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Homeoprotein Hbx4 represses the expression of the adhesion molecule
DdCAD-1 governing cytokinesis and development
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a b s t r a c t

We investigated the function of homeodomain-containing protein Hbx4 in Dictyostelium discoide-
um. Hbx4-overexpressing cells (Hbx4OE) displayed defects in growth rate and cytokinesis and
showed differences in slug motility and cell-type proportioning from KAx3. Furthermore, the over-
expression of Hbx4 inhibited the induction of cadA, which encoded the Ca2+-dependent cell adhe-
sion molecule DdCAD-1, despite expression of csaA and gpaB. The electrophoretic mobility shift
assay showed that the promoter of cadA contained the Hbx4-binding site. Moreover, constitutively
expressed DdCAD-1 in Hbx4OE rescued the defects in cytokinesis and development. These results
suggest that Hbx4 modulates DdCAD-1-mediated cytokinesis and cell-type proportioning.
� 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
1. Introduction the overexpression of DdCAD-1 in Hbx4OE rescues the defects in
Homeobox (Hox) genes encode proteins with a highly con-
served helix-turn-helix DNA-binding homeodomain and function
as transcription factors by directly binding to DNA sequences in
Hox response elements. After being identified from a homeotic
mutation in a body segmentation disorder in Drosophila, Hox genes
have been recognized as important regulators in body segment
during differentiation and development. Recent studies show that
Hox genes modulate proliferation and the cell cycle [1–3]. Further-
more, Hox genes have been involved in both the proliferation of
hematopoietic cells and translocation events in leukemic cells,
implying that they may be important in oncogenesis [4].

In Dictyostelium discoideum, there are 14 predicted Hox genes
with one duplicate on chromosome 2. The genes hbx1 (wariai)
and hbx2 control cell-type differentiation and cell-type proportion-
ing, and hbx3 plays a role during phagocytosis [5,6]. To evaluate
the role of Hox in D. discoideum, we cloned hbx4, which possessed
a highly conserved homeodomain (Fig. 1A). Cells that constitu-
tively expressed Hbx4 exhibited defects in cytokinesis and devel-
opment. We also observed that DdCAD-1 was markedly
repressed in Hbx4-overexpressing cells (Hbx4OE). Furthermore,
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cytokinesis and development. These findings suggest that, in addi-
tion to cell–cell adhesion [7], DdCAD-1 may function in cytokinesis
during growth. In the current study, we show that Hbx4 regulates
cytokinesis and cell-type proportioning by modulating DdCAD-1.
2. Materials and methods

2.1. Cell culture and development

KAx3 and the derived transformants were grown in HL5 med-
ium and transferred to a non-nutrient agar plate as previously de-
scribed [8]. Cells were also grown in shaking suspension using the
following method: washed cells were developed in KK2 suspension
at a density of 1 � 107 cells/ml and shaken at 150 rpm and 22 �C.
After 2 h, cAMP stimulation was performed by the addition of
30 nM cAMP every 6 min [9].

