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The Hoxb1 autoregulatory enhancer directs segmental expression in vertebrate hindbrain. Three conserved
repeats (R1, R2, and R3) in the enhancer have been described as Pbx-Hoxb1 (PH) binding sites, and one
Pbx-Meinox (PM) binding site has also been characterized. We have investigated the importance and relative
roles of PH and PM binding sites with respect to protein interactions and in vivo regulatory activity. We have
identified a new PM site (PM2) and found that it cooperates with the R3 PH site to form ternary Prep1-Pbx1-
Hoxb1 complexes. In vivo, the combination of the R3 and PM2 sites is sufficient to mediate transgenic reporter
activity in the developing chick hindbrain. In both chicken and mouse transgenic embryos, mutations of the
PM1 and PM2 sites reveal that they cooperate to modulate in vivo regulatory activity of the Hoxb1 enhancer.
Furthermore, we have shown that the R2 motif functions as a strong PM site, with a high binding affinity for
Prep1-Pbx1 dimers, and renamed this site R2/PM3. In vitro R2/PM3, when combined with the PM1 and R3
motifs, inhibits ternary complex formation mediated by these elements and in vivo reduces and restricts
reporter expression in transgenic embryos. These inhibitory effects appear to be a consequence of the high PM
binding activity of the R2/PM3 site. Taken together, our results demonstrate that the activity of the Hoxb1
autoregulatory enhancer depends upon multiple Prep1-Pbx1 (PM1, PM2, and PM3) and Pbx1-Hoxb1 (R1 and
R3) binding sites that cooperate to modulate and spatially restrict the expression of Hoxb1 in r4 rhombomere.

Hox proteins belong to a large family of transcription factors
that control cell identity, differentiation, and patterning in em-
bryonic development. The ordered expression of these genes
along the body axis is a critical aspect of regional identity (24,
37). For example, the functional identity of segmental units,
rhombomeres (r), in the vertebrate hindbrain depends on the
combinatorial activity of Hox proteins along the anteroposte-
rior axis (reviewed in references 22, 24, 27, and 38). Members
of the Hox protein family participate in a cascade that involves
regulation of their spatial and temporal expression by direct
auto-, para-, and/or cross-regulatory mechanisms. Initial ex-
pression of Hox genes in the hindbrain is regulated by a variety
of transient inputs, including retinoic acid (RA) and fibroblast
growth factors (FGFs) (2, 21, 35, 36, 48, 51) along with several
transcription factors, such as retinoic acid receptors, Kreisler,
and Krox20 (33, 34, 44, 54). Following this initial phase, direct
cross talk and feedback circuits between the Hox genes are one
of the important mechanisms that serve to maintain restricted
segmental expression once the early cues are no longer func-
tioning (17, 29, 32, 40, 49, 50).

Some of the cofactors and protein players involved in regu-
lation of Hox target sites are highly conserved from flies to
mammals (1, 8, 26). One of the most conserved regulatory
mechanisms involves the Hox/PBC protein complexes, which
are essential for maintaining rhombomeric expression of a
number of Hox genes in the vertebrate hindbrain (29, 30, 32,
38, 40, 57). Interactions between Hox proteins and the TALE
(three amino acids loop extension) family member Pbx/Exd
can confer or modulate the DNA binding specificity and se-
lectivity of Hox proteins (11, 12, 15, 31, 53). While Hox pro-
teins recognize the 5�-NNAT-3� sequence, Hox-Pbx dimers
recognize the bipartite composite 5�-TGATNNAT-3�-type se-
quences, which are termed, in this paper, Pbx-Hox binding
(PH) sites (16, 31, 32). In the Pbx-Hox heterodimer, the Pbx
protein binds the 5� part of the bipartite sequence, while Hox
protein contacts the 3�-NNAT sequence motif. The two base
pairs (NN) predicted to contact the N-terminal arm of the Hox
homeodomain seem to have a crucial role in selecting which
Hox partner is preferred in dimerization (11, 12, 23, 32). This
bipartite PH consensus sequence is found in several Hox en-
hancers, including Hoxb1, Hoxb2, Hoxa3, and Hoxb4 in verte-
brates and labial in Drosophila melanogaster, and enhancer
activities showed a dependence primarily on the PH sites (16,
17, 19, 32, 42). However, it is important that other studies have
also found that additional cofactors can determine the speci-
ficity of Hox response elements, in a manner that is largely
independent of the binding preferences of PH sites (25). For
example, an Exd/labial binding site can alter its specificity to
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that of Deformed if moved into a different context, suggesting
that, in addition to the specific DNA binding site motif, the
enhancer context exerts an important role in determining PH
expression specificity (25).

Additional Hox regulators have subsequently been identified
in the Meinox subfamily of TALE proteins, comprising Prep
and Meis genes (6, 7, 13, 20, 45, 47). These proteins form
specific DNA-independent heterodimers with the Pbx proteins
and bind to the hexameric sequence 5�-TGACAG-3�, which in
this paper is referred to as a Pbx-Meinox binding (PM) site (4,
16). Several Hox enhancers (Hoxb1, Hoxb2, Hoxa3, and labial)
contain a combination of PM and PH elements, which suggest
that together they have an important role in modulating Hox
expression (16, 19, 32, 42). Since Pbx employs different inter-
action surfaces to bind Meinox and Hox proteins, it is able to
form ternary Meinox-Pbx-Hox complexes, which can bind the
combined PM-PH sites, thus enhancing the DNA binding se-
lectivity of the Hox component (16, 19, 32, 42).

Both Hoxb1 and Hoxb2 enhancers mediate similar patterns
of r4-restricted expression in vivo (29, 40) but differ in the
organization and number of their PH and PM sites (Fig. 1A).
The Hoxb2 enhancer has single PH and PM sites, while the
Hoxb1 enhancer has one previously characterized PM1 site and
three putative PH sites (R1, R2, and R3) within a highly
conserved 331-bp region (b1-ARE) (16, 19, 29, 40). In addition

to the PH sites in the Hoxb1 enhancer required to mediate
expression in the region of r4, flanking repressor elements are
also essential to restrict the activity of the enhancer specifically
to r4 (40, 51). The PM-PH motifs in the Hoxb1 (PM1-R3, Fig.
1) and Hoxb2 enhancers are separated by 17 and 8 bp, respec-
tively, and form trimeric complexes in vitro (16, 19). The func-
tional role of the PM sites has been tested in vivo using regu-
latory assays in transgenic mice. Mutation of the PM site in the
Hoxb2 r4 enhancer abolished its ability to mediate reporter
expression in r4, demonstrating that it was an essential com-
ponent. In contrast, mutation of the PM1 site in the Hoxb1 r4
enhancer (b1-ARE) did not eliminate reporter activity (16, 19).
This suggested that other uncharacterized elements or addi-
tional PM sites might function in the Hoxb1 enhancer to mod-
ulate activity.

