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Homeoproteins and basic helix-loop-helix (hHLH) transcription factors are known for their critical role in
development and cellular differentiation. The pituitary pro-opiomelanocortin (POMC) gene is a target for fac-
tors of both families. Indeed, pituitary-specific transcription of POMC depends on the action of the homeo-
domain-containing transcription factor Pitx1 and of bHLH heterodimers containing NeuroD1. We now show
lineage-restricted expression of NeuroD1 in pituitary corticotroph cells and a direct physical interaction be-
tween bHLH heterodimers and Pitx1 that results in transcriptional synergism. The interaction between the
bHLH and homeodomains is restricted to ubiquitous (class A) bHLH and to the Pitx subfamily. Since bPHLH
heterodimers interact with Pitx factors through their ubiquitous moiety, this mechanism may be implicated in
other developmental processes involving bHLH factors, such as neurogenesis and myogenesis.

Cell-specific transcription results from complex molecular
interactions that involve the synergistic action of multiple tran-
scription factors. Taken together, these interactions provide
the molecular basis for the complex program of cell differen-
tiation and development. Factors of two classes of transcrip-
tion factors often involved in developmental processes, the
homeodomain (HD) and the basic helix-loop-helix (bHLH)
factors, were found to form the basis for cell-specific transcrip-
tion of pituitary pro-opiomelanocortin (POMC) gene expres-
sion. We have used this system to define the molecular mech-
anism by which these two classes of transcription factors can
synergistically interact to control transcription. More specifi-
cally, our studies reveal a specific interaction between the HD
of the Pitx (Ptx) subfamily of homeobox proteins and the
widely expressed class A bHLH transcription factors.

The HD is a 60-amino-acid DNA-binding domain that con-
tains a well-conserved helix-turn-helix motif. The third helix
of this motif interacts with the major groove of DNA and is
responsible for sequence-specific recognition. In particular,
residue 50 of the HD is responsible for subdividing the HD-
containing genes into large subgroups (10). HD proteins re-
lated to Drosophila bicoid have a lysine at this position, and this
residue dictates recognition of a unique DNA sequence (20,
63). In vertebrates, this subgroup includes the goosecoid, Otx,
and Pitx subfamilies (8, 15). While Pitx1 was originally cloned
as a pituitary transcription factor (26, 60) that is involved in
transcription of many pituitary hormone genes (64), it was later
found to play a wide role during early development, in agree-
ment with its early expression in posterior lateral plate meso-
derm and in the stomodeum (27). Indeed, inactivation of the
Pitx1 gene impairs hind limb and mandible development (28,
59). In the stomodeum, Rathke’s pouch, and definitive pitu-
itary, Pitx1 is coexpressed with the related Pitx2 gene, and it is
likely that the two genes serve partly redundant functions in
these tissues (14, 27, 41). Pitx2 was first isolated as the caus-
ative gene of Rieger’s syndrome (56), a craniofacial malforma-
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tion that affects facial and tooth development; it was later
found to be expressed in left lateral plate mesoderm and to be
the effector for left-right asymmetry in the development of
internal organs (4, 33, 51, 55, 68). In addition to its left-side-
specific expression in lateral plate mesoderm, Pitx2 is also ex-
pressed bilaterally in the head and branchial arches, as well as
in the myotome and in migrating myoblasts of the limbs (33,
51).

Whereas HD-containing genes have mostly been implicated
in patterning (25), like Pitx1 for specification of hind limbs (17,
28, 59, 67) and Pitx2 in determination of laterality (21), bHLH
transcription factors have been more often implicated in cell
differentiation. Indeed, the four myogenic bHLH factors play
critical roles at different stages of muscle cell differentiation
(47, 54), and other bHLH are involved in hematopoietic dif-
ferentiation (2, 57) or in neurogenesis (18, 19, 31, 32, 38).
bHLH factors are characterized by a helix-loop-helix dimer-
ization domain and a basic domain that binds specific DNA
sequences (NCANNTGN) called E boxes (36, 42). The bHLH
family can be subdivided into various subgroups (22). The class
A bHLH are ubiquitously expressed and appear to act primar-
ily as general transcription factors, although they play a par-
ticular role in B-lymphocyte development (69). The class A
bHLH can form homodimers (58), but they also form hetero-
dimers with class B bHLH transcription factors (30). Different
bHLH dimers interact with specific E boxes that differ in their
nonconserved residues (3). The class B bHLH have a tissue- or
cell-restricted expression, and many members of these groups
are critical for differentiation in various lineages, like muscle
(47), the erythroid lineage (57), and neuronal differentiation
(31).

One neurogenic bHLH, NeuroD1 (also called BETA2) (32,
45), was also shown to be important for development of endo-
crine cells in the pancreas and of secretin and cholecystokinin
cells in the intestine (43). In neural tissues, NeuroD1 has been
associated with late-differentiation events (32), and in mice, it
is expressed in neurons of cranial nerves (V to XI), dorsal root
ganglia, cerebral cortex, nasal epithelium, vomeronasal organ,
and retina of the eye. Its expression is transient in cranial
nerves and dorsal root ganglia but persistent in the other struc-
tures. It is also excluded from the mitotically active ventricular
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zone of the cerebral cortex and spinal cord. Neurogenin 1 and
2 are bHLH factors that precede and cause NeuroD1 expres-
sion in Xenopus laevis (38) and mice (37). It was suggested that
neurogenins and NeuroD1 may act as determination and dif-
ferentiation factors, respectively. They are part of a proneural
gene cascade that is similar to the cascade of myogenic bHLH.

