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Hox genes encode homeodomain-containing proteins that are presumed to control spatial patterning during
murine embryogenesis through their actions as transcriptional regulatory proteins. In this study, we have
investigated the transcriptional function of a prototypic member of this family, HoxA7. We demonstrate that
HoxA7 functions as a potent transcriptional repressor and that its action as such requires several domains,
including both activator and repressor regions. The repressor regions are contained within the homeodomain
and a C-terminal acidic region, both of which are well conserved among members of the Hox family. Accord-
ingly, we show that two other members of this family also function as repressors, although they vary in their
relative repressor potency. Finally, we explore the novel observation that the homeodomain of HoxA7 functions
as a transcriptional repressor domain. We show that the homeodomain compared with two other DNA-binding
domains, is unique in its ability to function as a repressor domain and that repression requires conserved
residues in helix III. We further show that residues in the N-terminal arm of the homeodomain contribute to
the differential repressor actions of various Hox proteins. These findings demonstrate that the transcriptional
function of HoxA7 and possibly of Hox proteins in general is determined by their unique combination of

conserved and nonconserved regions as well as through the complex actions of their homeodomains.

Establishment of the embryonic body plan requires a highly
intricate network of regulatory genes whose appropriate spa-
tial and temporal expression specifies cell fate and ultimately
leads to regional identity along several embryonic axes. Among
these essential developmental regulators are the Hox genes,
which are major players in the complex program that directs
axial patterning during murine embryogenesis (reviewed in
references 32 and 44). The murine Hox family consists of 38
related genes grouped on four chromosomes (referred to as
HoxA, HoxB, HoxC, and HoxD). Being the evolutionary de-
scendants of the Drosophila HOM-C complex, Hox genes share
many features with HOM-C genes, including their character-
istic colinearity of chromosomal organization and spatial ex-
pression in the developing embryo (2, 32, 44). This feature is
manifested as the coordinate relationship of their anterior
expression boundaries and their relative positions on the chro-
mosome so that Hox genes located 3’ have more rostral ex-
pression boundaries whereas those located 5’ have more pos-
terior expression boundaries (15, 17, 20, 62). This graded
distribution of Hox gene expression along the anterior-poste-
rior body axis presumably constitutes a combinatorial code
(the so-called Hox code) which specifies positional information
in the developing embryo (32, 44). The implication of such a
Hox code, now well supported by numerous targeted-disrup-
tion studies, is that the roles of individual Hox genes are highly
complex, having functions that are partially overlapping, par-
tially combinatorial, and partially selective.

Hox genes share a conserved motif termed the homeobox,
which encodes a DNA binding domain (the homeodomain),
and therefore their protein products are presumed to function
by regulating the transcription of specific downstream target
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genes (3, 18, 35, 55). However, far less is known about the
actions of Hox proteins as transcriptional regulators or the
identity of their downstream target genes than is known about
their biological roles during murine embryogenesis. One of the
main obstacles has been the pervasive issue of deciphering the
mechanisms of target gene selection by homeodomain proteins
(discussed in reference 3). Thus, despite the fact that their
DNA binding properties are characteristically overlapping and
nonselective in vitro, homeodomains are known to mediate
functional specificity in vivo (9, 19, 33, 42, 65). This obvious
paradox suggests that the intrinsic role of the homeodomain is
relatively broad and that DNA binding activity may account for
only one aspect of its actual function. Some clues as to how
functional specificity is achieved have been elucidated in recent
years. For instance, we and others have shown that despite
their similar DNA binding specificities, Hox proteins exhibit
differences in their relative affinities for DNA, suggesting that
a component of specificity may include competition for binding
sites (12, 48, 50). An additional aspect of target gene selectivity
is likely to be derived from specific interactions of Hox proteins
with other protein factors. In particular, the homeodomain
protein Pbx has recently been shown to interact cooperatively
with several Hox proteins both in vitro and in vivo to modulate
their DNA binding specificity, and this interaction has been
conserved with their Drosophila homologs (8, 10, 29, 39, 41, 49,
51, 59, 61). However, it is unlikely that either cooperative
protein-DNA interactions or differential binding affinity are
sufficient to account for the complexity of Hox protein func-
tion, particularly since some actions may be mediated primarily
through protein-protein rather than protein-DNA interactions
(7, 64).

To address the issue of transcriptional control by Hox pro-
teins, we have been studying a prototypic member of this fam-
ily, HoxA7 (formerly Hox 1.1 [54]). Since HoxA7 is encoded by
one of the first Hox genes identified, a considerable volume of
biological data regarding the expression of HoxA7 during em-



VoL. 16, 1996

HoxA7 | | Pro-Ala [ BP] Homeodomain - Acidic="]

FIG. 1. Domain organization of HoxA7. A schematic representation of
HoxA7 showing the positions of conserved domains (shared by Hox proteins in
paralogous groups 1 to 8 or by a subset of Hox proteins [stippled and striped
boxes, respectively]) and nonconserved regions (white box) is shown. Pro-Ala,
region containing a high percentage of proline (11%) and alanine (14%) resi-
dues, unique to individual Hox proteins; HP, hexapeptide motif, a sequence of
six amino acids that is shared among Hox proteins in paralogous groups 1 to 8;
and Acidic, region that contains a stretch of glutamic acid residues. Also shown
is the position of the homeodomain.

bryogenesis and its essential function in developmental control
has accumulated (5, 30, 31, 40). Moreover, its primary se-
quence reveals several features that are characteristic of Hox
proteins and which are likely to be important for their func-
tions in transcriptional regulation (Fig. 1). In particular,
HoxA7 contains several protein regions, aside from its home-
odomain, that are shared among members of the Hox family
(Fig. 1). These include a hexapeptide motif adjacent to the
homeodomain that mediates the interaction with Pbx (10, 49),
a conserved N-terminal sequence, and a stretch of glutamic
acid residues in its C-terminal region that is a feature of many,
but not all, Hox proteins (Fig. 1). Between the hexapeptide and
the N-terminal motif, HoxA7 contains a region that is unique
(Fig. 1). This region contains a high percentage of proline and
alanine residues, which are frequently associated with tran-
scriptional regulatory domains (45). These features of HoxA7,
including its expression, known biological relevance, and pro-
tein organization, make it a suitable model with which to gain
insight into the transcriptional regulatory properties of Hox
proteins.