2.2. Cloning of hbx4 gene and strain construction

To overexpress Hbx4 in D. discoideum, the full-length gDNA of
hbx4 was ligated into the pTX-FLAG vector. To generate a knockout
strain, the full-length gDNA of hbx4 was digested at the EcoRI site
in hbx4 and ligated to a 1.3 kb BamHI fragment containing a blas-
ticidin S resistant cassette from the SL63 vector. Constructs that
overexpress or disrupt Hbx4 were introduced into KAx3 using elec-
troporation. G418 (10 lg/ml) was used for selection of Hbx4OE, and
blasticidin S (10 lg/ml, Sigma) was used for hbx4�. To overexpress
DdCAD-1 in KAx3 and Hbx4OE, the NotI fragment that contained
lsevier B.V. All rights reserved.
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Fig. 1. Hbx4OE exhibits defects in developmental morphology. (A) The multiple alignment of the deduced amino acid sequences of D. discoideum Hbx4 (DdHbx4) with those of
Homo sapiens homeoprotein (HsHOX1), Drosophila melanogaster Homothorax (DmHTH), and Mus musculus Mrg2 protein (MmMrg2) is shown. Identical residues are indicated
with shaded letters. (B) The determination of the expression level of hbx4 by real-time RT-PCR is shown. The values represent the mean ± S.E.M. of three independent
experiments. (C) The phenotypes of KAx3 and Hbx4 mutant strains developed on KK2 agar plates are shown. Scale bar: 0.5 mm. (D) The analysis of aberrant cell-type
proportioning is shown. The upper panels show spatial patterning of each strain by b-gal histochemical analysis. ecmAO is expressed in the anterior prestalk domain
(arrowhead points). The lower panels are slug (upper images) and fruiting body (lower images) that were stained with neutral red dye. Scale bar: 0.4 mm. (E) The analysis of
the slug migration is shown. The upper panels show slug trails. Scale bar: 10 mm. The lower panels show the location of the fruiting body produced after migration. Arrows
indicate the fruiting bodies that formed outside the plot zone. Scale bar: 5 mm.
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the G418 resistant cassette in Exp4(+) vector was substituted with
the BamHI fragment that contained a blasticidin S resistant cas-
sette from SL63. DdCAD-1 cloned to Exp4(+) vector that contained
blasticidin S resistant cassette. This construct was transfected into
KAx3 and Hbx4OE. CAD1OE/Hbx4OE was selected in HL5 medium
containing blasticidin S and G418.

2.3. Real-time RT-PCR

Each RNA sample (50 ng/ll) was reverse transcribed into cDNA
using a superscript III reverse transcriptase kit (Promega). Each
PCR was performed with SYBR Premix Ex Taq (TaKaRa) and rnlA
was used as the endogenous control gene. Cycle threshold values
of each gene were normalized to rnlA and calibrated to an average
expression level for the gene being analyzed.

2.4. Neutral red and histochemical staining

The cells cultured in HL5 were stained in 0.03% neutral red (Sig-
ma) and developed in the dark at 22 �C [10]. Neutral red is used to
stain the acidic vacuole found in prestalk cells and ALCs, to quantify
sizes of prestalk compartments, and to monitor movement of ALCs
within the prespore region. To observe the spatial expression of
the prestalk cells, cells were transformed with ecmAO/lacZ con-
structs in which b-gal is expressed from ecmAO-specific promoter.
ecmAO is expressed in prestalk cells that are localized in the anterior



Fig. 2. Hbx4OE exhibits defect in the production of viable spores. (A) Spore viability assa
with Triton X-100. The middle panels are spores, which were treated with Triton X-100
Scale bar: 6 lm. (B) Spore yield was determined. The values represent the mean ± S.E.M
development. Northern blots were performed using fragments of the indicated genes as h
csaA, aggregation-specific; lagC, post-aggregative genes; ecmA and ecmB, prestalk-specific
expression in suspension development. Cells were pulsed every 6 min with 30 nM cAM
Samples were incubated without cAMP or with 300 mM cAMP (supplemented every 2 h

Table 1
Primer sequences for cadA promoter.

Probe Primer Sequence

A Forward GTTGTATTAAATTTAAAAAAAGAAGATTGG

Reverse GATTTATTAAGTTGAAACAAGTTGC

B Forward GTTGTATTAAATTTAAAAAAAGAAGATTGG

Reverse CCATTTACAATTATTTTTTATTTC

C Forward CCTGATGGTGATGATGGTTATGATG

Reverse GAGAAGTTTTTTAATTTTTTACCAC

D Forward GCAACTTGTTTCAACTTAATAAATC

Reverse GAGAAGTTTTTTAATTTTTTACCAC

E Forward CCACACCAATGATTTAAATCTCAC

Reverse GACATTTTTTAATTTTTAATACTATACC

F Forward CGGTTTTTTTGGATTATTTTCACAC

Reverse GACATTTTTTAATTTTTAATACTATACC

G Forward TAATTAGTATTATTCCTGATGGTG

Reverse TAATTGATTTATTAAGTTGAAAC

H Forward CCTGATGGTGATGATGGTTATG

Reverse GATTTATTAAGTTGAAACAAGTTGC

I Forward CCTGATGGTGATGATGGTTATG

Reverse AGATTTTAAAATTATTAATAATTCTG
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region of slug. ecmAO/lacZ-marked cells were developed, fixed and
stained for b-galactosidase activity as described previously [11].