NeuroD1 is also found in endocrine cells of the pancreas,
and inactivation of its gene causes a diabetic phenotype due to
a failure to develop mature islets (44). By analogy with the
nervous system, NeuroD1 expression is preceded by and re-
quires the presence of neurogenin 3 in the pancreas (1, 16). In
this tissue, NeuroD1-containing heterodimers are required for
transcription of the insulin gene, and their action on this pro-
moter depends on interaction with a pancreas-specific homeo-
protein, Pdx1 (48, 49). Very recently, it was suggested that
these factors interact physically with each other (46).

We have previously shown expression of NeuroD1 in adult
pituitary corticotroph cells and we have documented its role in
corticotroph-specific transcription of the POMC gene (52). We
have also shown the importance of the Pitx1 transcription
factor for expression of POMC (26). Interestingly, the action of
NeuroD1-containing bHLH dimers on POMC transcription is
entirely dependent on transcriptional interaction with Pitx1
(52, 62). However, the molecular basis of this interaction is
unknown. Here we present evidence of direct physical inter-
action between the DNA-binding domains of bHLH and HD
transcription factors and suggest that this interaction may
account for the transcriptional synergism observed between
them. The specificity of this interaction, which is restricted to
the Pitx family and the class A ubiquitous bHLH, suggests that
the mechanism revealed in the present work might be involved
in other differentiated tissues where the Pitx genes are coex-
pressed with bHLH factors, like muscle and neurons.

MATERIALS AND METHODS

Plasmids and oligonucleotides. Reporter plasmids were constructed in the
pXP1-luciferase vector as described previously (52). The simplified reporter
plasmids were made of oligonucleotide sequences of the corresponding regions
of the rat POMC promoter as described before (52). Point mutations were made
using the pALTER system from Promega. The oligonucleotide sequences used
for mut E box,,,,, mut Pitx1 site, and E box,.,,, > E box,,; are, respectively,
GCCAGGAAGGCTACCGGACGCACACAGG, CACACCAGGATTAGAC
TACTCTGTCCAGT, and GCCAGGAAGCCAGGTGTGCGCACACAGG
(bold characters are the mutated nucleotides). The expression vectors used were
described in previous work (52).

Transfection assays. L or AtT-20 D16v cells were grown in Dulbecco’s mod-
ified Eagle’s medium (DMEM) with 10% fetal bovine serum and maintained at
37°C and 5% CO,. L cells were transfected by the calcium phosphate coprecipi-
tation method, and 50,000 cells were plated in 12-well plates. A total of 8 g of
total DNA was used for each transfection, performed in duplicate. Control
experiments contained equivalent amounts of empty expression vector or pSP64.
AtT-20 cells were transfected by using Lipofectamine (Pharmacia). Briefly,
250,000 cells were plated in 12-well plates, and 3 ug of total DNA was used for
each transfection, performed in duplicate. Harvesting and luciferase analysis
were described previously (26, 52).

Coimmunoprecipitation. COS-1 cells (2.5 X 10°) were transfected in a 60-mm
dish with the appropriate expressing vectors (5 pg) for a total of 15 pg of DNA.
The cells were harvested, centrifuged, and resuspended in 800 wl of buffer A (10
mM HEPES [pH 7.9], 10 mM KCI, 0.1 mM EGTA, 0.5 mM phenylmethylsul-
fonyl fluoride [PMSF], 1 mM dithiothreitol [DTT], and 10 pg each of the
protease inhibitors leupeptin, aprotinin, and pepstatin per ml). Cells were incu-
bated on ice for 15 min before addition of 50 wl of NP-40 followed by vigorous
vortexing. After centrifugation, the nuclear pellet was resuspended in 100 wl of
buffer B (10 mM HEPES [pH 7.9], 0.1 mM EGTA, 0.4 M NaCl, 0.5 mM PMSF,
1 mM DTT, and 10 pg of each protease inhibitor as above per ml) and shaken
vigorously at 4°C for 15 min. The extract was then centrifuged, and the super-
natant was dialyzed against 500 ml of buffer C (10 mM Tris [pH 7.9], 150 mM
NaCl, 0.3% NP-40, 0.25% bovine serum albumin [BSA], 1 mM DTT, 0.01 M
NaNs) at 4°C with four changes of buffer every 2 h. The protein concentration of
the extracts was estimated by the Bradford assay. Coimmunoprecipitation ex-
periments were performed essentially as described before (11), except that 10 pg
of transfected COS-1 or 200 pg of untransfected AtT-20 cell nuclear extracts was
used and subjected to a preclearing step using 1 pg of purified immunoglobulin
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G (IgG) from a rabbit (Sigma). Anti-Pitxla antibody (0.1 wng) (affinity purified)
was used for immunoprecipitation. Panl was revealed by Western blotting using
an anti-E2A antibody (Santa Cruz) and an anti-mouse IgG-horseradish peroxi-
dase conjugate (Sigma). Revelation was performed by chemiluminescence as
described by the manufacturer (ECL+plus; Amersham Pharmacia).

Transgenic mice. The plasmids used in transgenic mice were described previ-
ously (62). The injected fragments were produced by BamHI-XmnI digestion and
purified on an agarose gel. Transgenic mice were produced by injection of DNA
fragments in eggs from C3H mice. Implantation was done in pseudopregnant
CD1 mice. POMC-luciferase transgenes were identified by Southern blot, and
mice heterozygous for the transgene were sacrificed for analysis. Anterior and
intermediate pituitaries were dissected, immediately frozen on dry ice, and then
homogenized in 200 to 300 pl of a buffer containing Tris-HCI (pH 8), 0.5%
NP-40, and 0.1 M DTT. After centrifugation (5 min), half of the supernatant was
analyzed for luciferase activity, and the other half was used for protein quanti-
fication using the Bradford assay.