Here, we show that HoxA7 functions as a potent transcrip-
tional repressor and that this activity requires the cumulative
action of multiple functional domains. Since these domains are
differentially conserved among the various members of the
Hox family, this provides a framework for understanding how
the actions of Hox proteins may be partially overlapping and
partially unique. Finally, we demonstrate that a major compo-
nent of repression by HoxA7 is provided by its homeodomain,
which suggests a novel role for this protein domain in addition
to its well-characterized function in mediating DNA-protein
interactions. We further show that other Hox homeodomains
function as repressor domains, although residues within the
N-terminal arm modulate the potency of their repressor ac-
tion. In combination, these observations implicate a broad role
for the homeodomain in transcriptional regulation, as well as a
molecular basis for deciphering the complexity of Hox protein
function in transcriptional control.

MATERIALS AND METHODS

Construction of the expression plasmids. cDNAs containing the full-length
HoxA7 and HoxC8 coding sequences were obtained by reverse transcriptase-PCR
amplification from 9.5-day-postcoitum (p.c.) mouse embryonic RNA. The cDNA
containing full-length HoxB4 was a generous gift of Robb Krumlauf. The 5" and
3’ oligonucleotides used for PCR contained unique BamHI and HindIII restric-
tion sites to facilitate cloning into the pM2 eukaryotic expression plasmid in
frame with sequences encoding the GAL4 DNA binding domain (amino acids 1
to 147) (53). Alternatively, the full-length Hox sequences were cloned into the
mammalian expression vector pCB6+ as detailed elsewhere (7). Truncated
HoxA7 sequences were obtained by PCR amplification of full-length HoxA7
using oligonucleotides that contained BamHI and HindIII restriction sites to
facilitate cloning into either pCB6+ or pM2. The pCB6+— HoxA7 series also
contained a heterologous epitope from the myc protein as detailed previously
(66) to facilitate detection of the HoxA7 polypeptides (i.e., myc-HoxA7) in
mammalian cells. Mutations were introduced into HoxA7 by overlapping PCR
mutagenesis using oligonucleotides containing the appropriate nucleotide sub-
stitutions. The chimeric genes HoxA7/C8 and HoxA7/B4 were constructed by
overlapping PCR using oligonucleotides that joined the sequences encoding
HoxA7 amino acids 2 to 128 with those encoding HoxC8 amino acids 149 to 242
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or HoxB4 amino acids 161 to 250. The pCG147 plasmid and the pCG147-c-rel
CCRxC construct containing the Rel DNA binding domain were as described in
reference 25. Sequences encoding the Fos DNA binding domain were subcloned
from pDS56-wbfos (1) into pM2 by using the BamHI and HindIII restriction
sites. The pCMV-Pbx-1 expression plasmid was a generous gift of M. Kamps. All
plasmids were prepared by using plasmid kits (Qiagen) according to the manu-
facturer’s instructions. All constructs were verified by dideoxy DNA sequencing
with a Sequenase version 2.0 kit (U.S. Biochemicals) according to the manufac-
turer’s instructions.

Expression of HoxA7 polypeptides. The expression of the myc-HoxA7 and
GAL4-Hox polypeptides was verified by Western blot (immunoblot) analysis
performed exactly as described previously (7). The antisera used were either a
monoclonal antibody directed against the GAL4 DNA binding domain (Santa
Cruz Biotechnologies) or a monoclonal antibody directed against the myc
epitope (66). The expression of the polypeptides in mammalian cells is shown in
Fig. 2. Note that expression of the various polypeptides was similar to that of
myc-HoxA7 (Fig. 2A) or GAL4-HoxA7 (Fig. 2B to E) with the exception that
myc-HoxA7(129-229) (Fig. 2A) and GAL4-HoxA7(2-60) and GAL4-HoxA7(31-
129) (Fig. 2B) were expressed at lower levels.

Transient-transfection assays. Transfection assays were carried out essentially
as described by Catron et al. (7). NIH 3T3 cells (below passage 10) were seeded
16 to 24 h prior to transfection at 10° cells per 35-mm-diameter dish in Iscove’s
modified Eagle’s medium supplemented with 10% fetal bovine serum, 2 mM
L-glutamine, 100 U of penicillin per ml, and 100 pg of streptomycin per ml. F9
embryonic carcinoma cells (below passage 10) were seeded 16 to 24 h prior to
transfection at 10° cells per 35-mm-diameter dish (0.3% gelatin coated) in
Dulbecco’s modified Eagle’s medium supplemented with 15% fetal calf serum
and 2 mM L-glutamine. Cells were transfected by a calcium phosphate proce-
dure. Transfection assays included the indicated amount of the expression plas-
mid, 1,000 ng of the luciferase reporter plasmid per dish, and 1,000 ng of the
internal-control plasmid pCMV-Bgalactosidase. The GAL4-luciferase reporter
plasmids containing the simian virus 40 (SV40) promoter were described in
reference 7, and the WIP luciferase reporter plasmids were described in refer-
ence 24. The thymidine kinase (TK)-luciferase and the GAL4-TK-luciferase
plasmids were kindly provided by P. Traber. Cells were harvested 48 h posttrans-
fection in 1X reporter lysis buffer (Promega). Luciferase activity was measured
as counts per minute in a scintillation counter by using a luciferase assay system
(Promega) according to the manufacturer’s instructions, and B-galactosidase
activity was assayed as described previously (7). Luciferase assays were normal-
ized to levels of B-galactosidase activity to account for differences in transfection
efficiency. For all assays described, baseline transcriptional activity was defined as
the luciferase activity obtained with an expression plasmid (either pM2 or
pCB6+) that lacked the HoxA7 sequences. Data were expressed as fold lucif-
erase activity relative to the baseline and represented as zerofold (rather than
onefold) for the purpose of clarity in presentation. Experiments were carried out
in duplicate and performed a minimum of six times or as indicated.

