion through the nuclear
pore complex, and its distribution is not affected by LMB
treatment (our unpublished observation). This is in contrast to
the CRM1-sensitive compartmentalization of actin (40). Ad-
ditional findings also argue against export-based mechanisms
in the action of NMHCSB, since the cytoplasmic localization of
GAL-fNM and the cytoplasmic targeting of PBX by GAL-fNM
are both largely refractory to LMB treatment. Despite the
predominantly cytoplasmic localization of GAL-fNM in mam-
malian cells, the original VP16-fNM prey construct isolated in
a yeast two-hybrid screen must have some access to the yeast
nucleus. This may be due to the NLS supplied by the VP16

vector or because yeast cells do not express endogenous PBX,
which may be required for the mutual retention of PBX and
fNMHCB in the cytoplasm (see below).

NMHCB and PBX interact through coiled-coil motifs. The
tail region of NMHC is characterized by a coiled-coil motif
involved in self-dimerization. However, this coiled-coil motif
may also bridge the interaction between NMHCB and other
partners. In this study, we defined the NMHCB interaction
domain as residues 90 to 171 in PBX1 and showed that it
overlapped with a potential coiled-coil motif (residues 161 to
177). Finer mutation of this region will help to elucidate its role
in NMHCB-PBX interaction.

Multiple mechanisms control EXD subcellular localization
in fly embryos. The BX-C group of homeotic genes (Ubx,
abd-A, and Abd-B) has been shown to downregulate the nu-
clear accumulation of EXD through repression of exd and hth
(5, 25, 34). The effects of downregulation would be exacer-
bated by the requirement for EXD in stabilization of HTH (1).
Nonetheless, the normal functions of Ubx and abd-A still re-
quire EXD activity (5, 13, 19, 32, 35). Thus, the amount of
available nuclear EXD in abdominal segments is tightly regu-
lated within narrow limits.

In addition to the influences of gene expression, protein
stability, nuclear import, and nuclear export, we show here that
cytoplasmic retention by nonmuscle myosin provides yet an-
other level of control of EXD subcellular localization. The loss
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FIG. 6. fNMHCB retains PBX1A in the cytoplasm of Drosophila S2 cells. Drosophila S2 cells were transfected with insect expression vectors
for HA-PBX1A, MEISIA, GAL-DBD, and GAL-fNM individually or in combination. Immunostaining was performed with anti-HA and
anti-MEIS1 antibodies. DAPI staining reveals nuclei. (A and B) PBX1A is located in the cytoplasm of S2 cells. (C to E) Expression of MEIS1A
induces nuclear translocation of PBX1A. (F to H) GAL-DBD has no effect on the subcellular localization of either PBX1A or MEIS1A, whereas
GAL-fNM opposes the action of MEIS1A, inducing cytoplasmic retention of PBX1A, in a dose-dependent manner. (I to K) Equal amounts of
expression vectors for GAL-fNM and MEIS1A were transfected. (L to N) The ratio of transfected GAL-fNM to MEIS1A expression vectors was 5:1.

of ZIPPER results in nuclear accumulation of EXD in the first
abdominal segment. The same phenotype (increased nuclear
localization of EXD in Al) is seen in Ubx mutants (5), sug-
gesting that ZIPPER and UBX make equally important con-
tributions to the control of EXD compartmentalization. ZIP-
PER’s role in this process may extend well beyond Al but
could be obscured by perduring maternal product. The lethal-
ity of zipper mutants precludes examination at later stages,
when maternal stores might be further depleted. Together,

these findings emphasize that multiple nonredundant controls
govern EXD/PBX subcellular localization. They also demon-
strate that interaction with nonmuscle myosin is an evolution-
arily conserved strategy for controlling the intracellular distri-
bution of EXD/PBX.