2.5. Spore viability assay

To determine the number of viable spores [12], cells of
2 � 106 cells/cm2 were developed on the KK2 agar plate. After
2 days, their spores were incubated in KK2 buffer containing 0.3%
Triton X-100 for 10 min and washed three times with KK2. Spores
were stained in 0.05% Calcofluor white ST for 10–20 min and visu-
alized using the DAPI-channel filter of Axiolab microscope (Carl
Zeiss). For the spore viability assay, spores were serially diluted
and plated with K. pneumoniae on SM agar plates.

2.6. Fluorescence microscopy

Log-phase cells grown in suspension were observed as
described previously [13]. To stain F-actin, cells were incubated
y is shown. The upper panels are phase-contrast images of spores before treatment
and stained with the Calcofluor dye. Merged images are shown in the lower panels.
. of three independent experiments. (C) The expression analysis of genes related to
ybridization probes. cotC and pspA, prespore-specific; spiA, spore-specific; cadA and

; rnlA was used as a loading control. (D) The induction of prestalk and prespore gene
P for 4 h to maximize expression of cAMP receptors and aggregation-stage genes.
with 150 mM cAMP) for 6 h.



Fig. 3. Hbx4OE exhibits defects in growth rate and cytokinesis in shaken suspension cultures. The cells were grown in suspension culture. (A and B) Their growth was
characterized by the increase in density of the cell (A) and turbidity (B). The values represent the mean ± S.E.M. of three independent experiments. (C) Log-phase cells that
were grown in suspension were fixed and stained with DAPI. The phase-contrast images (upper panels), DAPI images (middle panels), and merged images (lower panels) are
shown. Scale bar: 40 lm.
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with 3 lg/ml of TRITC-conjugated phalloidin (Sigma) for 1 h and
washed three times with PBS. Cells were stained with 0.1 lg/ml
of DAPI (Sigma) and observed under a fluorescent microscope.
2.7. Assay of cell cohesion and growth rate

Cell cohesion assays were performed as previously described
[14]. To determine the growth rate, cells of 2 � 105 cells/ml were
inoculated in fresh HL5 medium. Their growth was monitored for
144 h and characterized by an increase in cell number and turbid-
ity in suspension culture (absorbance at 660 nm).
2.8. Electrophoretic mobility shift assay (EMSA)

EMSA experiments were performed with purified Hbx4 and
FAM-labeled probe as previously described [15,16]. The region
encoding the homeodomain was introduced into a pET15b vector
and induced using 1 mM IPTG in Escherichia coli BL21 (DE3). The
Hbx4 protein was purified using Ni+-column and immediately de-
salted by dialysis. To generate probes, we divided the 1 kb of gDNA
that was upstream of the cadA ORF into six overlapping fragments
(probe A–F) of 349, 473, 450, 390, 488 and 354 bp using the
primers described in Table 1. To identify the Hbx4-binding site,
probes that bound to Hbx4 (probe A and C) were divided into about



Fig. 4. Hbx4 regulates the expression level of DdCAD-1. (A) Western blot analysis was performed using total protein of developed cells. Membranes were probed with anti-
DdCAD-1 and anti-Actin antisera (left). The fold increase of bands corresponding to DdCAD-1 over Actin is shown (right). (B–D) DdCAD-1-dependent cohesion assay is shown.
KAx3 (B), Hbx4OE (C) and hbx4�(D) cells were developed in KK2 buffer for 4 h. Cells were then dissociated by vortexing, and cell reassociation was assayed in the presence of 10 mM
EDTA (cross-hatched symbols) or 10 mM EGTA (open symbols), or in their absence (filled symbols). The values represent the mean ± S.E.M. of three independent experiments.