Antibody against NeuroD1 and immunohistochemistry. A PCR fragment en-
coding amino acids 122 to 165 of mouse NeuroD1 was subcloned in frame with
maltose binding protein (MBP) and glutathione-S-transferase (GST) into their
respective vectors. The fusion proteins were purified from Escherichia coli BL-21
with maltose and Sepharose beads according to the manufacturer’s recommen-
dations (New England Biolabs and Pharmacia Biotech, respectively). Antibodies
were raised by injection of 100 ug of MBP-NeuroD1,,, ;45 in New Zealand
female rabbits; two booster injections were made at 4 and 6 weeks after the
control injection. After assessment of immunological response by Western blot,
the rabbits were sacrificed and serum was collected. The antiserum was purified
on a GST-NeuroD1,,, 45 column to obtain an affinity-purified antibody prep-
aration. Embryos were fixed in 4% paraformaldehyde, paraffin embedded, and
sectioned sagitally in 5-mm slices. Immunohistochemistry was performed as
previously described (52, 53) except that an amplification step was added using
the Renaissance Tyramide Signal Amplification-indirect system (NEN).

Pull-down assay. MBP-LacZ, MBP-Pitx1, MBP-Nkx2.5, MBP-Gsc, and MBP-
Pitx1 deletion mutants were purified from E. coli BL-21 following the manufac-
turer’s recommendations, and 500 ng of each fusion protein coupled to Amylose
beads (New England Biolabs) was used in all assays. Panl, NeuroD1, and lucif-
erase were synthesized in vitro using [**S]methionine and the TnT-coupled
transcription-translation rabbit reticulocyte lysate system (Promega). Pull-downs
were performed as described before (11).

RESULTS

Transcriptional synergism between Pitx1 and NeuroD1 re-
quires the E box,,,,., but not NeuroD1 per se. We have pre-
viously demonstrated that the corticotroph specificity of
POMC transcription (Fig. 1A) depends on the action of a
homeoprotein, Pitx1, and of bHLH heterodimers contain-
ing NeuroD1 (26, 52). The transcriptional synergism be-
tween these factors was reconstituted in L cell fibroblasts
using simple reporters containing Pitx1 binding sites and the
NeuroD1-specific E box, E box,.,,, (Fig. 1B). We tested
whether both binding sites are required for synergism in this
simple system and found that E box,,,, is essential (Fig. 1C),
whereas the Pitx] binding site is not (Fig. 1D). Thus, DNA-
bound bHLH heterodimers containing NeuroD1 and Pan1 can
recruit Pitx1 to the promoter but not the reverse.

Since the POMC promoter contains two different E boxes as
well as one Pitx] binding site (26, 52), we investigated their
respective roles in the intact promoter (Fig. 1E, POMC-480).
Previous work had shown the bipartite organization of the
upstream 300 bp of the POMC promoter (61) and the impor-
tance of the distal E box (E box,,.,.., previously called DE2C)
for activity of its distal half (62). In agreement with these
observations, mutagenesis of the E box,.,,, decreased pro-
moter activity in POMC-expressing AtT-20 cells (Fig. 1E, Mut
E box,.,,) to the same extent as deletion of the distal pro-
moter sequences (Fig. 1E, POMC-323).

In contrast to the simple reporter used in Fig. 1, mutagenesis
of the Pitx1 binding site of the intact POMC promoter had a
similar effect on activity as mutation of E box,.,., (Fig. 1E,
Mut Pitx site). Thus, promoter context imposes constraints on
transcription factor activity that are not mimicked in simplified
reporters containing multimerized regulatory elements. In this
case, the E box in its natural context is not sufficient to

neuro
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FIG. 1. Binding site requirement for synergism between NeuroD1-Panl heterodimers and Pitx1. (A) Schematic representation of the rat POMC promoter (—480

to +63 bp) and relative positions of E box

neuro’

Pitx1 binding site, and E box,,;. (B) Synergism between bHLH heterodimers (NeuroD1-Pan1) and homeoprotein (Pitx1)

reconstituted in cotransfected L cells. A luciferase (Luc) reporter gene was used to assess transcriptional activity. The reporter contained three copies of the POMC
gene Pitx1 binding site and two copies of the E box,.,,., as indicated. (C and D) Same experiments as in B but with a Pitx1 site and with the E box,,,-containing
reporter, respectively. (E) AtT-20 cells were transfected with a luciferase reporter gene driven by the intact POMC promoter (bar 1), a promoter deleted of its distal
domain (bar 2), a promoter with a mutated E boxX,.,, (bar 3), a promoter with a mutation of the Pitx1 binding site (bar 4), or an E box specificity mutant promoter
in which E box,,.,,, Was transformed into E box,,; (bar 5). Results are the averages (* standard error of the mean [SEM]) from three sets of duplicate experiments

(C, D, and E) or one representative experiment (B).

recruit Pitx1 in the absence of the Pitx1 binding site. We have
previously shown that another E box of the POMC promoter,
E box,,; (CE1B), is activated upon binding of Pan1 (the rodent
homologue of E47) or other ubiquitous bHLH factors, in con-
trast to the E box,..,o, Which is only activated upon binding of
NeuroD1-Panl heterodimers; the E box,,; itself is not bound
or activated by NeuroD1-Panl heterodimers (52). In order to
test the importance of NeuroD1 for activity of the distal E box,
we mutated this E box into an E box,,; that no longer requires
NeuroD1 for DNA binding and transcriptional activation (52).
This mutant promoter (Fig. 1E, Mut E box,.,;,c~E boxy;) is
as active as the intact promoter, suggesting that (i) NeuroD1
per se is not essential for synergism with Pitx1, (ii) it can be
replaced by Panl, and (iii) the role of NeuroD1 is to confer
sequence-specific recognition.