In this study, we investigate the basis for the different in vivo
requirement of PM sites between the Hoxb1 and Hoxb2 regu-
latory regions. We have found that Hoxb1 has a second PM site
(PM2), 9 bp downstream of R3. To investigate whether inter-
play between the multiple PH and/or PM sites in Hoxb1 might
be important for regulatory activity, we have performed in
vitro and in vivo experiments to evaluate the function of the
novel PM2 site and of the R2 and R1 motifs. Our results
demonstrate that PM2 in combination with PM1 has an im-
portant role in Hoxb1 regulation. Furthermore, R2 can func-

FIG. 1. Hoxb1 enhancer. (A) Schematic representation of r4-Hoxb1 and r4-Hoxb2 enhancers including the PM and PH sites binding to the
various Prep-Pbx complexes. The blue squares indicate the PH sites (R1, R2/PM3, and R3 in Hoxb1 and PH in Hoxb2), and the red circles indicate
the PM sites (PM1 and PM2). The sequence of the Hoxb2 PM-PH site is included at the bottom of the Hoxb2 enhancer scheme. Notice that the
R2 site is also called R2/PM3. (B) Sequence conservation between mammal, chicken, and zebra fish r4-Hoxb1 regulatory regions. The conserved
PH (blue), the PM (red), and the Oct1 (green) sites are boxed. Arrows below the sites indicate site orientation. (C) Consensus sequences of the
PH and PM sites based upon the mouse r4-Hoxb1 and r4-Hoxb2 enhancers.
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tion as a PM site, which we now call R2/PM3. Interactions
between various combinations of PM and PH sites play a role
in determining whether the enhancer can successfully form a
ternary complex in vitro or retain regulatory activity in vivo.
Our findings have important implications in helping to define
critical cis-regulatory components, protein interactions, and
constraints that govern Hox response elements in downstream
target genes of the Hox cascade.

MATERIALS AND METHODS

Cell extracts. P19 cells were grown in Dulbecco modified Eagle medium
supplemented with 10% newborn calf serum (Gibco-BRL), 100 U/ml penicillin,
and 100 �g/ml of streptomycin.

RA induction of P19 cells and nuclear extracts. To induce differentiation, P19
cells were treated with trans-retinoic acid to a final concentration of 10�5 M. To
obtain nuclear extract, the cells were collected after 12 h of incubation, washed
with phosphate-buffered saline, scraped, and recovered by centrifugation. Nu-
clear extracts were prepared as described previously (3).

EMSA. Electrophoretic mobility shift assays (EMSA) were performed with in
vitro-translated proteins as previously described (5) using 2 �l of reticulocyte
lysate containing the desired combination of proteins mixed with 18 �l of PPH
binding buffer [10 mM Tris-Cl (pH 7.5), 75 mM NaCl, 1 mM EDTA, 6% glycerol,
3 mM spermidine, 1 mM dithiothreitol, 0.5 mM phenylmethylsulfonyl fluoride, 1
�g poly(dI-dC), 30,000 cpm 32P-labeled oligonucleotide] to a total volume of 20
�l. After 30 min of incubation on ice the reaction mixtures were separated by 5%
polyacrylamide gel electrophoresis in 0.5� Tris-buffered EDTA. For the com-
petition assays, a 50- or 100-fold molar excess of unlabeled competitor oligonu-
cleotide was added to the binding reaction mixture 10 min before the labeled
probe.

Oligonucleotides. Oligonucleotides used in EMSA were obtained commer-
cially from Biosense (Belgium) or Roche (Italy). Oligonucleotides were resus-
pended and diluted in Tris-EDTA. Double-stranded oligonucleotides were pre-
pared by mixing equal molar ratios of single-stranded oligonucleotides. The
mixture was heated at 90°C for 5 min and slowly cooled at room temperature.
Purification of double-stranded oligonucleotides was performed on preparative
15% acrylamide electrophoresis gels in 0.5� Tris-buffered EDTA. The oligonu-
cleotides were eluted from the gel in 500 �l TEN (10 mM Tris, 1 �M EDTA, 300
mM NaCl, pH 8), shaken at 37°C overnight, and recovered by ethanol precipi-
tation. The pellet was washed, dried, and resuspended in 50 �l Tris-EDTA. The
sequences of oligonucleotides used for EMSA are shown in Table 1.

Constructs for in vivo analysis in chicken and mouse embryos. Oligonucleo-
tides or subcloned fragments of the regulatory regions of the mouse Hoxb1 and
Hoxb2 genes were cloned into the BGZ40 vector (29). A 622-bp genomic frag-
ment which contains the 331-bp StuI-HindIII fragment of Hoxb1 spanning the
R1, R2, and R3 PH sites and the PM1 and PM2 PM sites and functions as an r4
autoregulatory enhancer (40) was used as a control (wild-type [WT]) for com-
parison with variants in which PM1 and/or PM2 was mutated. The 622-bp

enhancer was isolated by PCR from mouse genomic DNA using 5�-CG CGG
CTA GTC ATC CTT TTG TCC CAA GA-3� as the forward primer and 5�-CCG
CGG TCT TGC CCT ACA ACC TTT CG-3� as the reverse primer. The frag-
ment was cloned into pGEM-T (Promega) and then transferred as a SacII
fragment into the BGZ40 vector (29). The PM1, PM2, and PM1�PM2 sites were
mutated (nucleotide substitution in PM1 is underlined, and deletion in PM2 is
boldfaced; compare with the sequence in Fig. 1B) using the Quick Change kit
(Stratagene) with the following oligonucleotides: PM1, 5�-GGG CTC AGA
GTG ATT GAA GTG TCT TGC TGT AGC TAA TGA TTG GGG GGT GAT
GGA TGG-3�; PM2, 5�-GGG GGG TGA TGG ATG GGC GCT GG DG G
AAA CTC TGG CCC GCT TAG CCC ATT GGC C-3�; PM1�PM2, 5�-GGC
TCA GAG TGA TTG AAG TGT CTT GCT GTA GCT AAT GAT TGG GGG
GTG ATG GAT GGG CGC TGG DG GAA ACT CTG GCC CGC TTA GCC
CAT TGG CCT GGG-3�. All constructs were sequenced to verify the mutations.
The 622-bp WT and variant PM1 and/or PM2 constructs were assayed in chicken
and mouse embryos. In mouse experiments, purified insert sequences were
isolated from the vector backbone by digestion with ScaI and XhoI and gel
electrophoresis; the entire plasmid was used for chick electroporation.