RESULTS

HoxA7 functions as a transcriptional repressor. To investi-
gate the transcriptional properties of HoxA7, we performed
transient-transfection assays with NIH 3T3 cells, using an ex-
pression plasmid that contained the HoxA7 coding sequence
directed by the cytomegalovirus promoter. As is the case for a
majority of Hox proteins, natural target sequences for HoxA7
have not yet been identified. Therefore, we used a reporter
plasmid that contained a genomic element isolated from the
Wnt-1 enhancer, termed WIP, that contains a single homeodo-
main binding site which has previously been shown to be re-
quired for appropriate expression of a Wnt-1 transgene in vivo
(24). Thus, the WIP element provides a consensus DNA site
within a biologically relevant context through which to test the
transcriptional activity of HoxA7. The WIP element was situ-
ated upstream of the SV40 early promoter, which directed
expression of the luciferase gene so that transcriptional activ-
ity was measured indirectly as luciferase enzymatic activity
(Fig. 3A). As shown in Fig. 3, HoxA7 repressed transcription
through the reporter plasmid that contained the WIP element.
Specifically, the luciferase activity obtained by transfection of
the reporter plasmid along with the expression plasmid encod-
ing HoxA7 was reduced by 18-fold relative to activity obtained
when the reporter plasmid was transfected with an expression
plasmid lacking HoxA7 (Fig. 3A). Furthermore, repression
was mediated through the WIP element, since the luciferase
activity of a reporter plasmid that did not contain this site was
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not affected by HoxA7 (Fig. 3A). Since basal levels of the
reporter plasmids with or without the WIP sites were similar
(~2,000 cpm), we conclude that HoxA7 is acting to repress
transcription rather than to inhibit the binding of an endoge-
nous factor. We further investigated the transcriptional prop-
erties of HoxA7 in the presence of the Hox cofactor Pbxl.
When tested on its own, Pbx1 produced a modest repression
(approximately fourfold) through the WIP reporter plasmid,
likely because of weak Pbx1 DNA binding sites in this element
(Fig. 3A). However, Pbx1 neither potentiated nor diminished
the repressor action of HoxA7 through the WIP reporter plas-
mid (Fig. 3A). This observation indicates that the potent re-
pressor action of HoxA7 does not require Pbx1, although we
cannot rule out the possibility that NIH 3T3 cells already
contain Pbx or other HoxA7 cofactors.

To further characterize the transcriptional properties of
HoxA7, we examined its activity when directed to a heterolo-
gous DNA binding element through the GAL4 DNA binding
domain (Fig. 4). This approach is particularly useful for study-
ing the transcriptional properties of proteins for which actual
target elements have not yet been defined. For this purpose, we
constructed an expression plasmid that encoded a fusion pro-
tein containing the GAL4 DNA binding domain and full-
length HoxA7 (Fig. 4A, GAL4-HoxA7). Transient-transfection
assays were performed with both NIH 3T3 cells and F9 cells,
using the GAL4-HoxA7 expression plasmid and a reporter
plasmid that contained five copies of the canonical GAL4
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FIG. 2. Western blot analysis showing appropriate expression of the HoxA7
polypeptides. Western blot analysis was performed using extracts prepared from
COS-1 cells that were transfected with pCB6+ or the pCB6+— myc-HoxA7
expression plasmid encoding the polypeptides indicated (A) or with pM2 or the
pM2 expression plasmid encoding the GAL4-HoxA7 polypeptides indicated (B
to E). Proteins were detected by using a monoclonal antibody directed against a
heterologous myc epitope that was present in each polypeptide (A) or by using
a monoclonal antibody directed against the GAL4 DNA binding domain (Santa
Cruz Biotechnologies) that was present in each fusion polypeptide (B to E).
Antigen-antibody complexes were visualized with a chemiluminescent reagent
(Amersham). Exposure times ranged from 10 to 30 s. Experiments were per-
formed several times to ensure that protein expression levels were equivalent;
representative data are shown.

DNA binding site (SXGALA4) (Fig. 4B and C). As shown in Fig.
4B and C, the GAL4-HoxA7 polypeptide functioned as a tran-
scriptional repressor in both cell types. In fact, the level of
repression obtained in the F9 cells (60-fold) was accentuated
relative to that observed in the NIH 3T3 cells (16-fold) (Fig. 4B
and C). This finding suggests that the transcriptional action of
HoxA7 is enhanced in the more appropriate cellular milieu
provided by the F9 cells, which are of embryonic carcinoma
origin (43). To investigate the transcriptional properties of
GALA4-HoxA7 in another promoter context, we used a reporter
plasmid that contained the GALA4 sites situated upstream of
the TK promoter. Similar levels of repression by GAL4A-HoxA7
were observed whether the reporter plasmid contained the
SV40 or TK promoter (~20-fold), although repression of a
reporter plasmid that contained the GAL4 sites positioned
downstream of the TK promoter was less effective (~10-fold)
(53a). In combination, these findings indicate that HoxA7
functions as a transcriptional repressor through various pro-
moter contexts and in various cell lines.