In agreement with the importance of the distal E boX, .o
for promoter activity in cell culture (Fig. 1E), anterior pituitary
expression of a POMC-luciferase transgene deleted of its distal
sequences was found to be at least 1,000 times less active than
a transgene driven by the intact POMC promoter (Fig. 2A).
This may even constitute an underestimate of the activity of
the deleted sequences, since five of seven POMC _ 5,5-luc lines
tested did not express the transgene at detectable levels; in
contrast, the POMC_ 4,-luc transgene was expressed in four of

five lines tested. This great in vivo dependence on distal pro-
moter sequences (by comparison to activity in cultured cells)
was also observed in the intermediate pituitary (Fig. 2B). Thus,
the distal POMC promoter plays a critical role in pituitary
expression; prior work had indicated that the activity of this
promoter domain absolutely requires an active E box, .., (52,
62).

NeuroD1 expression is restricted to corticotroph cells
during pituitary development. The unique role played by
NeuroD1 in sequence-specific recognition of the distal E
bOX,curo (52) suggests that this bHLH factor may be an impor-
tant developmental regulator of POMC expression. In order to
assess this possibility, we followed NeuroD1 expression during
pituitary development using a NeuroDl1-specific antiserum.
Before corticotroph differentiation, at E11 of mouse develop-
ment, NeuroD1 is not expressed in Rathke’s pouch but is
expressed in dorsal root ganglia (Fig. 3A), as previously found
by in situ hybridization (32).

NeuroD1 expression started at E12 within the region of the
nascent anterior lobe of the pituitary (Fig. 3B). At E13,
NeuroD1-positive cells were observed within the ventral
portion of the anterior lobe (Fig. 3C). From E16 onward,
NeuroD1 was no longer detected in the anterior lobe, but
olfactory neurons still expressed it (Fig. 3D), as reported be-
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FIG. 2. Pituitary expression of POMC-luciferase transgenes. Two different transgenes driven by either the intact POMC promoter (POMC_q,) or a deleted
promoter (POMC _;,3) were assessed for luciferase activity in pituitary tissues. POMC _ 3,5 transgenic mice lines (2687B and 577) show a 1,000-fold-reduced activity
in both anterior (A) and neurointermediate pituitary (B) compared to POMC_ g, lines 11, 22, 25.4, and 25.5. Every open circle represents luciferase activity in an
individual mouse, and the bar is the calculated average. Results are expressed in relative light units (RLU) and standardized according to the amount of protein.

fore (32). The onset of this pituitary expression correlated
well with in situ hybridization (data not shown). However,
NeuroD1 transcripts were detected (52) in the adult pituitary,
but no proteins could be detected (data not shown). Coimmu-
nohistochemistry experiments performed on E14 pituitaries
revealed that all NeuroD1-positive cells (brown) were also
adrenocorticotropin (ACTH) positive (blue) (Fig. 3E and F
and data not shown). Thus, NeuroD1 appeared just before
POMC around EI12 to E12.5, and its pituitary expression is
entirely restricted to ACTH-producing cells.

Panl interacts physically with Pitxl. The activity of the
POMC promoter E box,,.,..=E box,,; mutant (Fig. 2A) sug-
gested that ubiquitous bHLH factors could mediate the syner-
gistic interaction with Pitx1. To test the possibility of a physical
interaction between Pitx] and Panl or NeuroD1, pull-down
assays were performed using purified MBP-Pitx1 and in vitro-
produced [**S]methionine labeled NeuroD1 and Panl (Fig.
4A, lanes 1 and 4). In the presence of purified MBP-LacZ and
MBP-Pitx1 (Fig. 4A, lanes 2 and 3), no interaction with
NeuroD1 could be detected. However, Panl was retained by
an MBP-Pitx1 column (about 20%) and not by an MBP-LacZ
column (Fig. 4A, lanes 4 to 6). The demonstration of an inter-
action between Panl (but not NeuroD1) and Pitx1 is in accor-
dance with the effect of the E box specificity mutation (Fig. 2A)

and suggests that Panl mediates the synergistic interaction
with Pitx1.

bHLH domain of Panl is essential for Pitx1 interaction. We
next identified the Pan1 domain responsible for Pitx1 interac-
tion by using two different Pan1 C-terminal truncations in the
pull-down assay. The first is a 20-amino-acid deletion (mutant
1-618) which migrates slightly faster than the full-length Panl
(1-638) (Fig. 4B, lanes 4 and 1), and the second mutation is a
deletion of the bHLH domain (1 to 414) (Fig. 4B lane 7). The
1-618 mutant did not interact with MBP-LacZ (Fig. 4B, lane 5)
but interacted with MBP-Pitx1 at the same level as full-length
Panl (Fig. 4B, lanes 6 and 3). However, mutant 1-414, which
had been deleted of its bHLH domain but still contained its
leucine-rich region, did not have the capacity to interact with
MBP-Pitx1 (Fig. 4B, lane 9). Thus, the last 204 amino acids
that mainly constitute the PHLH domain of Panl are required
to mediate Pitx1 interaction.