Generation of transgenic chicken and mouse embryos. Transgenic mouse
embryos were generated by pronuclear injection of purified DNA into fertilized
mouse eggs from an intercross of F1 hybrids (CBA � C57BL/6) and stained for
lacZ reporter activity as described previously (56). Constructs were assayed in
founder (F0) transgenic embryos at 9.5 days postcoitum (dpc). Generation of
transgenic chicken embryos was performed by in ovo electroporation, as previ-
ously described (18, 39, 43). Chicken embryos at Hamburger-Hamilton stages 8
to 11 (5 to 12 somites) were coinjected in the neural tube with pBGZ40 lacZ
reporter construct derivatives (0.5 to 1.0 mg/ml), Fast Green, and a cytomega-
lovirus (CMV) green fluorescent protein (GFP) electroporation control vector.
Unilateral in ovo electroporation into the left side of the neural tube was
performed (18, 39, 43), and the embryos were permitted to develop overnight
before being scored for reporter activities. Chicken embryos at the appropriate
stage of development were dissected from maternal tissues, and only embryos
showing strong GFP expression throughout the neural tube (indicative of effi-
cient uptake and expression of electroporated DNAs) were analyzed further for
lacZ expression. Embryos were then washed in phosphate buffer, pH 7.4 (phos-
phate-buffered saline), and immediately fixed for 5 to 20 min, depending on
development stage, at room temperature in 2% paraformaldehyde, 0.2% glutar-
aldehyde, 2 mM MgCl2, 5 mM EGTA, pH 7.3, in phosphate buffer. The embryos
were washed three times for 15 min at room temperature (0.01% sodium de-
oxycholate, 0.02% Nonidet P-40, 2 mM MgCl2, in phosphate-buffered saline) and
stained for 1 hour to overnight at 30°C or 37°C depending on the level of lacZ
activity (50 mg X-Gal [5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside], 0.106
g potassium ferrocyanide, and 0.082 g dissolved in wash buffer). The efficiency of
reporter expression in chick electroporation experiments was calculated as the
percentage of the total number of embryos with strong or robust lacZ expression
in r4 to the total number of embryos strongly expressing the GFP control
reporter for each construct. Embryos with very weak or patchy or no staining
were counted as negative.

TABLE 1. List of the oligonucleotides employed for EMSA and electroporation analyses in this studya

Probe Sequence

b2-PM-PH ...........................................................5�-GGAGCTGTCAGGGGGCTAAGATTGATCGCCTCA-3�
PM1-R3 ...............................................................5�-TCTTTGTCATGCTAATGATTGGGGGGTGATGGATGGGCGCTG-3�
R2-PM1-R3 .........................................................5�-TCAGAGTGATTGAAGTGTCTTTGTCATGCTAATGATTGGGGGGTGATGGATGGGCG-3�
m-R2-pm1-R3 .....................................................5�-TCAGAGTGATTGAAGTGTCTTTcTtATGCTAATGATTGGGGGGTGATGGATGGGCG-3�
m-r2-PM1-R3 ......................................................5�-TCAGAGTcgTTcgAGTGTCTTTGTCATGCTAATGATTGGGGGGTGATGGATGGGCG-3�
m-R2-PM1-R3 ....................................................5�-TCAGAGTGATTGAAGTGTCTTTGTCATGCTAATGATTGGGGGGTcgTGcgTGGGCG-3�
R2-PM1 ...............................................................5�-TCAGAGTGATTGAAGTGTCTTTGTCATGCTA-3�
PM1-R2 ...............................................................5�-TCTTTGTCATGCTAATGATTGGGGGGTGATTGAAGGGCGCTG-3�
R3-PM1 ...............................................................5�-TCAGAGTGATGGATGTGTCTTTGTCATGCTA-3�
R3-PM1-R2 .........................................................5�-TCAGAGTGATGGATGTGTCTTTGTCATGCTAATGATTGGGGGGTGATTGAAGGGCG-3�
m-r3-PM1-R2 ......................................................5�-TCAGAGTcgTGcgTGTGTCTTTGTCATGCTAATGATTGGGGGGTGATTGAAGGGCG-3�
R3-PM2 ...............................................................5�-GGGGTGATGGATGGGCGCTGGGACTGCCAAACT-3�
m-R3-pm2a..........................................................5�-GGGGTGATGGATGGGCGCTGGGctTGCCAAACT-3�
m-R3-pm2b .........................................................5�-GGGGTGATGGATGGGCGCTGGGACTtCgAAACT-3�

a Oligonucleotide probes are named based on the combination and position of the individual PM or PH elements in the Hoxb1 and Hoxb2 r4 enhancer. Probes in
which the wild-type sequence has been mutated are indicated with an “m” preceding the name and by lowercase letters for the mutated element. Letters in boldface
indicate the sequence of the specific sites in each probe (i.e., R3 or PM1). The noncapitalized letters indicate the specific sequence changes used to mutate the sites.
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RESULTS

Differential protein binding properties of distinct sites in
the Hoxb1 r4 enhancer. A highly conserved 331-bp Hoxb1 r4
enhancer (b1-ARE, autoregulatory element) contains three
conserved and functionally important sites, known as R1, R2,
and R3 (40), which, because of their sequence identity, have
been designated PH sites (Fig. 1). Single and multiple muta-
tions in these sites, in transgenic embryos, revealed that they all
contribute to regulatory activity but that site R3 was the most
important in vivo (40). There is a PM site, PM1, positioned
between R2 and R3 (Fig. 1A and B), and it was previously
shown that this motif is able to form ternary Prep-Pbx-Hoxb1
complexes in association with R3 but is not essential for r4-
restricted activity of this enhancer (16). Therefore, the Hoxb1
enhancer might not depend upon functional Pbx-Meinox sites,
or a role for the PM1 site might be obscured by the presence
of other elements that contribute to enhancer activity.

To address this question, we aligned the sequence of this
region from six vertebrate species using Vector NTI’s inte-
grated ClustalW (52) global alignment program (Fig. 1B). In
addition to the known components, we identified a new poten-
tial PM site (PM2) downstream of R3. The PM2 motif is
conserved in all cases, with the exception of the zebra fish
Hoxb1b gene (Fig. 1B). This is interesting because the zebra
fish Hoxb1a gene is expressed in r4 of the developing hind-
brain, in a manner similar to the Hoxb1 gene of other verte-
brates, while the duplicated paralogous Hoxb1b gene is not
expressed in r4 (41). The lack of Hoxb1b expression in r4 of the
zebra fish hindbrain was intriguing because repeats R1 to R3
and PM1 are all present and conserved, implying that changes
in other motifs must contribute to the absence of segmental
expression of this duplicated gene. Together these observa-
tions led us to investigate the potential role of this new PM2
site in the in vitro and in vivo properties of the Hoxb1 en-
hancer.

The multiple PH and PM sites in Hoxb1 contrast with the
single PH and PM sites in the Hoxb2 r4 enhancer (Fig. 1A),
which have both been shown to be essential for activity (16,
19). In order to evaluate interactions between the PH and PM
sites in Hoxb1, we performed EMSA using in vitro-translated
proteins with a set of wild-type and mutated double-stranded
oligonucleotides derived from the Hoxb1 enhancer (Table 1).
In the figures, putative PH sites (previously assigned in refer-
ences 16 and 19) are indicated as squares and PM sites are
indicated as spheres. Oligonucleotide probes are named based
on the combination and position of the individual PM or PH
elements. Probes in which the wild-type sequence has been
mutated are indicated with an “m-” preceding the name and by
lowercase letters for the specifically mutated element (e.g.,
R2-PM1-R3 versus m-R2-pm1-R3). As a positive control to
monitor formation of both dimeric and trimeric complexes, we
routinely used a previously characterized (16) probe contain-
ing the combined PM-PH sites from the Hoxb2 enhancer (b2-
PM-PH) (Fig. 1A and Table 1). The b2-PM-PH control probe
binds Prep1-Pbx1 dimers, if incubated with HeLa cell nuclear
extracts (Fig. 2A, lane 1), and forms a ternary Prep1-Pbx1-
Hoxb1 complex (Fig. 2A, lane 2) in the presence of in vitro-
translated proteins, in agreement with our previous results
(16).