The role of NMHCB in MEIS and PBX interaction. While a
number of investigations have focused on elucidating the
mechanism of PBX/EXD localization, the regulation of MEIS
subcellular distribution has not been well studied. However,
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FIG. 7. Colocalization of PBX1 and NMHCB in mouse distal limb bud. PBX1 (green) and NMHCB (red) expression were detected by confocal
microscopy of immunostained 11.5-dpc mouse embryo sections. (A) Lower magnification of the distal limb bud. PBX1 is in the cytoplasm and
largely colocalized with NMHCB, as demonstrated by yellow signals in regions of green-red overlap. (B) In mesenchymal cells surrounding the
notochord (NC), PBX1 shows nuclear staining and minimal overlap with NMHCB. (C and D) Higher magnification of PBX1 and NMHCB
distribution in the distal limb bud (boxed in panel A). (E) Superposition of images in panels C and D. Colocalization is revealed by the yellow
signal. The arrows in panels C to E point to the overlapping signals of PBX1 and NMHCB.

one recent report suggests that zebrafish MEIS3 must interact
with PBX in order to translocate to the nucleus (39). Two
leucine-rich regions, LFPLLALIF (residues 83 to 91) and
LDNLMIQVL (residues 143 to 151), in the conserved PBX
interaction domains of MEIS1 (HM1 and HM2) may function
as NESs. The heterodimerization of PBX and MEIS may
therefore mask NESs in both partners. PBX-MEIS interaction
could also expose one or more NLSs within the MEIS HD, as
has been demonstrated for PBX (37).

In this study, we showed that overexpression of GAL-fNM
leads to the cytoplasmic localization of both PBX and MEIS.
Thus, GAL-fNM may disrupt PBX-MEIS interaction in the

cytoplasm, resulting in the intramolecular masking of NLSs in
both partners. Our data argue against a cytoplasmic NMHCB-
PBX complex retaining MEIS in this compartment. No poten-
tial coiled-coil structure has been identified in MEIS, suggest-
ing that it is unlikely to interact with NMHCB in the same
manner as PBX. Moreover, yeast two-hybrid assays indicate
that the MEIS1 N terminus (residues 1 to 231) does not inter-
act with fNMHCB (data not shown), and MEIS is not coim-
munoprecipitated with NMHCB-PBX complexes (Fig. 3B).
In the normal course of development, NMHCB may retain
PBX in the cytoplasm, or stabilize the conformation through
which the PBX N terminus masks the NLSs in the HD (37).
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FIG. 8. EXD expression in the CNSs of Drosophila wild-type and zipper mutant embryos. EXD was visualized in wild-type (A and C) and zipper
mutant (B and D) embryos with an anti-EXD antibody. The arrowheads indicate the boundary between the third thoracic (T3) and first abdominal
(A1) segments. Anterior is to the left. (A) Ventral view of EXD staining in the CNS of a stage 15 wild-type embryo. The boundary between cells
expressing high nuclear versus low cytoplasmic EXD is located at the T3-Al border. (C) Closer examination of the thoracic CNS shows that most
cells express EXD at intermediate to high levels in both the cytoplasm and nucleus, or mainly in the nucleus. In the abdominal CNS, most cells
contain low levels of strictly cytoplasmic EXD. (B) EXD staining in the CNS of a stage 15 zipper mutant embryo. The boundary between nuclear
versus cytoplasmic EXD (arrow) is shifted posteriorly to encompass Al. (D) Closer view of CNS cells in a zipper mutant. Cells in Al (between the
arrowhead and the arrow) express high levels of EXD in both the cytoplasm and nucleus. Several “z” planes were examined for each embryo to
ensure that differences in EXD expression were not artifacts of the plane of section (data not shown). Four out of four zipper mutant embryos for
which ventral views of the CNS were possible displayed the same posteriorized EXD nuclear localization. (E and F) The expression level of
ZIPPER in a zipper mutant embryo (F) is greatly reduced compared to that in a wild-type embryo (E).
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Entry to the nucleus would therefore depend on sufficient
levels of MEIS (or PREP1) proteins to effectively compete
with NMHCB for interaction with PBX. PBX-MEIS interac-
tion would then lead to unmasking of their NLSs, occlusion of
their NESs, and stable nuclear accumulation of both partners.
This competition between nonmuscle myosin and MEIS family
members could be influenced by patterning signals, such as
DPP (3).
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