Heterodimers formed between NeuroD1 and Panl can in-
teract with Pitxl. We tested the capacity of NeuroD1-Panl
heterodimers to interact with Pitx1. As shown above, NeuroD1
is not capable of interaction with Pitx1 (Fig. 4C, lanes 1 to 3).
However, when NeuroD1 is cosynthesized with Panl, the re-
sulting heterodimers are retained by MBP-Pitx1 (Fig. 4C, lanes
4 to 6). A mutant containing solely the Panl bHLH domain
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FIG. 3. Correlation of NeuroD1 and POMC expression during pituitary development. (A) NeuroD1 immunoreactivity (brown) is not detected by immunohisto-
chemistry in Rathke’s pouch (RP) or infudibulum (I) at E11, but it is present in nuclei of dorsal root ganglia cells (DRG, inset). (B to D) NeuroD1 was detected in
the nascent anterior lobe (NAL) at E12 (B) and in the ventral portion of the anterior lobe (AL) indicated by arrows at pituitary E13 (C), but no expression could be
detected at E16.5 in anterior lobe (D), although it was still expressed in olfactory neurons (O.N., inset). (E) At E14, expression is seen in anterior lobe but not in pars
tuberalis (PT), intermediate lobe (IL), or posterior lobe (PL). (F) Coimmunohistochemistry against ACTH (blue) and NeuroD1 (brown) was performed on E14.
ACTH-positive cells are also positive for NeuroD1. There are a few NeuroD1-positive nuclei in this section that do not appear positive for ACTH; however, the same
cells were ACTH positive on the consecutive section (not shown). Higher magnification (inset) shows coexpression of ACTH and NeuroD1 in individual cells.

(amino acids 512 to 618) can form heterodimers with NeuroD1,
and these heterodimers also interacted with Pitx1 (Fig. 4C,
lanes 7 to 9). These data extend the mapping of the bHLH
domain by C-terminal deletion (Fig. 4B) and indicate that a
small bHLH polypeptide of 97 amino acids is sufficient for

dimer formation with NeuroD1 and for interaction with Pitx1.
The same bHLH polypeptide was tested for its ability to form
active dimers and to synergize with Pitx1 in transfection exper-
iments (Fig. 4D). By comparison to the data in Fig. 1B using
the full-length Panl, it can be concluded that the short Panl
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FIG. 4. Direct interaction between Panl bHLH domain and Pitx]1 homeodomain. (A) Panl but not NeuroD1 can interact with Pitx1 in vitro. A pull-down assay was
set up using resin-bound control (C) and MBP-Pitx1 (P) together with *>S-labeled NeuroD1, Panl, or luciferase (Luc) synthesized in vitro. The arrows point to the main
protein products. Input (I) is 20% of the amount used in lanes C and P. (B) Deletion of Panl bHLH domain impairs Pitx1 interaction. Two C-terminal deletions of
Panl were produced. One removed the last 20 amino acids (1-618), and another deleted 224 amino acids (1-414), which removed the bHLH domain. Pull-down was
done as in panel A except that the input was 10%. (C) NeuroD1-Pan1 heterodimers interact with Pitx1 through Pan1l bHLHj,(, ¢,5. NeuroD1 (N1) and Pan1 (P1) or
its bHLH domain (bHLHs,_g,5) were cosynthesized in vitro. (D) bHLHs 45 is sufficient to form an active NeuroD1 heterodimer with conserved synergistic capacity

with Pitx1 in transfected L cells.

bHLH domain is entirely sufficient to form active heterodimers
with NeuroD1 and to mediate the synergistic interaction with
Pitx1.

Pitx1 HD is sufficient for Panl interaction. In order to de-
fine the region of Pitx1 involved in synergism with Panl, a set
of Pitx1l deletion mutants (65) were tested using the simplest
reporter system available: the different Pitx]1 mutants were co-
transfected in L cells with a reporter containing trimers of the
E box,,; upstream of the minimal POMC promoter. This re-
porter requires only Pan1 homodimers for activation and is not
a target for Pitx1, and thus enhancement of transcriptional
activity can be ascribed to an in vivo interaction between Panl
homodimers and Pitx1 or its deletion mutants. Panl expression
activated the E box,,,; reporter about 12-fold, and Pitx1 on its
own did not affect its activity (Fig. 5A). However, when both
were present, activity was stimulated 28-fold (Fig. 5SA, Panl/
Pitx1). In agreement with previous data, this suggests that Pitx1
interacts with Panl in vivo. Deletion of the N- or C-terminal
domain of Pitx1 (Fig. 5B and C) did not affect its ability to
enhance Panl-dependent activity. However, the N-terminal
domain on its own did not show synergism with Pan1 (Fig. 5D),
but the HD did (Fig. SE). In order to verify whether the HD is
also sufficient for in vitro interaction with Panl, MBP-Pitx1
deletion mutants were produced and used in pull-down assays.
Two truncated Pitx1 proteins containing the HD with or with-

out the N terminus were fused to MBP and tested for Panl
interaction. Both mutants were capable of in vitro interaction
with Panl (Fig. 5F, lanes 5 and 7, respectively) but not with
MBP-lacZ (lanes 6 and 8). Thus, the HD seems sufficient and
essential for Panl interaction (Fig. 5SF) and for transcriptional
synergism with Panl (Fig. SE). A similar transcriptional syn-
ergism was observed with another ubiquitous bHLH, ITF2
(data not shown).