To test if a functional PM1 site is required for ternary com-
plex formation in the presence of R2 and R3, we analyzed a
wild-type R2-PM1-R3 probe and a variant (m-R2-pm1-R3)
probe in which the PM1 site is mutated (Table 1). The two
Hoxb1 probes strongly bind a Prep1-Pbx1a heterodimer (Fig.
2A, lanes 4 and 7) and very weakly bind a Pbx1a-Hoxb1 het-
erodimer (lane 3). Surprisingly, no ternary complex was de-
tected with either probe (Fig. 2A, lanes 5 and 8). Since probes
spanning PM1 and R3 have been shown to be successful at
forming ternary complexes (16), this result indicates that the
presence of the R2 site interferes with, rather than enhances,
the formation of a ternary complex. The mutation in the PM1
site increased the binding activity of an endogenous, more
slowly migrating factor, present in the reticulocyte lysate (Ns)
(Fig. 2A, lanes 6 to 8), which, in a subsequent section, we show
contains Oct proteins. It is surprising that deletion of the
known PM1 site did not decrease the Prep1/Pbx1a het-
erodimer binding (Fig. 2A, lanes 7 and 8), suggesting that there
are additional unexpected PM binding sites in this region of
the oligomer.

To address this issue, we analyzed the binding properties of
the R2 site in conjunction with PM1 (R2-PM1). R2-PM1 binds

FIG. 2. The R2 site inhibits ternary complex formation mediated
by PM1-R3 sites. EMSA were performed using combinations of in
vitro-translated Prep1, Pbx1a, and Hoxb1 proteins, as indicated. The
labeled DNA targets are shown on the top. A square represents a PH
site; a circle represents a PM site. The sequence of oligonucleotides
and the nature of mutations are shown in Table 1. Mutant oligonucle-
otides are preceded by “m-,” and the mutated site is in lowercase. Note
that the reticulocyte lysate contains nonspecific factors forming a slow-
er-migrating complex marked Ns and a faster-migrating one marked
Lys. (A) The control b2-PM-PH oligonucleotide, but not the R2-
PM1-R3 and m-R2-pm1-R3 oligonucleotides, forms a ternary Prep1-
Pbx1a-Hoxb1 ternary complex. (B) Mutations in R2 restore the ability
of PM1 and R3 to form the ternary complex. In vitro-translated Prep1,
Pbx1a, and Hoxb1 form a ternary complex on the mutated m-r2-
PM-R3 oligonucleotide but not on the wild-type R2-PM-R3. Note the
different abilities of the two oligonucleotides to bind Prep1-Pbx1a
dimers. �HD lanes replace Prep1 with a deleted homeodomain form.
(C) The Prep1-Pbx-Hoxb1 ternary complex and the Oct1 transcription
factor bind the mutated m-r2-PM-R3 oligonucleotide, producing two
closely migrating but distinct bands. Addition of anti-Pbxa, anti-Prep1,
and anti-Hoxb1 antibodies inhibits the DNA binding activity of the
ternary complex (lanes 2 to 4). Anti-Oct1 antibody inhibits the endog-
enous reticulocyte band (lanes 7 and 8).
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the Prep1-Pbx1a heterodimer but does not bind Hoxb1-Pbx1a
dimers or form a ternary complex (data not shown, but see
below). Also, an increase in the physical distance between R2
and PM1 by 2 bp (R2-GG-PM1) or 4 bp (R2-GGGG-PM1) did
not change the binding properties compared with normal spac-
ing (data not shown). Thus, the R2 site is unable to efficiently
bind Pbx1a-Hoxb1 dimers and to cooperate with the PM1 site
to form a ternary complex. However, R2 does function as a
high-affinity binding site for Prep1-Pbx dimers. These results
highlight distinct differences in the abilities of R2 and R3 to
cooperate with PM1 and suggest that R2 may be more accu-
rately defined as a PM site, which we now rename R2/PM3
(Fig. 1), although it is unable to synergize with R3 to form a
ternary complex.

R2/PM3 inhibits ternary complex formation by PM1-R3. To
further explore differences in the properties of R2/PM3 versus
R3, we investigated the possibility that R2/PM3 had an inhib-
itory effect on ternary complex formation in probes containing
the combined R2-PM1-R3 sites. In this context, mutation of
the R2/PM3 site (m-r2-PM1-R3) has no effect on binding of
Pbx1a-Hoxb1 and Prep1-Pbx1a heterodimers but restores the
ability of PM1-R3 to form a slower-migrating ternary complex.
However, the mutation appeared to decrease the overall affin-
ity of the probe for Prep1-Pbx1 (Fig. 2B, compare lanes 3 and
9). Ternary complex formation required an intact Prep1 pro-
tein, as no complex was formed with a variant lacking the
homeodomain (�HDPrep1) (Fig. 2B, lane 13). The presence
of all three proteins in the ternary complex was verified using
specific antibodies against Prep1, Pbx1a, and Hoxb1 (Fig. 2C).
This result shows that mutation of the R2/PM3 site rescues the
ability of PM1 and R3 to form ternary complexes and suggests
that R2/PM3 directly interferes with this process. This reveals
a cross talk between R2/PM3, PM1, and R3 elements.

Previous studies have shown that other factors, besides Pbx,
Hoxb1, and Prep1, can bind the region between R2 and R3
(14). One of these factors is Oct1, which binds the octamer-like
sequence 5�-ATGCTAAT-3� located next to R3 in the
PM1-R3 sequence (Fig. 1B) (14). Oct1 is very abundant in the
reticulocyte lysate (data not shown), and we found that the
endogenous binding activity of the reticulocyte lysate, which
comigrates with the ternary complex, does correspond to Oct1.
Indeed, this slow-migrating band in the reticulocyte lysate was
inhibited by an anti-Oct1 antibody, which did not affect the
formation of the ternary Prep1-Pbx-Hoxb1 complex (Fig. 2C,
lanes 6 to 8). Therefore, probes spanning the R3 and PM1 sites

FIG. 3. Characterization of the interactions of the various PH sites
of the Hoxb1 enhancer with the PM1 site. EMSA were performed
using combinations of in vitro-translated Prep1, Pbx1a, Hoxb1, and
�HDPrep1 proteins, as indicated. The labeled DNA targets are shown
on the top. The activities present in reticulocyte lysate are indicated by

Lys. (A) Ternary complex (TC) formation is independent of the ori-
entation of PM1 with respect to R2 and R3. R2 is unable to cooperate
with PM1 even when located downstream (PM1-R2), while R3 is able
to mediate the ternary complex formation also in the opposite orien-
tation (R3-PM1). (B) The position of R2/R3 relative to PM1 is im-
portant for the ternary complex formation. Switching of R2 and R3
(R3-PM1-R2) decreases the Prep1-Pbx1a binding and restores ternary
complex (TC) formation; the R3 site plays a fundamental role in the
ternary complex formation (compare R3-PM1-R2 and m-r3-PM1-R2).
The endogenous binding activities present in reticulocyte lysate are
indicated by Lys for the nonspecific factor and by Oct1 for the char-
acterized factor. (C) Both R1-R2 and R1-R2-PM1 oligonucleotides
bind with high-affinity Prep1-Pbx dimers but are unable to form a
ternary complex.
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produce two distinct comigrating bands that include Oct1 and
the Prep1-Pbx1a-Hoxb1 ternary complex.