Multiple domains of HoxA7 contribute to its overall tran-
scriptional function. To define the relevant domains that con-
tribute to the transcription activity of HoxA7, we constructed a
series of expression plasmids that encoded truncated HoxA7
polypeptides on their own (Fig. 3B) or as fusion polypeptides
with the GAL4 DNA binding domain (Fig. 4A). The transcrip-
tional activities of the HoxA7 polypeptides in NIH 3T3 cells
were examined by using the WIP reporter plasmid (Fig. 3B),
whereas the GAL4-HoxA7 series was tested in both NIH 3T3
cells and F9 cells with the GALA4 reporter plasmid (Fig. 4B and
C). When tested in NIH 3T3 cells, a GAL4-HoxA7 polypep-
tide lacking the C-terminal acidic region [GAL4-HoxA7(2-
190)] functioned as a transcriptional repressor, although it was
somewhat less effective than GAL4-HoxA7 (Fig. 4B). Further
C-terminal truncation greatly reduced repressor function so



VoL. 16, 1996 HoxA7 HOMEODOMAIN FUNCTIONS IN REPRESSION 2681
A. Vi }—{fuciferase |

5 5

-10

Fold Luciferase Activity
i
1

20 <20

HoxA7 +

Pbx1 - + + - +

B. [rciersse [ ]
HoxA7 ] Pro-ala[HP] ' Acidic 7]
HoxA7(31-190) [ Pro-ala_ [HP [Homesdomain
HoxA7(129-229) [Homesdomainf” Acidic ]
25 -20 -15 -10 -5 0 5 25 -20 15 -10 -5 0 5

Fold Luciferase Activity Fold Luciferase Activity

FIG. 3. HoxA7 represses transcription through a genomic binding site. (A) Transfection assays were performed with NIH 3T3 cells in the presence (+) or absence
(—) of an expression plasmid encoding HoxA7 (500 ng), Pbx1 (500 ng), or both (500 ng of each), along with a reporter plasmid (1,000 ng) containing a single copy of
the WIP element (left) or the parental reporter plasmid (1,000 ng) with no additional sites (right). (B) The expression plasmids encoded the full-length HoxA7 or
truncated HoxA7 proteins corresponding to the amino acids indicated in parentheses. The protein domains encoded by each construct are represented by the white
and stippled boxes as described in the legend to Fig. 1. Transient-transfection assays were performed with NIH 3T3 cells with the indicated HoxA7 expression plasmid
(500 ng) along with a reporter plasmid (1,000 ng) that contained the WIP element (left) or the parental plasmid (1,000 ng) without additional sites (right). Data are
expressed as fold difference in luciferase activity obtained with the HoxA7 expression plasmid compared with that obtained by using the parental plasmid that did not
contain HoxA7 sequences. Assays were repeated a minimum of three times in duplicate; variability between assays was <15%. Shown are data from a representative

assay; bars indicate errors between duplicates.

that GAL4-HoxA7(2-129), which lacked the homeodomain,
did not repress transcription (Fig. 4B). Consistent with this ob-
servation, a HoxA7 polypeptide lacking the C-terminal acidic
region [HoxA7(31-190)] had reduced repressor activity relative
to HoxA7 through the WIP reporter plasmid, whereas a poly-
peptide that contained the C-terminal region of HoxA7 but
lacked N-terminal regions [HoxA7(129-229)] had potent re-
pressor activity (Fig. 3B). These findings show that the con-
served sequences in the C-terminal region, including the ho-
meodomain itself, contribute to repression by HoxA7. An
alternative possibility is that the observed contribution of the
homeodomain towards repression is actually due to its inter-
action with fortuitous homeodomain DNA sites in the SV40
promoter or in the reporter plasmid. This is unlikely, since the
transcriptional activities of the HoxA7 polypeptides and the
GAL4-HoxA7 fusion polypeptides were mediated through
their respective cognate DNA binding sites in the reporter
plasmids (Fig. 3B and 4B).

Subsequent truncation of HoxA7 unmasks a fairly potent
transcriptional activation domain [Fig. 4B, GAL4-HoxA7(2-
116)]. The presence of this domain suggests either that HoxA7
functions as a transcriptional activator in other cellular con-
texts (other than the ones tested in this study) or, alternatively,
that this domain modulates the potency of the HoxA7 repres-
sor function in the context of the full-length protein. Indeed,
HoxA7 has been shown to activate transcription in Saccharo-
myces cerevisiae (22). The minimal activation domain corre-
sponds to a 65-amino-acid segment [Fig. 4B, GAL4-HoxA7
(31-96)] which has a high content of proline (11%) and alanine
(14%) residues and is located within the unique region of
HoxA7 (Fig. 1). It is noteworthy that the hexapeptide motif,
which has recently been shown to mediate protein-protein inter-
actions with Pbx (10, 29, 49), appears to modulate the activity
of the Pro-Ala region [Fig. 4B, compare GAL4-HoxA7(2-129)
with GAL4-HoxA7(2-116)].

When examined in F9 cells, the overall transcriptional prop-
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FIG. 4. Multiple domains contribute to repression and activation by HoxA7. (A) The GAL4-HoxA?7 fusion polypeptides contained the GAL4 DNA binding domain
and the HoxA7 protein regions corresponding to amino acids indicated in parentheses and the protein domains as shown by the white and stippled boxes. (B and C)
Transfection assays were performed with NIH 3T3 cells (B) or F9 cells (C), using a reporter plasmid (1,000 ng) that contained either five tandem copies of the GAL4
binding site (SXGALA4) or no additional sites upstream of the SV40 early promoter and the luciferase gene. In panel C, the fold luciferase activity is boxed to highlight
the difference in the scales compared with panel B. Assays contained GAL4-HoxA7 or the truncated GAL4-HoxA7 expression plasmid as indicated (250 ng). Data are
expressed as fold difference in luciferase activity as in Fig. 3. Transfection assays were repeated a minimum of six times in duplicate; variability among assays was <15%.
The data shown are from a representative assay; bars indicate errors between duplicates.