Fig. 5. (A) Hbx4 represses the expression of cadA. Axenically grown cells were
developed separately in KK2 buffer (pH 6.2) without (�) or with cAMP pulse (+). Total
RNA samples were isolated from cells at 0, 4, and 8 h after development and subjected
to Northern blot analysis, which used cadA, csaA, and gpaB probes. The rnlA probe was
used as a loading control. (B) The cadA promoter contains the Hbx4-binding site. We
identified the Hbx4-binding site in a 1-kb region upstream of the cadA ORF as
described in the Section 2. An oligonucleotide fragment containing the Hbx4-binding
site was used for EMSA. The wild-type oligonucleotide was mixed with buffer (lane 1)
or purified Hbx4 protein (lanes 2–5). As the concentration of wild-type oligonucleo-
tide was increased, the binding intensity was also increased (lanes 2–5). Binding was
completely abolished by the addition of an oligonucleotide that contained the core
motif ‘TAAT’, which was mutated (lane 6). The binding specificity was determined by
the competition assay using 40- or 100-fold excess of unlabeled probes (lanes 9, 10).
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100-bp fragments (probe G–I) and used for EMSA. The 31-bp oligo-
nucleotide was finally used, which is shown in Fig. 4D (upper
strand: 50-GATGGTTATGATGAATTAATATCAGAATTAT-30; upper
strand of core region mutant: 50-GATGGTTATGATGAACGCATATCA
GAATTAT-30; the underlined region indicates mutated sequences).

3. Results

3.1. Hbx4OE exhibits the defects in developmental morphology and slug
motility

During development, the mRNA level of hbx4 was increased
gradually after 8 h and reached a peak in 24 h (Fig. 1B). To study
the function of Hbx4 in vivo, we generated mutant strains that
overexpressed Hbx4 (Hbx4OE) or expressed disrupted Hbx4 (hbx4�).
During development, Hbx4OE formed large loose aggregates, which
were separated into small aggregates (Fig. 1C). Unlike KAx3,
Hbx4OE also produced a fruiting body, which has a short stalk
and large glassy sorus (Fig. 1C and D). hbx4�exhibited an initial de-
lay development but proceeded to complete the developmental cy-
cle. Whereas KAx3 and hbx4� formed migrating slugs in dark
conditions, Hbx4OE produced stubby slugs that were unable to mi-
grate (Fig. 1E). The chemotaxis assay [17], which tested the re-
sponse to cAMP, showed no differences between KAx3 and
Hbx4OE. These results suggest that the defect of Hbx4OE in early
development was not caused by defects in chemotaxis or cAMP
signaling (Supplementary Fig. 1).

3.2. Hbx4 regulates cell-type proportioning

To examine the spatial pattern of cell types, Hbx4OE was marked
with ecmAO/lacZ [18] or stained with neutral red. In Hbx4OE slugs,
the expression of ecmAO/lacZ and the areas of neutral red-stained
were extended towards the posterior of the slug and covered
>50% of the slug, indicating that they had a significantly enlarged
prestalk region. In Hbx4OE, a large number of cells remained as a
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mass at the base of the fruiting body (Fig. 1D) and the yield of via-
ble spore production is dramatically reduced by 90% (Fig. 2A and
B). In contrast, hbx4�slug was composed of the increased prespore
region and the decreased prestalk region. However, the hbx4�slugs
produced mature fruiting bodies.

In Hbx4OE, no expression of the prespore/spore-specific genes,
which included cotC, pspA and spiA, was detected. However, the
expression levels of the prestalk-specific genes ecmA and ecmB
were higher than those in KAx3 (Fig. 2C). This result is consistent
with the morphological analysis and the cell-type proportioning
study. The cell adhesion molecule cadA was barely expressed in
Hbx4OE, whereas the other cell adhesion molecules csaA and lagC
were expressed. hbx4�also showed delayed expression of develop-
mental genes with the exception of the spore-specific genes spiA
and cadA compared to KAx3. These results imply that Hbx4 regu-
lates cell-type proportioning and the expression of prespore/
spore-specific genes.