The ability of R2/PM3 to inhibit ternary complex formation
by PM1 and R3 is context dependent. We further analyzed the
influence of the spacing and relative orientation of R2/PM3,
PM1, and R3 sites on ternary complex formation in vitro. First
we tested whether R2/PM3 would be able to mediate ternary
complex formation if located 3� of PM1 (PM1-R2) in a position
with the same orientation and distance as R3. In this context,
the R2/PM3 site still did not cooperate with PM1 to form a
ternary complex (Fig. 3A, lanes 3, 6, and 9). Conversely, trans-
posing R3 upstream of PM1 (R3-PM1) did not diminish its
ability to cooperate with PM1 and form a ternary complex (Fig.
3A, lane 12). These results imply that the inhibitory activity of
R2/PM3 is dependent on the sequence itself.

We also investigated whether R2/PM3 would still inhibit R3
when the two sites were transposed (R3-PM1-R2). Surpris-
ingly, this swap restored the ability of the probe to form ternary
complexes and decreased the binding affinity for Prep1-Pbx1a
heterodimers (Fig. 3B, lanes 2 to 6). In this transposed context,
R3 is essential for the ternary complex, since mutation of R3
(m-r3-PM1-R2) prevented its formation but had no effect on
the Oct1-dependent complex (Fig. 3B, lanes 7 to 10). These
experiments show that, while spacing and orientation between
PM1 and R3 have no influence on ternary complex formation
in vitro, the relative position of R2/PM3 and R3 is important in
determining the inhibitory activity. When R2/PM3 lies 5� of
PM1 and R3, it effectively inhibits ternary complex formation
and forms a high-affinity DNA-bound Prep1-Pbx complex.
Therefore, the R2/PM3 motif is not simply an independent
Prep1-Pbx1 binding site or dominant inhibitor but also serves
to differentially modulate activity of the other elements in the
Hoxb1 r4 enhancer in a context-dependent manner.

We also analyzed whether the presence of the R1 site could
alter the properties of R2/PM3 and its interaction with PM1 in
an analogous manner. A probe containing the R1 and R2/PM3
sites alone (R1-R2) or in combination with PM1 (R1-R2-PM1)
was assayed for activity. In both cases, probes bound the Prep1-
Pbx1a heterodimers with high affinity, but there was no evi-
dence for Hoxb1-Pbx1a binding or formation of a ternary com-
plex (Fig. 3C). Since we have previously shown that R1 binds
Hoxb1/Exd heterodimers (40), this implies that R2/PM3 may
also alter the binding properties of R1. In conclusion, R1 does
not influence the ability of the R2/PM3 site to cooperate with
PM1 and form a ternary complex. This illustrates that the
binding and cooperative properties of R2/PM3 differ from
those of R1 and R3.

The PM2 site in the Hoxb1 enhancer cooperates with R3 in
forming a Prep1-Pbx1-Hoxb1 ternary complex. The identifica-
tion of a new conserved PM2 site (PM2; 5�-TGGCAG-3�),
located, on the minus strand, in the reverse orientation, 9 bp
downstream of the R3 site, opened the possibility that it might
also contribute to Hoxb1 enhancer activity (Fig. 1B and C). To
test the binding ability of this putative PM2 site, we generated
probes for R3-PM2 and performed EMSA. As shown in Fig.
4A (lane 9), R3-PM2 forms a ternary complex with Hoxb1,
Prep1, and Pbx1a. Furthermore, mutations of PM2 (m-R3-
pm2a or m-R3-pm2b, Table 1) strongly decrease the binding of
the trimer but not of the Prep1-Pbx1a or of the Pbx1a-Hoxb1
dimer (Fig. 4A, lanes 13, 15, and 17). The trimeric and dimeric

complexes are inhibited by antibodies against each of the three
proteins but not by anti-Oct1 antibodies (Fig. 4B). In addition,
competition assays show that the wild-type R3-PM1 probe
competes with the R3-PM2 site for binding to the heterodimer
and the ternary complex (data not shown). These data confirm
that R3 represents the major binding site for the dimeric
Hoxb1-Pbx1a complexes and that R3 and PM2 sites can syn-
ergize to promote ternary complex formation, in a manner
similar to R3 and PM1. This suggests that both PM2 and PM1
may contribute to ternary complex formation and regulatory
activity in vivo. Taking into account the newly defined PM2 and

FIG. 4. The PM2 site cooperates with R3 to form a ternary com-
plex. EMSA were performed with in vitro-translated proteins, as indi-
cated above each lane. (A) The R3-PM2 oligonucleotide forms a
ternary complex (TC) with Prep1, Pbx1a, and Hoxb1 proteins in a
manner similar to that seen with PM1-R3 and b2-PM-PH probes.
Mutation of PM2 prevents ternary complex formation in combination
with R3. (B) The binding specificity of proteins in the ternary complex
was tested using specific antibodies as indicated above each lane.
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PM3 sites from Hoxb1, a revised PM consensus sequence ap-
pears to be 5�-TG(A/C)(C/T)(A/T)(G/A)-3� (Fig. 1C). How-
ever, it is important that our experiments (unpublished) have
also revealed that flanking sequences can dramatically influ-
ence relative binding affinities of PM sites for Prep1-Pbx1a
heterodimers.

R2 inhibits the formation of ternary complexes also in P19
cell extracts. To complement the EMSA with in vitro-trans-
lated proteins, we characterized the binding properties of the
probes described above in a cellular context, by using nuclear
extracts from control and RA-induced P19 cells which express
Hoxb1 (or other Hox proteins only after treatment with reti-
noic acid) (46). We found that a ternary complex was formed
with extracts of retinoic acid-treated cells only with PM1-R3
but not with R2-PM1-R3 (not shown). Again, mutation of the
R2 site (m-r2-PM1-R3) restored ternary complex formation
(data not shown). Thus, the R2/PM3 site also inhibits the
Prep1-Pbx-Hoxb1 ternary complex formation in P19 nuclear
extracts, demonstrating a modulatory cross talk between R2/
PM3 and the PM1-R3 binding motifs in the Hoxb1 enhancer.
R2/PM3 inhibits the cooperation between PM1 and R3 which
is necessary for Prep1-Pbx-Hoxb1 ternary complex formation.