erties of the GAL4-HoxA7 polypeptides were similar to those
observed in NIH 3T3 cells, although their activity was some-
what increased (Fig. 4B and C). For instance, the polypeptide
that contained the Pro-Ala domain activated transcription by
40-fold in F9 cells compared with 20-fold in NIH 3T3 cells
[compare GAL4-Hox(31-96) in Fig. 4B and C]. One notable
difference in the activities of the GAL4-HoxA7 polypeptides in
these two cell lines was the enhanced contribution of the C-
terminal acidic region towards repression in the F9 cells. Thus,
a GAL4-HoxA7 polypeptide that lacked the C-terminal acidic
region [GAL4-HoxA7(2-190)] had significantly reduced re-
pressor function compared with that of GAL4-HoxA7 (e.g., 21-
versus 60-fold), whereas in NIH 3T3 cells, the difference be-
tween these polypeptides was less pronounced (9- versus 16-
fold) (Fig. 4B and C). We attempted to confirm the repressor
activity of the C-terminal acidic region directly by producing a
polypeptide containing this segment; however, this sequence
was not stably expressed in mammalian cells, precluding fur-
ther analysis. These findings suggest that although the overall
transcriptional properties of HoxA7 may be similar in various
cell types, the relative contribution of particular domains is
likely to vary, depending upon the specific cell type.

The transcriptional function of HoxA7 results from the com-
posite action of its multiple domains. The preceding data
demonstrate that HoxA7 is composed of at least three domains
that contribute to its transcriptional properties; two of these
are conserved domains that function in repression, and one is
a nonconserved domain that functions as an activator region.
The implication of these findings is that the overall transcrip-
tional properties of HoxA7 reflect the cumulative action of
these multiple domains. To test this idea, we examined the
activity of individual domains within the full-length protein
by using GAL4-HoxA7 polypeptides that contained specific
amino acid substitutions in two of the relevant domains, the
Pro-Ala region and the homeodomain (Fig. 5). To facilitate
selection of potentially critical residues within the Pro-Ala
domain, we relied on our observation that this region shares

limited sequence similarity with the carboxy-terminal domain
of RNA polymerase II (53a). Since the carboxy-terminal do-
main plays an important role in transcription initiation through
its interactions with the TATA-binding protein (60), we se-
lected for substitution residues within the Pro-Ala domain that
were conserved with the carboxy-terminal domain (Table 1). A
GALA4-HoxA7 polypeptide that contained such substitutions
(GAL4-HoxA7-MI) exhibited an increase in repressor activity
relative to that of GAL4-HoxA7 (Fig. 5). We interpret this
finding as a loss of activator function within full-length HoxA7
which is manifested as an increase in its overall repressor
potency. This conclusion is supported by our observation that
these same substitutions within the context of the minimal
activation domain abrogated its activator function (53a). Fur-
thermore, a HoxA7 polypeptide that contained the Pro-Ala
region but lacked the C-terminal acidic region [HoxA7(31-
190)] also had reduced repressor activity through the WIP
reporter plasmid relative to that of HoxA7 (Fig. 3B).

The homeodomain has not been previously implicated as a
transcriptional repressor domain, nor does it have any obvious
sequence similarity with other known transcriptional regula-
tory regions. Therefore, our choice of potentially critical resi-
dues for replacement was based on sequence comparisons with
other homeodomains (55). Specifically, we selected residues
that lie within a subsegment, i.e., helix III, that is highly con-
served among many different homeodomains (Table 1, home-
odomain residues 53, 55, and 57). The protein containing these
substitutions (GAL4-HoxA7-MII) exhibited reduced repressor
activity relative to that of GAL4-HoxA7 (Fig. 5). This finding
further shows that the homeodomain and, in fact, conserved
residues within this domain contribute directly to the overall
repressor function of HoxA7 in the context of the full-length
protein.

The HoxA7 homeodomain, but not two other DNA binding
domains, functions as a transcriptional repressor region. The
implication of our observation that the homeodomain of
HoxA7 functions as a repressor region is that this domain may
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FIG. 5. Multiple domains of HoxA7 contribute to its overall transcriptional function. Transfection assays were performed with NIH 3T3 cells, using the GAL4
luciferase reporter plasmid (1,000 ng) and expression plasmids (150 ng) encoding GAL4-HoxA7 polypeptides which contained valine substitutions (V) in the Pro-Ala
region (GAL4-HoxA7-MI) or alanine substitutions (A) in the homeodomain (GAL4-HoxA7-MII), as indicated. The exact amino acid substitutions are listed in Table
1. Data are expressed as fold difference in luciferase activity as in Fig. 3. Transfection assays were performed a minimum of six times in duplicate; variability among

assays was <15%. Shown are results of a representative assay; bars indicate errors between duplicates.

have a broader role in transcriptional regulation than was
previously thought to be the case. To further investigate this
idea, we examined whether the homeodomain functioned in-
dependently as a repressor domain (Fig. 6). For this purpose,
expression plasmids that encoded fusion polypeptides contain-
ing the GAL4 DNA binding domain and either the HoxA7
homeodomain or two other DNA binding domains of equiva-
lent size (i.e., the Fos bZip domain or the Rel DNA binding
region) were constructed (Fig. 6). When examined in this ca-
pacity, the HoxA7 homeodomain repressed transcription,
whereas the other DNA binding domains had minimal effects
on transcriptional activity (Fig. 6). In addition to the HoxA7
homeodomain, two other Hox homeodomains (i.e., HoxC8
and HoxB4) also repressed transcription in the context of the
GALA4 domain (53a). As was the case for each of the GAL4-
HoxA7 fusion proteins described here, the ability of the HoxA7
homeodomain to effect transcription required the presence of
GALA DNA binding sites in the reporter plasmid (Fig. 4B) (53a).
In combination with the results described above, these findings
demonstrate that the HoxA7 homeodomain functions as a tran-
scriptional repressor domain through a heterologous DNA bind-
ing site.