Panl interaction is restricted to the Pitx subfamily. We
tested whether other members of the bicoid-related family of
HD could interact with Panl. Compared to Pitx1, Pitx2 and
Pitx3 have highly homologous HD, but Gsc and Otx1 are more
distantly related. As for Pitx1, Panl-dependent activity was
enhanced by Pitx2 or Pitx3 (Fig. 6A and B). In contrast, Gsc
and Otx1 were without effect when cotransfected with Panl
(Fig. 6C and D). To correlate this specificity with in vitro in-
teraction, pull-down assays were used to show that the small
Panl bHLH domain (Fig. 4C) does not interact with MBP-Gsc
or MBP-Nkx2.5 (another HD protein) (Fig. 6E), in accordance
with in vivo experiments (Fig. 6C and data not shown). Thus,
Pan1 can only interact with members of the Pitx subfamily. To
confirm that Pitx1 and Panl can interact in vivo, nuclear ex-
tracts from COS cells overexpressing Pitx1 and Panl (Fig. 6F)
or from normal AtT-20 cells (Fig. 6G) were subjected to co-
immunoprecipitation. Western blot analysis of the immuno-
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FIG. 5. Pitx]1 HD can interact in vivo with Panl. Transient transfections were performed in L cells using a luciferase reporter containing three copies of E box,y;.
Transfections were done with mammalian expression vectors for the indicated cDNAs. Various deletion mutants of Pitx1 (A) were used, including an N-terminal
deletion (B), a C-terminal deletion (C), the N terminus (D), and the HD (E). These mutants were previously shown to be expressed at similar levels (65). NLS, nuclear
localization signal. The results are the average (= SEM) of at least two independent experiments performed in duplicate. (F) The Pitx1 HD is sufficient for interaction
with Panl. The following MBP fusion proteins were used for interaction with Panl: LacZ as a control; MBP-Pitx1 (Pitx,,); and N+HD and HD are the N-terminal

region and/or the Pitx1 HD fused to MBP.

precipitates revealed Panl (Fig. 6F, lane 1, and Fig. 6G, lane 2)
in extracts immunoprecipitated with a Pitx1 antiserum (oPitx1)
but not in control IgG-treated extracts (Fig. 6F, lane 3, and 6G,
lane 1). Thus, Panl and Pitx1 interact as efficiently in vivo as in
Vitro.

DISCUSSION

We have demonstrated lineage-restricted expression of
NeuroD1 in the pituitary; indeed, NeuroD1 is expressed
only in corticotroph cells, and its expression begins just prior
to POMC (Fig. 3). Thus, NeuroD1 is the only corticotroph-
restricted factor known so far. This neurogenic bHLH has
otherwise been implicated in neuronal differentiation and
pancreas development (32, 39, 44, 45). We have presented
evidence supporting a direct protein-protein interaction
mechanism by which NeuroD1 heterodimers can take part in
cell-specific transcription of pituitary POMC. This interaction
between bHLH and HD transcription factors is generally rel-
evant, since the direct interaction between these proteins in-
volves the ubiquitous class A dimerization partner of NeuroD1.
The role of NeuroD1 in this system is to ensure the specificity
of E box recognition.

NeuroD1 and POMC transcription. We have shown lineage-
restricted pituitary expression of NeuroD1 in corticotroph

cells with an onset at E12 that is consistent with the onset of
POMC expression (Fig. 3). The transient presence of NeuroD1
protein in corticotroph cells between E12 and E16 of mouse
development would be consistent with the involvement of
other neurogenic bHLH in corticotroph cells before or after
NeuroD1. Indeed, this might be analogous to the sequential
involvement of neurogenins 1 and 2 and of NeuroD1 during
neuronal differentiation (37). NeuroD1 is only one of the many
neurogenic bHLH related to Drosophila atonal that are impli-
cated in neuronal differentiation (31). Other factors of the
NeuroD or neurogenin subfamily may also form heterodimers
with class A ubiquitous bHLH and exhibit DNA-binding spec-
ificity similar to that of NeuroD1 heterodimers. Thus, different
neurogenic bHLH could act sequentially as heterodimers on
the E box, ..., of the POMC promoter. In such a model, the
AtT-20 cells would be representative of the E12 to E16 devel-
opmental window during corticotroph differentiation, since all
their E box,,,, binding activity contains NeuroD1 (52).
NeuroD1 heterodimers are essential for efficient transcrip-
tion of the POMC gene in AtT-20 cells (52). Mutagenesis of
their target site, the E box,,.,,., has the same deleterious effect
as deletion of the entire distal region of the promoter or
mutagenesis of the Pitx]1 binding site (Fig. 1E) or, for that
matter, deletion of the central region of the promoter that
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FIG. 6. Panl interaction is specific to the Pitx family. In experiments performed as described in the legend to Fig. 5, Pitx2 (A) and Pitx3 (B) show the same synergism
as Pitx1 (Fig. 5A) but not goosecoid (Gsc, C) or Otx1 (D). Results are the average (= SEM) of at least two experiments performed in duplicate. (E) Gsc and Nkx2.5
homeoproteins do not interact with Pan1 in vitro. Pull-down assays were performed with the small in vitro-synthesized bHLH domain of Pan1 and purified MBP-Nkx2.5,
MBP-Gsc, MBP-LacZ, and MBP-Pitx1. Input was 10% of the amount used. (F) An anti-Pitx] antibody coimmunoprecipitates Panl. Nuclear extracts were prepared
from COS-1 cells transfected with Pitx1- and Panl-expressing plasmids, and 10 g of extracts was used for coimmunoprecipitation (CO-IP), input, and control samples.
(G) Coimmunoprecipitation of Panl with Pitx] from nuclear extracts of untreated AtT-20 cells. The experiment was performed as in panel F except that 200 pg of

extracts was used for each sample.