In vivo analysis of PH-PM sites by electroporation in
chicken embryos. In light of these findings on the new PM2 site
and of the inhibitory activity of the R2/PM3 site, we investi-
gated the in vivo roles of these motifs in Hoxb1 enhancer
activity. Minimal Hoxb1 (b1-PM1-R3) and Hoxb2 (b2-PM-PH)
sequences required to bind the ternary complex in vitro were
linked to a lacZ reporter gene under the control of a minimal

human beta-globin promoter (pBGZ40), which requires added
enhancer activity to mediate expression in vivo (29). Con-
structs were assayed for regulatory activity by in ovo electro-
poration unilaterally into the left side of a developing neural
tube in chicken embryos (Fig. 5). To control for uptake and
expression of DNAs, a CMV enhancer/promoter linked to a
GFP reporter was coelectroporated with test constructs. Only
embryos displaying strong GFP expression, indicative of effi-
cient electroporation, were stained for �-galactosidase and
scored for activity. Table 2 summarizes the results of the elec-
troporation experiments for the different constructs.

Both the b2-PM-PH and the b1-PM1-R3 motifs direct ex-
pression of the lacZ transgene reporter at high levels in the
hindbrain, in particular in the region of r4 (Fig. 5A to D). Thus,
even a single copy of the minimal b1-PM1-R3 or b2-PM-PH
motif of the Hoxb1 and Hoxb2 enhancers is sufficient to medi-
ate hindbrain expression of the transgene. Note that the ex-
pression of the PM1-R3 lacZ transgene is not restricted to r4,
as weaker or patchy transgene expression is detected rostral
and caudal to r4 and in r4 neural crest (Fig. 5D). However, r4
corresponds to the region of most intense staining. This more
widespread hindbrain expression by the minimal PM1-R3 re-
gion is consistent with our previous observations indicating
that short-range repressor elements (missing in this minimal
probe) are necessary to restrict the activity of the PM and PH
sites in the Hoxb1 enhancer to r4 (51). Nonetheless, these
results indicate that the minimal PM1-R3 region is sufficient to
activate reporter staining in the general region of r4.

In contrast, expanding the Hoxb1 minimal PM1-R3 region to

FIG. 5. In vivo analysis of enhancer activity by in ovo electroporation in chicken embryos. The top panels (A, C, E, G, and I) represent dorsal
views of the expression patterns of a CMV-GFP vector used as a control to monitor the efficiency of unilateral electroporation into the left side
of the neural tube of a developing chicken embryo. Below each of the top panels (B, D, F, H, and J) is the pattern of transgene expression in the
same embryo coelectroporated with Hoxb2 (B) and Hoxb1 (D, F, H, and J) lacZ reporter constructs. The respective constructs carrying wild-type
and mutated variants of the PH and PM sites are noted below each panel. In each case, the left side of chick neural tube was electroporated at
HH (Hamburger and Hamilton) stages 6 to 7 and assayed at HH17 for lacZ and GFP reporter expression. Note that in panel D expression
mediated by the minimal PM1-R3 element is broader than r4 because this region lacks repressor sequences shown to be important for restricting
regulatory activity to r4 (51). The arrowhead marks the position of r4 as defined by its position relative to the otic vesicle (ov).
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include the R2/PM3 motif (R2-PM1-R3) leads to strongly re-
duced and often undetectable reporter expression in the hind-
brain (Fig. 5E and F; Table 2). The residual expression in some
embryos appears to be r4 specific, which may be a consequence
of the overall decrease in activity and/or reflect a role for the
additional R2/PM3 sequences in helping to restrict expression
to r4. Conversely, mutation of the R2/PM3 site in this same
context (m-r2-PM1-R3) restores the ability of the PM1 and R3
elements to stimulate reporter expression mostly in r4 (Fig. 5G
and H). These results are consistent with the in vitro EMSA
and show that, in vivo, the presence of R2/PM3 inhibits regu-
latory activity and transgene expression in the hindbrain, me-
diated by PM1 and R3. R2/PM3 may also contribute to spa-
tially restricting activity to r4. We also tested the regulatory
activities of the tandem R1-R2 sites alone or in combination
with the PM1 site (R1-R2-PM1). In both cases, these motifs
were unable to mediate the expression of the transgene in r4 of
the chicken hindbrain (Fig. 5I and J; Table 2 and data not
shown). This correlates with the inability of these motifs to
form ternary complexes with Hoxb1-Pbx-Prep1 and highlights
the absolute requirement for R3 for robust enhancer function.

As PM2 forms ternary complexes with R3, it is possible that,
like PM1, it might also potentiate the activity of R3 in vivo.
Therefore, we assayed the regulatory activity of the R3-PM2
motif in the chick hindbrain and found strong lacZ transgene
expression in the hindbrain (Fig. 6A). The R3-PM2 minimal
region, like that of R2-PM1, mediates broad hindbrain expres-
sion in the chick, with the highest levels in the region of r4. The
ability of both PM1 and PM2 to form ternary complexes with
R3 and mediate rhombomeric expression opens the possibility
of synergy or functional compensation between these motifs in
the Hoxb1 enhancer, which may have been masked in previous
studies examining the role of PM1 alone (16, 19). Therefore,
we investigated the relative roles of the PM1 and/or PM2 site
in the context of a larger Hoxb1 622-bp fragment containing R1
toR3, as well as PM1 and PM2 sites and sequences that serve
to restrict expression to r4 (Fig. 6B). This wild-type fragment
functions efficiently in vivo as an r4 enhancer, as 79% of
chicken embryos electroporated with this construct display
strong staining in r4 (Fig. 6B and Table 2). Mutation of the

PM1 site leads to a reduction in efficiency (39% versus 79%),
and many of these embryos display patchy reporter staining
further suggestive of a decrease in activity (Fig. 6C; Table 2).
Mutation of the PM2 site in this context has a more pro-
nounced effect on the regulatory activity, as this variant is
expressed in only 11% of the embryos, again with a weak,
patchy expression only in r4 (Fig. 6D; Table 2). Combining
mutations in both PM1 and PM2 sites completely eliminates
efficient reporter staining in r4 (Fig. 6E; Table 2). These results
show that the PM1 and the PM2 sites are required for expres-
sion of the reporter in the chick hindbrain in terms of number
of positive embryos and relative level of expression in r4.