Cell type-specific genes were induced in response to exogenous
cAMP and DIF in cells that were cultured in suspension. As shown
in Fig. 2D, KAx3 exhibited a vigorous induction of cotC and ecmA
that mediated by exogenous cAMP. Under these conditions, DIF,
which is required for ecmA expression, is supplied endogenously
by the cells [19]. In the presence of exogenous cAMP, Hbx4OE in-
creased ecmA expression compared to KAx3. However, no cotC
expression was detected in Hbx4OE. These results are consistent
with inability of the Hbx4OE to express prespore-specific genes
and show that this defect is not caused by deficiencies in cAMP
signaling.
3.3. Hbx4OE exhibits a defect in cytokinesis

In suspension culture, Hbx4OE displayed a greater increase in
cell size and a lower growth rate compared to KAx3 and hbx4�

(Fig. 3A). In contrast, the increase in turbidity, which was used as
an indicator of increased cell mass, was similar among the three
strains (Fig. 3B). To address the possibility that this phenomenon
is caused by a cytokinesis defect, log phase-growing cells were
stained using DAPI as described in Section 2. In suspension, Hbx4OE

produced large multinucleate cells, whereas most of hbx4� and
KAx3 were mononuclear or dinuclear cells (Fig. 3C). These results
demonstrate that Hbx4OE exhibits defects in cytokinesis.
Fig. 6. DdCAD-1 overexpression partially rescues the developmental defects in Hbx4OE.
which probed with anti-DdCAD-1 and anti-Actin antisera. (C) CAD1OE/Hbx4OE produce
reduced viability, compared to KAx3 (lower). Scale bar: 0.5 mm.
3.4. Hbx4 regulates the expression of the cell adhesion molecule
DdCAD-1

Hbx4OE and cadA�showed very similar defects in cell-type pro-
portioning and developmental morphology [14]. Hbx4OE did not
express detectable levels of DdCAD-1 (Figs. 2C and 4A). The reasso-
ciation of Hbx4OE was significantly diminished by 46% compared to
that of KAx3 despite absence of EDTA (Fig. 4B and C). In contrast,
the hbx4� reassociation was similar to that of KAx3 (Fig. 4D). Be-
cause gp80 encoded by csaA was not yet expressed at this time,
only EDTA/EGTA-sensitive cell adhesion by DdCAD-1 was present.
In the presence of EDTA, the adhesion abilities were completely
inhibited. The EGTA inhibited the reassociation of KAx3 by 50%
but exerted no effect on Hbx4OE. We observed that cadA expression
was not induced in Hbx4OE by extracellular cAMP although csaA
and gpaB were stimulated (Fig. 5A). A mutant lacking functional
Ga2, which was encoded by gpaB, failed to enhance cadA expres-
sion [20]. Extracellular cAMP induced the expression of cadA in
KAx3 and hbx4�(Fig. 5A). These results show that Hbx4 represses
the expression of DdCAD-1 and interrupts the induction of cadA
by extracellular cAMP.

3.5. Hbx4 binds to the cadA promoter

To examine the possibility that Hbx4 acts as a transcriptional
regulator of cadA, EMSA was performed (Fig. 5B). The cadA pro-
moter region containing Hbx4-binding site was determined by
EMSA using various pieces of the cadA promoter (Table 1) as de-
scribed in Section 2. Hbx4 did not bind to the probe that contained
a core motif ‘TAAT’ that was mutated in a 31-bp oligonucleotide re-
gion containing the Hbx4-binding site. The binding specificity was
also determined using the competition assay with an excess
amount of unlabeled probes. EMSA results show that cadA pro-
moter contains the Hbx4-binding site(s) and that Hbx4 can regu-
late the cadA expression.