The C-terminal regions of other Hox proteins mediate tran-
scriptional repression. The regions of HoxA7 required for its
repression function (i.e., the C-terminal half of the protein
including the homeodomain and acidic region) correspond to
those conserved among members of the Hox family (Fig. 1),
which suggests that repression may be a common mode of Hox
protein action. To determine whether this is the case, we com-
pared the transcriptional properties of HoxA7 with those of

two other family members, HoxC8 and HoxB4 (Fig. 7). These
Hox proteins were selected since their sequences and domain
organization have certain features in common with HoxA7 and
yet also have some noteworthy differences (Fig. 7A). For in-
stance, both HoxC8 and HoxB4 have unique regions that con-
tain residues prevalent among transcriptional regulatory do-
mains, and HoxC8, but not HoxB4, has an acidic C-terminal
region (Fig. 7A). To compare their transcriptional properties
with those of HoxA7, we constructed expression plasmids that
encoded fusion proteins containing the GAL4 DNA binding
domain and the full-length sequence of either HoxC8 or
HoxB4 (Fig. 7B).

When tested in NIH 3T3 cells, both GAL4-HoxC8 and
GALA4-HoxB4 functioned as transcriptional repressors, as was
observed for GAL4-HoxA7 (Fig. 7B). However, these Hox
proteins differed in their relative levels of repressor action
(Fig. 7B). HoxC8 was a more potent repressor than HoxA7,
and HoxB4 was a less potent repressor (Fig. 7B). Since the
results shown in Fig. 7B (and also in Fig. 7C and 8B) are
averages of several independent experiments, and since West-
ern blot analysis demonstrated comparable levels of protein
expression (Fig. 2C), we conclude that these differences were
due to actual variations in the repressor actions of these three
Hox proteins. Subsequent analyses revealed that the serine-
rich region of HoxCS8 functioned as a repressor domain, which
is likely to contribute to its enhanced repressor potency rela-
tive to HoxA7 (53a). Moreover, we have also observed that the
reduced repressor potency of HoxB4 relative to those of the
other Hox proteins, HoxA7 and HoxCS8, is further accentuated
in F9 cells since HoxB4 lacks a C-terminal acidic region which,

TABLE 1. GALA4-HoxA7 polypeptides

Polypeptide

Composition®

GALA-HOXAT-MIL.....coiiiiiiiiiiiic s
GALA-HOXAT-MII ...t sssssssssssnes

GAL4-HoxA7-MIII...
GALA4-HoxA7/CS...
GALA-HOXAT/BA......ooiiiiiiiinciciciciccii s

pM2 GALA4(1-147) HoxA7(2-229) (Y40V, P42V, FA7V, T50V, P52V)
PM2 GALA4(1-147) HoxA7(2-229) (R181A, K183A, K185A)”
.PM2 GALA(1-147) HoxA7(2-229) (G132S, Q134T, T135A)°
.pPM2 GALA4(1-147) HoxA7(2-128) HoxC8(149-242)
PM2 GALA4(1-147) HoxA7(2-128) HoxB4(161-250)

¢ Shown are the amino acid sequences and substitutions contained within each of the modified GAL4-HoxA7 polypeptides (refer to Fig. 5, 7C, and 8B). The amino

acid numbers correspond to the full length sequence of HoxA7.

b Substitutions in HoxA7 correspond to homeodomain positions 53, 55, and 57.

¢ Substitutions in HoxA7 correspond to homeodomain positions 4, 6, and 7.
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FIG. 6. The HoxA7 homeodomain, but not two other DNA binding domains, functions as a repressor region. Transfection assays were performed with NIH 3T3
cells, using the GALA4 luciferase reporter plasmid (1,000 ng) and expression plasmids (250 ng) encoding the GAL4-HoxA7 homeodomain (homeodomain), the
GALA4-Fos DNA binding domain (bZip Domain), and the GAL4-Rel binding domain (Rel Domain). Data are expressed as fold difference in luciferase activity as in
Fig. 3. Transfection assays were performed three times in duplicate; variability among assays was <15%. Shown are results of a representative assay; bars indicate errors

between duplicates.

as we showed in Fig. 3, preferentially functions in F9 cells
(53a). Thus, although repression may be a common mode of
Hox protein action, the activity of individual Hox proteins is
likely to vary, depending upon their unique combination of
functional domains and the specific cell type in which they are
expressed.

An additional implication of these data is that the C-termi-
nal regions of HoxC8 and HoxB4, including their homeodo-
mains, may also contribute to repression. To test whether these
regions could substitute for the C-terminal sequences of
HoxA7, we constructed chimeric GAL4-Hox polypeptides that
contained the N-terminal region of HoxA7 and the C-terminal
region (including the homeodomain) of HoxC8 or HoxB4 (Fig.
7C). As shown by transfection assays performed with both NIH
3T3 cells and F9 cells, the chimeric proteins corresponding
to GAL4-HoxA7/C8 and GAL4-HoxA7/B4 also repressed
transcription, as observed for GAL4-HoxA7 (Fig. 7C). We
conclude from these data that repression by Hox proteins is
mediated in part by conserved regions, including the home-
odomain. It is noteworthy, however, that GAL4-HoxA7/B4
(compared with GAL4-HoxA7, GAL4-HoxC8, and GALA4-
HoxA7/C8) exhibited reduced repressor potency in NIH 3T3
cells (Fig. 7C). Moreover, this difference was accentuated in F9
cells, presumably because of the lack of a C-terminal acidic
region in HoxB4 which is present in the other two proteins
(Fig. 7C).