To further evaluate the in vivo regulatory activity of PM1
and PM2, we have tested these same 622-bp constructs in
transgenic mouse assays, which have been previously employed
to evaluate the role of PM1 and R3 in the Hoxb1 and Hoxb2
enhancers (16, 19). In these experiments, the DNA is stably
integrated into the chromosome rather than working as an
episome as in the chick electroporation experiments. The wild-
type fragment from Hoxb1, containing all the PH and PM
motifs, mediates strong reporter staining in the hindbrain of
9.5-dpc mouse embryos (Fig. 6F), similar to that observed in
the chick electroporation experiments (Fig. 6B). Reporter
staining is slightly reduced in the constructs carrying a muta-
tion in the PM1 (Fig. 6G) or PM2 (Fig. 6H) sites, but the
expression remains restricted to r4. Flat-mount preparations of
the hindbrains make it easier to see the patchy and reduced
expression in r4 of embryos carrying mutations in PM2 (Fig. 6I
and J). Combined mutation of both the PM1 and PM2 sites
results in a further decrease in expression in the mouse hind-
brain (Fig. 6K). Again flat mounts of hindbrains with the dou-
ble mutation illustrate that, in some cases, expression is abol-
ished in all but a few cells in r4, in particular in the basal plate
(Fig. 6L and M). It is interesting that, while there is a loss of
expression in r4 and the basal plate in the PM1 and PM1�PM2
mutants, reporter staining is maintained laterally in neural
crest cells migrating from r4 (Fig. 6H to M). This demonstrates
the specificity of the PM site mutations and indicates that
expression in migrating cranial neural crest cells derived from
r4 has different requirements for PM sites than that of cells in
r4 or the neural tube. This is consistent with our previous
studies indicating that separate enhancers direct the expression
of Hoxa2 in r4 and r4-derived neural crest cells (28).

Together these in vivo transgenic assays in mouse and
chicken embryos indicate that the rhombomere-restricted ac-
tivity of the Hoxb1 enhancer is dependent upon contributions
from both the PM1 and PM2 sites. They also suggest that
R2/PM3 may participate in serving to restrict expression to r4
in conjunction with other regulatory elements.

DISCUSSION

Hoxb1 plays an important role in directly regulating its own
expression in r4, as well as that of Hoxb2. The affinity of Hoxb1
for DNA is specifically increased by dimerization with Pbx1,
which facilitates binding to the autoregulatory element. This
element was thought to contain three PH sites (R1, R2, and
R3), of which the R3 site was most important for in vivo
activity (16, 40). We and others have previously reported that
in vitro the combination of PM-PH sites in both Hoxb1 and

TABLE 2. Summary of chicken electroporation experiments
indicating the structure of the oligonucleotides electroporated

(construct), the number of injected embryos, the level of reporter
gene activity, and the ternary complex formation in vitro

Construct No. of
embryos

Strong r4
expression

(%)

Weak,
patchy,
or no

expression
in r4 (%)

In vitro
ternary
complex

formation

R1-R2-PM1-R3-PM2 165 79 21 �
R1-R2 31 0 100 �
R1-R2-PM1 34 0 100 �
PM1-R3 52 56 44 �
R2-PM1-R3 47 15 85 �
m-r2-PM1-R3 27 55 45 �
R3-PM2 33 64 36 �
m-R1-R2-pm1-R3-PM2 18 39 61 NAa

m-R1-R2-PM1-R3-pm2 18 11 89 NA
m-R1-R2-pm1-R3-pm2 17 0 100 NA

a NA, not available.
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Hoxb2 allows a Prep1-Pbx-Hoxb1 ternary complex to bind
DNA (16, 40). In vivo, the requirement for the PM sequence
appeared to be different in different enhancer contexts, since
the single PM site in Hoxb2, but not the PM1 site of Hoxb1, was
essential for regulatory activity (16, 40). This suggested that
additional components might contribute to the activity of the
Hoxb1enhancer. In this study, we have discovered and charac-
terized a second PM site (PM2) in the Hoxb1 enhancer, show-
ing that it is functionally important. These results explain why
the mutation of the PM1 site alone did not abolish Hoxb1
enhancer activity in transgenic embryos and confirms the im-
portant role of the cooperativity between PH and PM sites in
Hoxb1 target sites. Moreover we have shown that R2 can func-
tion as a PM site (R2/PM3) binding the Prep1-Pbx1 but not the
Pbx1-Hoxb1 heterodimer. This property of R2/PM3 results in
inhibition of ternary complex formation mediated by flanking
PM1 and R3 sites.

PM2 cooperates with R3 to form a trimeric Prep-Pbx-Hox
complex in vitro and stimulate in vivo expression. An addi-
tional Meinox-Pbx site (PM2) is present downstream of R3
(Fig. 1A and C). The PM2 site forms a trimeric Prep-Pbx-
Hoxb1 complex in combination with R3 in vitro (Fig. 4) and

stimulates robust reporter staining in the chicken hindbrain
when linked to a lacZ reporter gene (Fig. 6A). The use of a
622-bp regulatory region that contains all PH and PM sites
necessary for robust r4-restricted regulatory activity shows that
both PM1 and PM2 are required for enhancer activity in trans-
genic mouse and chicken embryos (Fig. 6; Table 2). Our results
indicate that mutation of PM2 alone may have a stronger
influence on reporter expression and regulatory activity than
alterations in PM1 alone, but when both sites are altered the
activity is reduced even further or disappears completely in
chicken embryos, indicating that the three remaining sites (R1,
R2/PM3, and R3) are not sufficient to compensate for alter-
ations in PM1 and PM2. The data on in vitro binding and in
vivo transgene expression suggest that PM1 and PM2 have
similar capabilities in cooperating with the R3 motif to form a
ternary complex and stimulate reporter expression. In the
mouse, the role of PM1 and PM2 is similar to that scored in
chicken embryos. Furthermore, mutation of the PM sites spe-
cifically affected transgene expression in r4 cells and not in the
r4-derived migrating neural crest cells. This demonstrates the
distinct regulatory requirements for neural crest and rhombo-
meric cell populations. The synergy between the three PM sites

FIG. 6. Transgenic analysis of the Hoxb1 enhancer in chicken and mouse embryos. (A to E) Dorsal views of transgene expression in
electroporated chicken hindbrains. (A) The PM2 site in combination with R3 is able to mediate hindbrain expression with the highest level in r4
correlating with its ability to form a ternary complex. Note that the expression mediated by this minimal PM2-R3 element is broader than r4
because this region lacks repressor sequences shown to be important for restricting regulatory activity to r4 (51). (B to E) Expression patterns
mediated by a wild-type 622-bp Hoxb1 fragment (B) and variants carrying mutations in the PM1 (C), PM2 (D), or PM1�PM2 (E) site. The
constructs used are noted above each panel. (F to M) Transgene expression patterns in 9.5-dpc mouse embryos carrying the same wild-type (F) and
mutant PM1 (G), PM2 (H to J), or PM1�PM2 (K to M) sites in the Hoxb1 constructs. (I, J, L, and M) Flat-mount preparations of embryos to
clearly indicate the patchy and reduced level of expression in r4. The dashed vertical white lines indicate the border between the neural crest cells
and the rhombomere or neural tube. Note in panels K to M that expression is greatly reduced or nearly absent in the r4 territory but is unaffected
in the more lateral migrating cranial neural crest cells. This indicates a different requirement for PM sites in r4 than in neural crest. The arrowhead
denotes rhombomere 4. nc, neural crest cells; ov, otic vesicle.