3.6. DdCAD-1 overexpression rescues the defects in cytokinesis and
development

To corroborate the relationship between Hbx4 and DdCAD-1,
DdCAD-1 was constitutively expressed as described in Section 2
(Fig. 6A and B). The aberrant morphology and reduced migration
CAD1OE/KAx3 (A) and CAD1OE/Hbx4OE (B) were confirmed by Western blot analysis,
d normal aggregates (upper). They made fruiting bodies, which had spores with



Fig. 7. DdCAD-1 overexpression rescues the cytokinesis defect in Hbx4OE. (A) Double fluorescence staining was performed using TRITC-conjugated phalloidin to label actin
filaments and DAPI to label nuclei in cells, which were grown on glass surfaces or in suspension. The first columns of the substrate and suspension panels show DAPI staining.
The middle columns of the substrate and suspension panels show the staining for actin filaments. The last columns of the substrate and suspension panels are merged images.
Scale bar: 5 lm. (B and C) Histograms show the distribution of nuclei/cell of cells that were grown on glass surface or in suspension. (B) Cells cultured in suspension were
grown for 3 more days after being transferred to a glass coverslip and stained with DAPI. n = 163 (KAx3), n = 192 (Hbx4OE), n = 174 (hbx4�), n = 170 (CAD1OE/KAx3), n = 178
(CAD1OE/Hbx4OE). The values represent the mean ± S.E.M. of three independent experiments. ⁄⁄⁄P < 0.0005. (C) Cells cultured in suspension were stained with DAPI, and the
counting of nuclei was performed immediately. n = 66 (KAx3), n = 72 (Hbx4OE), n = 71 (hbx4�), n = 64 (CAD1OE/KAx3), n = 84 (CAD1OE/Hbx4OE). The values represent
mean ± S.E.M. of three independent experiments. ⁄P < 0.05; ⁄⁄P < 0.005.
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of Hbx4OE were rescued in CAD1OE/Hbx4OE (Fig. 6C). The spore
yield defect was also slightly recovered but maintained at a lower
rate compared to the spore yield of KAx3 (data not shown).

To observe the effect of DdCAD-1 overexpression on cytokinesis,
we performed double-fluorescence staining in cells, which were
cultured in suspension and on a solid substrate, using DAPI for
DNA and TRITC-phalloidin for F-actin. In suspension, the distribu-
tion of F-actin was polarized in the cortex of KAx3 and hbx4�and
depolarized in multinucleate Hbx4OE (Fig. 7A). Interestingly,
Hbx4OE exhibited different distributions in the types of nuclei in
cells that were attached to solid substrate. On solid substrates,
92.22% of Hbx4OE were mononucleated (Fig. 7B), whereas only
7.14% of Hbx4OE were mononucleated in suspension (Fig. 7C).
These results suggest that Hbx4OE displays more defects in suspen-
sion culture. Unexpectedly, the cytokinesis defect of Hbx4OE was
dramatically recovered in CAD1OE/Hbx4OE (Fig. 7A–C). This result
indicates that Hbx4 and DdCAD-1 are involved in cell cycle-
coupled cytokinesis in suspension [21]. These results are very



Fig. 8. cadA�cells show defects in cell-type proportioning and cytokinesis. (A) Log-
phase cells that were grown in suspension were fixed using 1% formaldehyde in
methanol. Cells were stained with TRITC-conjugated phalloidin to label actin
filaments and with DAPI to label nuclei. The upper panels are KAx3 and the lower
panels are cadA�. The first column of panels shows DAPI staining to identify the
nuclei. The middle column of panels shows TRITC-conjugated phalloidin to identify
the actin filaments. Merged images of the different channels are shown in the last
column. Scale bar: 5 lm. (B) The growth rate of cadA�was measured during 156 h in
a shaken suspension. The values represent the mean ± S.D. of two independent
experiments. (C) The analysis of aberrant cell-type proportioning in cadA�cells was
performed by staining with neutral red dye. Scale bar: 0.4 mm.
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interesting because the function of DdCAD-1 has only been inves-
tigated with respect to its role in cell adhesion. We observed that
cadA�showed defects in growth rate and cytokinesis (Fig. 8A and
B). Like Hbx4OE, cadA�exhibited defects in cell-type proportioning
(Fig. 8C) as previously reported [14]. Our results suggest that
Hbx4 acts as a transcriptional regulator of DdCAD-1, which is in-
volved in cytokinesis and development in D. discoideum.