Residues in the N-terminal arm of the homeodomain mod-
ulate the repressor potency of HoxA7 and HoxB4. The obser-
vation that GAL4-HoxA7/B4 reproducibly repressed transcrip-
tion in NIH 3T3 cells to a lesser extent than the other GAL4-
Hox proteins (i.e., GAL4-HoxA7, GAL4-HoxC8, and GALA4-
HoxA7/C8) (Fig. 7C) suggested that its reduced repressor
potency might also be attributed to differences in the home-
odomain. Although these three Hox homeodomains show ex-
tensive sequence similarity overall, residues in the N-terminal
arm of HoxB4 differ from those in HoxC8 and HoxA7, whereas
the latter proteins have several residues in common (Fig. 8A).
To determine whether the N-terminal-arm residues that differ
between HoxA7 and HoxB4 contribute to the observed differ-
ences in repressor potency, we constructed a GAL4-HoxA7
expression plasmid containing substitutions of these residues
for the corresponding ones in HoxB4 (Table 1). When tested in
NIH 3T3 cells, a GAL4-HoxA7 polypeptide containing these
substitutions in the N-terminal arm (GAL4-HoxA7-MIII) had

levels of repressor activity similar to that of GAL4-HoxB4 and
exhibited reduced repressor activity compared with that of
GAL4-HoxA7 (Fig. 8B). Western blot analysis confirmed that
these proteins were expressed at comparable levels (Fig. 2C);
thus, we conclude that the transcriptional activities observed
reflect actual differences in repressor potency between the
polypeptides. This finding suggests that the enhanced repres-
sor potency of HoxA7 in comparison with that of HoxB4 is
due, in part, to residues in the N-terminal arm and to the
presence of a C-terminal acidic region. Moreover, these data
further demonstrate the contribution of the homeodomain as a
repressor domain and suggest a crucial modulatory role for
residues in the N-terminal arm.

DISCUSSION

Although Hox proteins are presumed to function as tran-
scriptional regulators, few studies have actually investigated
their properties as such; most have instead focused on the
expression and biological functions of Hox genes during em-
bryogenesis. The present study provides a comprehensive anal-
ysis of the transcriptional properties of HoxA7, as well as a
general framework for understanding the functions of Hox
proteins in transcriptional control. We provide evidence that
HoxA7 acts as a potent transcriptional repressor, and this
activity reflects the integrative action of multiple functional
domains that include both repressor and activator regions. We
show that some of these domains, in particular the C-terminal
regions that mediate repression, are partially conserved among
other Hox proteins. Accordingly, at least two other Hox pro-
teins, HoxC8 and HoxB4, also function as repressors, although
with various degrees of efficacy. Finally, we demonstrate that a
major component of the repressor action of HoxA7 is its ho-
meodomain, suggesting a novel role for this domain in tran-
scriptional control. Our findings further indicate that repres-
sion may be an important feature of Hox homeodomains and
is modulated by nonconserved residues in their N-terminal-
arm sequences. Therefore, the function of HoxA7 in transcrip-
tional control is derived from its particular combination of
modular domains and from the complex action of the home-
odomain itself.

Hox A7 is composed of multiple transcriptional domains: a
simple explanation for functional redundancy. The observa-
tion that the transcriptional properties of HoxA7 result from
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FIG. 7. Comparison of the repressor potential of Hox proteins. (A) Schematic representation comparing the domain organizations of HoxA7, HoxC8, and HoxB4.
The conserved regions (stippled and striped boxes) and nonconserved regions (white boxes) are shown as for Fig. 1. Ser, region containing a high percentage of serine
residues; Pro, region containing a high percentage of proline residues; Gly-Pro, region containing a high percentage of glycine and proline residues. (B and C)
Transfection assays were performed in NIH 3T3 cells, using the GALA4 luciferase reporter plasmid (1,000 ng). The expression plasmids (150 ng) encoded GAL4-HoxC8,
GALA4-HoxA7, or GAL4-HoxB4 fusion polypeptides (B) or GAL4-HoxA7, GAL4-HoxA7/C8, and GAL4-HoxA7/B4 chimeric proteins (C), as indicated. Table 1
describes the amino acid regions contained in each chimeric protein. Data are expressed as fold difference in luciferase activity as in Fig. 3. Assays were repeated six
times in duplicate. Shown are averages of these experiments; the standard deviations are represented by the error bars.

the cumulative action of multiple domains is a prevalent theme
among transcriptional regulatory proteins, which typically con-
tain several domains that are interactive and interdependent
(e.g., see references 7, 23, 37, and 46). This modular design
allows for enhanced complexity of function, since the various
domains may be differentially utilized depending upon the
precise cellular environment and the promoter context (e.g.,
see references 16, 26, 27, and 58). Given the many embryonic
regions in which HoxA7 is expressed (40), its discretionary use
of these domains is likely to facilitate its ability to selectively
regulate gene transcription in diverse cellular contexts. Indeed,
we have shown that at least one of these domains, the C-
terminal acidic region, functions in a cell-type-specific manner,
and other domains are likely to do so as well. Presumably, an
additional level of complexity is provided by the activation

domain of HoxA7, the presence of which suggests that in
certain situations HoxA7 may activate rather than repress tran-
scription. This too is a recurring theme among transcriptional
regulators, many of which have dual functions as activators or
repressors, depending upon the promoter context (52). To-
gether, these features of HoxA7, which epitomize many gen-
eral properties of transcriptional regulatory proteins, suggest
that its complex actions in transcriptional control result from
the particular combination of context and composition.
Another theme that emerges from our analysis is that the
transcriptional domains of HoxA7 are partially conserved
among members of the Hox family. In fact, even their most
conserved regions (e.g., their homeodomains) are not identical
and exhibit some differences that influence the potency of their
transcriptional action. These observations suggest a framework
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FIG. 8. The N-terminal region modulates the extent of repressor function among the Hox homeodomains. (A) Alignment of the homeodomain regions of HoxA7,
HoxC8, and HoxB4. Shown is the sequence of the HoxA7 homeodomain; the residues shown for HoxC8 and HoxB4 are those that differ from the HoxA7 sequence.
A sequence in the N-terminal arm shared between HoxA7 and HoxC8 (boxed amino acids and asterisks) and the positions of the homeodomain subregions, N-terminal
arm (N-Term arm), and helices I, II, and IIT are shown. (B) Transfection assays were performed with NIH 3T3 cells, using the GAL4 luciferase reporter plasmid (1,000
ng) and expression plasmids (150 ng) which encode GAL4-HoxA7, GAL4-HoxB4, or GAL4-HoxA7-MIII containing the indicated amino acid substitutions in the
N-terminal arm (S TA). Data are expressed as fold difference in luciferase activity as in Fig. 3. Assays were repeated six times in duplicate. The data shown are the
averages of these experiments; standard deviations are represented by the error bars.