VOL. 25, 2005 TERNARY Prep-Pbx-Hox COMPLEX AND THE Hoxb1 ENHANCER 8549



and the R3 PH site is a key component in positive activation of
the Hoxb1 enhancer in rhombomere 4.

R2/PM3 inhibits ternary complex formation. We have found
that the R2/PM3 site negatively interferes with the formation
of the Prep1-Pbx1-Hoxb1 ternary complex in combination with
the PM1-R3 sites and that mutations in R2/PM3 restore the
ability of the PM1-R3 motif to assemble a ternary complex
(Fig. 2). Furthermore, in vivo, the presence of R2/PM3 exerts
a negative effect on PM1-R3 activity and inhibits reporter gene
expression (Fig. 5) consistent with its ability to inhibit ternary
complex formation in vitro. In addition, via this inhibitory
activity R2/PM3 appears to contribute to the restriction of the
Hoxb1 expression to r4. R2/PM3 represents a high-affinity
binding site for the Prep1-Pbx1a dimer, and the same mutation
that restores ternary complex formation also decreases the
affinity for Prep1-Pbx1 dimers. High-affinity Prep1-Pbx1a bind-
ing to the Hoxb1 enhancer is due mainly to R2/PM3, suggesting
that a strong binding site for Prep1-Pbx1 has an inhibitory
effect on ternary complex formation.

Further proof that R2/PM3 is a PM site comes from the
demonstration that R2/PM3 cannot form a ternary complex in
combination with PM1. While the relative position of R2/PM3
and PM1 did not affect its inhibitory activity, transposition of
R2/PM3 and R3 altered its ability to prevent ternary complex
formation (Fig. 3B). These data are in agreement with previ-
ous results showing that the orientation and spacing between
PM and PH sites can be very flexible (42). R2/PM3 also ap-
pears to limit the ability of the R1 motif to bind Hoxb1-Pbx1a
heterodimers. How can we account for the unique properties
of the R2/PM3 site in comparison to other PM sites? We favor
the idea that differences in sequence context (flanking se-
quences) around the PM sites are important for modulating
binding affinity, because we have found that flanking sequences
adjacent to perfect core consensus PM sequences can dramat-
ically alter binding properties (unpublished data).

Overall our data indicate that the high-affinity binding of
Prep1-Pbx1a heterodimers to R2/PM3 is the only measured
parameter that correlates with its ability to inhibit ternary
complex formation. The high affinity of Prep1-Pbx1 for R2/
PM3 may create a steric hindrance that prevents ternary com-
plex formation at R3, since this is rescued by mutations in
R2/PM3 that decrease the binding affinity for the dimer. Stable
binding to R2/PM3 may also decrease the occupancy of the
PM1-R3 site by Prep1-Pbx dimers, which is necessary to form
the ternary complex with Hoxb1. In contrast, the PM1 site is a
very weak site for Prep1-Pbx1a dimers, even though it displays
specificity for the Prep1-Pbx complex and is essential for the
ternary complex (16). It may therefore be better in luring and
releasing Prep-Pbx dimers for interaction with Hoxb1-Pbx1a
dimers in the generation of ternary complexes.

The Hoxb1 enhancer. Our results show that highly homolo-
gous PM sequences display distinctly different biochemical
(i.e., Prep-Pbx binding affinity) and functional (i.e., repressing
or activating) properties. This is in agreement with previous
studies of Drosophila labial and mouse Hoxb1 enhancer in
which multimeric PH sites were shown to drive segmental gene
expression (9, 10, 40, 42). The Hoxb1 enhancer appears to be
a mixture of sequences endowed with both repressing and
activating functions. Its activity depends on the nature of the
proteins bound at the different sites, the nature of coactivators

or corepressors recruited, and the specific chromatin structure.
Three of the important sites bind Meinox-Pbx dimers (PM1,
PM2, and R2/PM3), and the remaining two sites (R1 and R3)
bind Pbx-Hoxb1 dimers. In the P19 cell culture model, upon
induction with RA, the shift from repression to activation is
exerted by activation of Hoxb1 via retinoic acid response ele-
ments (35), accompanied by the increase in Pbx1 expression.
The R3 site appears to be the major DNA binding site for
Pbx1-Hoxb1 heterodimers. Since recruitment of Hoxb1 by Pbx
occurs on DNA, a site different from R3 must be required to
tether Pbx1 to DNA. In this regard Meinox proteins (Meis and
Prep) can serve the function of binding Pbx1 to DNA in a
position- or orientation-dependent manner that may be effi-
ciently recognized by Hoxb1. The different affinities of PM1,
PM2, and R2/PM3 may be crucial in allowing or preventing
Hoxb1 recruitment. If Prep1-Pbx is bound too firmly to DNA
(R2/PM3), this might prevent Hoxb1 recruitment. The specific
complexes bound will determine the type of coregulators to be
recruited. For example, if Prep1-Pbx is bound to R2/PM3, it
may recruit only corepressors. When the Prep1-Pbx-Hoxb1
complex is bound at the R3-PM2 or R3-PM1 site, coactivators
might be recruited. This model also suggests that the binding
activity of the R3-PM2 site for Prep-Pbx dimers may be de-
creased during retinoic acid induction either by binding of
alternative factors or by posttranslational mechanisms that al-
ter specific properties of Hoxb1.

Several data support this hypothesis. First, dimeric and tri-
meric complexes can be immunoprecipitated from cells (ref-
erence 16 and our unpublished data). Second, the timing of
expression of the involved proteins during retinoic acid induc-
tion of Hoxb1 also is in line with our proposed mechanism. In
fact, in P19 or NT2 cells and the absence of retinoic acid, Prep1
and Pbx1 proteins are present in the nucleus and form dimeric
complexes (16). Upon addition of retinoic acid, not only is
Hoxb1 itself synthesized but also Pbx1 and Meis1 are induced
(16). Thus, different Meinox-Pbx dimers can be formed which
might have different affinities for the different PM sites.

Role of Prep1 and other Meinox proteins in Hoxb1 expres-
sion. The general model that emerges from this comparison of
Hoxb1 and Hoxb2 regulation implies that Prep1 and/or other
members of the Meinox family (Meis) are essential for cross-
and autoregulatory activities mediated by Hoxb1. As shown in
experiments performed in zebra fish, the down-regulation of
Prep1.1 results in a major decrease in Hoxb1a expression in the
hindbrain, as well as of Hoxb2 and Hoxa2, genes that are
dependent on Hoxb1a (13). Moreover, the expression of dom-
inant-negative constructs of Meis in zebra fish has a similar
effect resulting in phenotypes similar to those of the lazarus/pbx
mutant (55). The data presented in this paper, therefore, give
molecular support to the phenotypic observations in zebra fish
and show the importance of interactions between PH and PM
sites to facilitate formation of the ternary Meinox-Pbx-Hoxb1
complexes and stimulate regulatory activity. This has impor-
tant implications for helping to identify and define Hox-re-
sponsive target sites of in vivo relevance.
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