contains the Pitx1 binding site (61, 62). Hence, the E box,.,.,
is an essential element of the POMC enhancer. The highly
specific binding and activation of this target by NeuroD1 het-
erodimers (52) indicates that the role of NeuroD1 in promoter
activation is to ensure selective recognition of E box,.... In
vivo, transgenic promoter studies (Fig. 2) reveal that the role of
the enhancer region containing E box,..., 1S quantitatively
much more important than suggested from transfection studies
(Fig. 1E). However, NeuroD1 itself may not be required sensu
strictu for transcription. Indeed, replacement of E box,, ..., by
an E box,,; sequence restored promoter activity, indicating
that the requirement is for bHLH dimers rather than for
NeuroD1 itself (Fig. 1E). This is consistent with the mecha-
nism for interaction between bHLH and Pitx described in the
present work, but it also suggests that other bHLH with a
DNA-binding specificity similar to that of NeuroD1 may sub-
stitute for NeuroD1, for example, later in development, after
NeuroD1 protein is no longer detected.

Within the native POMC promoter, the E box,,.,, is sepa-
rated from the Pitx binding site by 67 bp (62). This spacing
suggests that the interaction between DNA-bound bHLH
dimers and Pitx proteins is not like that of factors bound to
neighboring DNA sites, which may interact with each other

through side surfaces, as for example the Hox and Pbx homeo-
proteins (5, 7, 35, 50). The interaction between bHLH factors
and Pdx1 identified in the insulin promoter is another example
of proteins bound to adjacent DNA sites (46). This interaction
results in weakly cooperative DNA binding, as illustrated in
Fig. 7A. In contrast, the distance between E box,,,, and the
Pitx binding site on the POMC promoter suggests that inter-
action between these proteins occurs through surfaces that are
opposite to the DNA-interacting surface, as suggested by the
model in Fig. 7A. In this model, the bending of promoter DNA
required to bring Pitx and bHLH proteins together results in
very different contact surfaces between the proteins compared
to their respective orientations when bound to adjacent sites
on DNA. Differences in bHLH-HD interaction on the POMC
and insulin promoters are further highlighted by the unique
specificity of each interaction, as discussed below.

We have documented the Panl1-Pitx1 physical interaction in
different ways: the in vitro pull-down assay was useful to map
interaction domains, and this analysis correlated well with tran-
scriptional synergism (Fig. 4). In addition, we could show tran-
scriptional synergism even in the absence of DNA binding by
Pitx1 (Fig. 1D and 5) but not the reverse, i.e., in the absence of
DNA binding by bHLH dimers (Fig. 1C). Most importantly,
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FIG. 7. Specificity of interactions between Pitx HD and bHLH dimers. (A) Schematic drawing representing the Pitx HD and bHLH dimers bound to their respective
sites, which are separated by 67 bp in the POMC promoter. In view of the distance between these sites, it is likely that promoter DNA is bent in order to allow interaction
between these proteins. In contrast, bHLH factors also interact with the HD of another factor, Pdx1, on the insulin promoter. In this case, the binding sites for these
two factors are almost adjacent (separated by 8 bp). (B) Alignment of the bHLH domains of class A bHLH that interact with Pitx and/or Pdx1 and of NeuroD1 and
MyoD1, which were shown to interact with Pdx1 but not with Pitx1 (NeuroD1). The protein interaction data are summarized on the left of the sequence alignment;
the Pitx data are from this study, and the Pdx data are from Ohneda et al. (46). Pdx1 is inferred to interact in vitro with monomers of NeuroD1 and MyoD, since these
class B bHLH are not thought to form homodimers (22, 45). Pitx1 does not interact in vitro with NeuroD1 but will interact with heterodimers that contain NeuroD1
and the Pan1l bHLH domain (Fig. 4C). In the sequence alignment, amino acid residues that are conserved in all five bHLH domains are shown in gray shading. Boxed
residues are specific to the class A bHLH and are involved in maintenance of bHLH tertiary structure or dimerization. Residues that face towards the outside of the
bHLH domain and that constitute the best candidates for Pitx interaction are shown in reverse type (white on black). This analysis was based on modeling the various
bHLH sequences using the X-ray structure of the E47 bHLH as a reference (12). (C) Homology between the HD of the bicoid-related HD proteins and Pdx1. Shading
is used as in panel B to indicate conserved residues between all HD (gray shading), conserved Pitx residues that are involved in maintenance of tertiary structure (boxes),
and residues that are specific to the Pitx HD and that are accessible on the surface of the HD for protein-protein interaction (reverse type). This analysis was based
on the X-ray structure of the Antennapedia HD-DNA complex (13).