4. Discussion

In the current study, we have demonstrated that Hbx4 plays
important roles in cytokinesis and development by modulating
DdCAD-1. This implies that DdCAD-1 is involved in cytokinesis in
addition to cell–cell adhesion. DdCAD-1 shows significant similar-
ities to cadherin with the exception that DdCAD-1 lacks a trans-
membrane domain [7]. Unlike canonical cadherins, T-cadherin,
which also lacks a transmembrane domain, is involved in cytokine-
sis or centrosomal replication. T-cadherin also acts as a signaling
receptor that participates in the recognition of the environment
and in the regulation of cell motility and proliferation [22,23].
Whereas most cell adhesion molecules are localized in cell–cell
contacts, DdCAD-1 is located in the cytosol and is redistributed
in cell membrane by the vacuole as the development is initiated
[24]. Therefore, we propose that DdCAD-1 may participate in sig-
naling pathway that controls the growth.

The overexpression of Hbx4 caused obvious defects, whereas its
disruption did not show any significant differences compared to
that of KAx3 with the exception of cell-type proportioning. Surpris-
ingly, hbx4�did not express higher or steady cadA mRNA. This re-
sult may be due to functional redundancy and interaction/
competition between the homeoproteins. There are many reports
that demonstrate that the alteration of Hox genes yields ambigu-
ous phenomena because of their complicated action [2,25–27].
Aside from the evidence that there is functional redundancy be-
tween paralogous genes, the evidence for functional redundancy
between neighboring genes and non-paralogous genes in separate
clusters has also been found in mammals [25,26]. We hypothesize
that functional redundancy exists in 15 Hox genes of D. discoideum
wri (hbx1) and hbx2. hbx2� has no overt phenotype. However,
wri(hbx1)�/hbx2� has defects in cell-type proportioning [5]. wri�/
hbx2� have slightly stronger defects compared to wri�. This result
suggests wri and hbx2 may be functionally redundant, which does
not necessarily mean that they are functionally equivalent.

Although Hbx4OE and cadA�showed very similar defects in cell-
type proportioning and developmental morphology, Hbx4OE exhib-
ited more severe defects in viable spore production and fruiting
body morphology compared to cadA�. These results suggest that an-
other gene/protein in addition to cadA was affected in Hbx4OE.
Homeoproteins often regulate different targets depending on cell
conditions by interacting with other ones [28]. Because of the com-
plicated characteristics of homeoproteins, many researchers have
struggled to identify the Hox’s target(s) and to elucidate its mech-
anism. Hbx4 may modulate another target in addition to cadA. We
observed that Hbx4 was involved in the expression of the Rho
GTPase-related gene (data not shown). And it is possible that
Hbx4 may modulate the expression levels of prespore or prestalk
specific genes in addition to cadA. Consequently, Hbx4OE displayed
more severe defects in cell-type proportioning, such as decreased
prespore region and increased prestalk region, compared to KAx3
and cadA�.

Further investigation is required to identify novel Hox genes,
which are functionally redundant to Hbx4, and to understand the
relationship between DdCAD-1 and target genes of Hbx4.

How are bacteria-feeding cells, which do not express DdCAD-1,
more likely to form mononucleates than axenic cells? The phg A or
phg B mutant cells that display cytokinesis defects during axenic
growth are able to complete cytokinesis when they are grown on
bacteria and are able to adhere to a substrate [21,29]. Similar to
the mutants described above, Hbx4OE also did not express
DdCAD-1 and exhibited cytokinesis defects in suspension culture,
but not on substrate culture (Fig. 7). Myosin expression was nor-
mal in Hbx4OE (data not shown). Therefore, we suppose that bacte-
rially growing cells may divide with cell-substrate adhesion
despite the absence of cadA.

The results shown in the current study will provide novel in-
sights into the relationships between homeoproteins and cell–cell
adhesion molecules, between homeoproteins and cytokinesis, and
between cell–cell adhesion molecules and cytokinesis in D. discoid-
eum. Detailed analyses investigating the mechanisms of
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Hbx4-mediated DdCAD-1 expression and DdCAD-1-mediated sig-
nal pathways may improve our understanding of the growth and
development in metazoans as well as in D. discoideum.
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