for understanding the complex biological functions of Hox
proteins that accounts for their apparent redundancy as well as
their exclusivity. Namely, inherent in their structural design are
features that are unique to particular Hox proteins, features
that are shared among all Hox proteins, and features that are
similar, but nonidentical, among several Hox proteins. Thus,
the specific domain composition combined with the particular
expression patterns in a given embryonic segment may partially
explain the compensatory, combinatorial, and unique functions
of Hox proteins.

Repression is an important mode of Hox protein action.
One of the major conclusions of the present study is that
repression may be an important mode of action for HoxA7 and
perhaps for Hox proteins in general. It has become increasingly
evident that repression plays a significant role in directing
developmental processes, particularly in the control of spatial
regulation and patterning during embryogenesis (4, 21, 28, 36).
Indeed, Hox genes play an important role in controlling such
patterning events in mice (32, 44). How might the biochemical
properties of Hox proteins as transcriptional repressors be
linked to their biological roles in regulating pattern formation?
A hint is provided by recent reports which suggest that Hox
gene products are required for cellular proliferation. This is
based on analysis of targeted disruptions of certain Hox genes
which result in a loss of particular embryonic structures be-
cause of insufficient amounts of precursor cells (11, 13, 14, 56).
Since it is well established that transcriptional repression is
crucial for maintaining cells in an undifferentiated state during
periods of rapid proliferation, a feasible interpretation is that
disruptions of Hox genes, and thereby loss of Hox protein
repressor function, result in premature differentiation of pre-
cursor cells rather than normal cellular proliferation. Ulti-
mately, the identification of target genes will ascertain the
precise functions of Hox proteins in transcriptional control.

A broad role for the homeodomain in transcriptional con-
trol: the HoxA7 homeodomain functions as a repressor region.
A major novel finding of the present study is that the home-
odomain of HoxA7 functions directly as a transcriptional re-
pressor domain, a property that is shared by other Hox home-
odomains but not other DNA binding domains in general. This
observation extends the emerging notion that the homeodo-
main serves a broader role in transcriptional regulation which
is unlikely to be attributed exclusively to its action as a DNA
binding domain. Indeed, some homeodomains, including those
of the Hox family, interact directly with other protein factors to
influence gene transcription (7, 10, 29, 57, 63, 64). Moreover,
the actions of certain homeodomain-containing proteins do not
require their cognate DNA binding sites although they require
their homeodomain regions to influence transcription, suggest-
ing that in these cases the homeodomain is providing some
alternative role other than DNA binding (7, 47). Even the re-
cent studies that describe the interactions of Pbx and Hox pro-
teins have shown that the Hox DNA binding sites (in contrast
to the Pbx sites) are not absolutely required for the co-
operative actions of these proteins (10, 39). These observations
and those of the present study do not negate the contribution
of DNA binding by the HoxA7 homeodomain for transcrip-
tional regulation; rather, they demonstrate that homeodomains
may have an additional role(s) in transcriptional control be-
sides their function in DNA binding. Furthermore, the notion
that the homeodomain functions directly as a repressor domain
resonates the now-prevailing view that DNA binding domains
may serve a variety of diverse functions in transcriptional con-
trol that are not restricted to DNA-protein recognition. For in-
stance, the DNA binding region of the glucocorticoid receptor
serves many other functions besides DNA-protein recognition,
including nuclear localization, DNA-induced dimerization, tran-
scriptional activation, and protein-protein interactions (refer-
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ence 34 and references therein). Similarly, in certain promoter
and cellular contexts, the DNA binding regions of Fos and Jun
influence gene expression through direct protein-protein inter-
actions rather than via DNA binding activity (e.g., see refer-
ence 26). Therefore, it is reasonable to suppose that, like these
other transcription factors, context rather than composition
dictates the action of the HoxA7 homeodomain in transcrip-
tional control.

How might the homeodomain function as a repressor do-
main? One likely scenario is that it mediates interactions with
other protein factors. Indeed, Hox homeodomains have been
shown to interact with other homeodomain proteins, including
other members of the Hox family (64) and members of the Pbx
family (10, 39, 51). Alternatively, Hox homeodomains may
interact with components of the core transcription complex, as
has previously been shown to be the case for another home-
odomain protein, Msx-1 (7). In fact, more-recent studies with
Msx-1 have revealed that its interaction with the TATA-bind-
ing protein is mediated directly via residues in the N-terminal
arm and that the same residues are required for repression by
Msx-1 (66). It is noteworthy that the N-terminal-arm residues
also play a role in repression by the HoxA7 homeodomain,
since substitution of these residues modulates the potency of
HoxA7 repressor action. These observations are intriguing in
light of studies which have demonstrated a crucial role for the
N-terminal arm in distinguishing the functional actions of ho-
meodomain proteins in vivo (38, 65). In fact, Zeng and col-
leagues noted in their study that the predicted orientation of
these N-terminal-arm residues renders them capable of medi-
ating interactions with other protein factors (65). The findings
presented here further support this idea and show that the
modulatory action of the N-terminal-arm residues in vivo is
also evident by their biochemical actions in vitro.

In summary, it remains a mystery as to how Hox genes
function in concert to specify axial patterning events. Clearly, a
careful analysis of the biochemical properties of Hox proteins
will likely provide important insight into how individual Hox
proteins function and, ultimately, how the actions of the Hox
network are coordinated.
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