we showed by coimmunoprecipitation that Pitx] and Panl are Specificity of bHLH-HD interactions. The interaction be-
present in a common complex in vivo whether these proteins tween bHLH and HD factors appears to be quite specific with
are overexpressed in heterologous cells (Fig. 6F) or not, as in regard to the HD. The HD of Pitx1, Pitx2, and Pitx3 are nearly
POMC-expressing AtT-20 cells (Fig. 6G). We have previously identical to each other, and it is not surprising that all three
shown that transcription of the POMC enhancer depends on should interact with Panl. However, their closest relatives, the
multiple regulatory elements, including the E box,,,,, and Pitx Otx and Gsc HD, do not share this property (Fig. 6 and 7C)
binding site (61, 62) (Fig. 1E). The cognate transcription fac- despite the fact that they bind the same target DNA sequence
tors appear to be present together in a multiprotein complex (8,9). The HD of another subfamily, Nkx2.5, was also found to
(Fig. 6G) that may associate with the POMC promoter (Fig. be incapable of interaction with Panl. Although no other HD
7A); this protein complex may also contain other POMC tran- has significant homology with the Pitx HD, it cannot be ex-
scription factors. cluded that other members of the HD family might interact
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with Panl. Indeed, the pancreas-specific HD protein Pdx1 ex-
erts transcriptional synergism with Panl on the rat insulin
promoter (48), and these proteins interact directly in vitro (46).
However, the bHLH-HD interaction between Panl and Pdx1
appears to be different from that of Panl with Pitx1. Indeed,
whereas Pdx1 can interact just as well in vitro with the class A
bHLH Panl (E47) as with class B bHLH like NeuroD1, MyoD,
and Mash1 but not Tall (46), Pitx1 only interacts with the class
A bHLH and not with NeuroD1 (Fig. 4A and C). Furthermore,
this specificity highlights another more important difference:
since NeuroD1 does not form homodimers (45), its in vitro
binding with Pdx1 suggests that the Pdx1-bHLH interaction
requires only a bHLH monomer. In striking contrast, NeuroD1
on its own does not interact with Pitx1 (Fig. 4A and C) but will
form part of a Pitx] complex when heterodimerized with Panl
or its bHLH domain (Fig. 4C); these observations suggest that,
in contrast to Pdx1, Pitx homeoproteins may interact only with
bHLH dimers, although definite proof of this would require
experiments with dimerization-deficient mutants of a bHLH,
like Panl, that interacts with both Pdx1 and Pitx1.

The bHLH domains involved in interaction with Pitx and/or
Pdx proteins have been aligned to reveal similarities and dif-
ferences (Fig. 7B). This comparison shows few amino acid
residues (shaded in gray) that are conserved between class A
(Panl, Pan2, E47, E12, ITF2, and E2-2) and class B bHLH
(NeuroD1 and MyoD); a subset of these are involved in main-
taining the integrity of the bHLH tertiary structure (12), and
others could be involved in the interaction with Pdx1. Class A
bHLH residues that are unique to this class and that may
interact with Pitx proteins were subdivided into two groups,
those that are involved in tertiary structure or dimer formation
(boxed) and that are less likely to be available for Pitx inter-
action, and those that face the outside surface of the bHLH
domain (reverse type, white on black) and that constitute the
best candidates for Pitx interaction. These later residues are
mostly found in helix 1 and after helix 2 (Fig. 7B). When a
similar analysis was performed on related HDs that do and do
not interact with class A bHLH, a subset of residues primarily
found in helixes 1 and 2 of the Pitx HD were identified (Fig.
7C). Only four of those are conserved in Pdx1, again highlight-
ing the differences between the Pitx and Pdx HDs. Thus, in
considering amino acid homologies in these domains from the
perspective of the bPHLH domain as well as the HD domain,
the specificity of their interaction is much more stringent for
Pitx and class A bHLH than for Pdx and both class A and B
bHLH.

bHLH factors were previously shown to interact with other
transcription factors, some of which have HD domains. How-
ever, none of these interactions were found to involve the HD
itself. Indeed, bHLH factors interact with HD factors Imx1.1
(Imx1a) and Imx1.2 (Imx1b) and with LIM-only proteins like
LMO?2 (23, 29, 66). In both cases, the interaction is between
the LIM domain, a zinc finger-like structure, and the bHLH
domain. Recently, an in vitro interaction between myogenic
bHLH heterodimers and HD proteins of the Pbx/Meis family
was reported (24). However, this interaction is very different
from the bHLH-Pitx interaction reported here. The Pbx/Meis
factors interact with an amino acid motif that is present N-
terminal of the myogenic factor bHLH domain; this motif is
similar to the tryptophan-containing motif recognized by Pbx/
Meis in Hox HD proteins (5, 6, 35, 50). In summary, the
interaction between bHLH and Pitx HD proteins is unique in
that (i) it is specific to class A bHLH, (ii) when class B bHLH
are involved, their recruitment is through dimerization with
Pitx-interacting class A bHLH, and (iii) it is restricted to the
Pitx subfamily.
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Developmental code involving HD and bHLH factors. HD
genes have been involved in patterning, specification of seg-
mental identity, and sometimes cellular differentiation. Nu-
merous roles have been assigned to Pitx factors, including hind
limb specification (Pitx1), left-right asymmetry (Pitx2), neuro-
nal differentiation (Pitx3), eye development (Pitx2 and Pitx3),
and craniofacial development (Pitx1 and Pitx2). Even though
tissue-restricted bHLH factors have not been implicated in all
these systems, ubiquitous bHLH factors like Panl are ex-
pressed in all these structures, and therefore a Panl-Pitx in-
teraction would be possible in many of these tissues. However,
coexpression of these genes is not a sufficient criterion for
significant physical interaction. Indeed, promoter context is
likely to play a critical role in cross-talk between these tran-
scription factors. We have preliminary data to support the
hypothesis of a bHLH-Pitx interaction involving myogenic
bHLH. These observations suggest that interactions between
Pitx and bHLH factors might be of general relevance. In mus-
cle, both Pitx1 and Pitx2 can be expressed, as shown for Pitx1
in muscles of the posterior half of the body (27) and for Pitx2
in myotomes, myoblasts, and muscles (33, 51). Hence, interac-
tions between Pitx factors that may be involved in muscle
patterning (33, 34) and myogenic bHLH that are essential for
muscle differentiation (40) may represent one mechanism by
which molecular cross-talk is achieved between these two fam-
ilies of developmental regulators. Similarly, neuronal develop-
ment might involve interactions between Pitx and bHLH fac-
tors at the level of common target genes.
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