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Abstract

Accurate spatial and temporal expression of gonadotrope-specific genes, such as the gonadotropin-
releasing hormone receptor (GnRHR) gene, is critical for gonadotrope maturation. Herein, we show
that a specific E-box in the mouse GnRHR promoter binds two group A basic-helix-loop-helix
(bHLH) transcription factors. Mutation of this E-box decreases expression in mouse gonadotrope-
derived aT3-1 and LBT2 cell lines. Microarray and western blots show that the bHLH transcription
factor NeuroD1 is strongly expressed in the gonadotrope progenitor, aT3-1, whereas Mashl is
strongly expressed in the more mature gonadotrope, LBT2. Overexpression of NeuroD1 or Mashl
increases expression of the GnRHR gene or a multimer of the E-box and this increase is lost upon
mutation of the E-box. Electrophoretic mobility shift assays reveal that the GhnRHR E-box binds
NeuroD1 from aT3-1 cells, but binds Mash1 from LBT2 cells. The sequential binding of different
members of the group A bHLH transcription factor family to mouse GnRHR E-box 3 as the
gonadotrope differentiates may represent a mechanism necessary for proper spatial and temporal
expression of the GnRHR during gonadotrope development.
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1. Introduction

Spatial and temporal expression of specific cohorts of transcription factors are thought to drive
differentiation and determine the cell fate decisions necessary for specifying the identity of the
five individual endocrine cell types in the anterior pituitary (Scully and Rosenfeld, 2002; Treier
etal., 1998; Zhu et al., 2007; Zhu et al., 2006). Appropriate initiation and progression of the
gonadotrope cell-specific gene regulation program during anterior pituitary development
results in precise spatial and temporal control of expression of the gonadotrope-specific genes.
These are activated in a sequential pattern during mouse pituitary development: the a-subunit
of the glycoprotein hormones (a-GSU) on embryonic day (e) 10.5, the gonadotropin-releasing
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hormone receptor (GnRHR) on e13.5, luteinizing hormone (LH) B-subunit on e16.5, and
follicle-stimulating hormone (FSH) B-subunit on e17.5 (Japon et al., 1994).

Members of the group A basic-helix-loop-helix (bHLH) family of transcription factors play
important roles in cell fate commitment during development in multiple organ systems (Miyata
etal., 1999; Morrow et al., 1999; Naya et al., 1997). The 124 mouse bHLH proteins have been
classified into six groups from A to F based on DNA-binding specificities and specific
structural features (Li et al., 2006). The binding of bHLH heterodimers occurs at regulatory
elements termed E-boxes that contain the consensus sequence CANnTG. Group A proteins,
including NeuroD1, Mash1 (Ascll), and E47 (Panl), contain a distinct pattern of amino acids
(XRX) at sites 5, 8, and 13, and preferentially bind to the motif (5’-CAGCTG-3’). In contrast,
group B bHLH proteins, for example, have the 5-8-13 configuration of K/H-X-R which binds
a G-Box motif (5’-CACGTG-3") (Li et al., 2006). The group A bHLH family members utilize
their basic region for contacting DNA, while the helix-loop-helix domain allows for
dimerization. They cannot bind DNA alone, rather, they must form heterodimers with
differentially spliced products of the E2A gene, including the ubiquitously expressed activator
E47, to facilitate DNA binding (Murre et al., 1989).

In addition to the actions of individual bHLH proteins in development, temporally distinct
patterns of sequential expression of specific bHLH proteins have been shown to be important
for cell fate determination and differentiation in retina (Hatakeyama et al., 2001),spinal cord
(Lee and Pfaff, 2003), and pancreas (Gasa et al., 2004), among others. Numerous parallels exist
between these developmental programs and that of the pituitary. Neurogenic differentiation
factor 1 (NeuroD1) expression in the pituitary is initially observed at e11.5,becomes
undetectable by e14.5-15.5 (Liu et al., 2001), and remains off in the adult. At some stages, it
appears to be restricted to the corticotrope and intermediate lobe (Poulin et al., 2000).In
contrast, mammalian achaete-scute homolog 1 (Mash1l or Ascll) is expressed in the ventral
most regions of the developing anterior pituitary around e12; however, expression is only
retained in the intermediate lobe by €17.5 (Liu et al., 2001).

NeuroD1-null mice have minor defects in proopiomelanocortin (POMC), a-GSU, and thyroid-
stimulating hormone (TSHp) expression, though no major effects on pituitary development,
possibly due to bHLH redundancy (Liu et al., 2001). In addition, NeuroD1 is required for
anterior pituitary-specific gene expression when analyzed using in vitro model systems (Poulin
etal., 1997). More specifically, NeuroD1 binds an E-box element and activates expression of
the corticotrope-specific POMC gene promoter (Poulin et al., 1997). E-box elements have also
been described in the a-GSU promoter (Jackson et al., 1993; Jackson et al.,1993), but the
proteins binding them are unknown. In Zebrafish, the Mash1 homolog, asclla, is critical for
pituitary development (Pogoda et al., 2006). Interestingly, it has also been suggested that
Mash1 plays a role in the terminal differentiation of thyrotropes, corticotropes, and
gonadotropes (Zhu et al., 2006). In vivo, expression of both NeuroD1 and Mash1 is restricted
during anterior pituitary development by another bHLH transcription factor Hes1 (Zhu et al.,
2006). Although both NeuroD1 and Mash1 are found in the developing anterior pituitary, their
roles in gonadotrope-specific gene expression and gonadotrope cell fate specification are
unknown.

At present, the model systems most appropriate for investigating expression of the
gonadotrope-specific genes in cell culture are the oT3-1 and LBT2 immortalized mouse
gonadotrope cell lines (Alarid et al., 1996; Windle et al., 1990). The aT3-1 cell line represents
an immature, but committed, gonadotrope of approximately embryonic day 13.5, since it
expresses the gonadotrope-specific genes a-GSU, GnRHR and steroidogenic factor 1
(SF-1).The LBT2 cell line recapitulates a more mature gonadotrope of at least embryonic day
17.5,expressing the LH and FSH B-subunits, as well as a-GSU, GnRHR, and SF-1. These
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model systems have been used extensively to identify and study regulatory elements necessary
for both basal and hormonal control of the gonadotrope-specific genes. In point of fact, almost
all of the studies defining the regulatory elements in the LH, FSH and GnRHR genes has utilized
the oT3-1 and LBT2 cell models (Duval et al., 1997; McGillivray et al., 2005; Norwitz et al.,
1999;Pernasetti et al., 2001; Steger et al., 1994).

To further understand temporal progression in the differentiation program of the gonadotrope,
we performed Affymetrix microarray analysis of the mRNAs expressed in the oT3-1 versus
the LBT2 gonadotrope cell lines and discovered that the bHLH protein NeuroD1 is highly
expressed in the aT3-1, while Mash1 is more specific to the LBT2 cells. The mouse GnRHR
promoter contains seven putative E-boxes (Resuehr et al., 2007), while other gonadotrope-
specific genes, such as LHP and FSHp, contain fewer. In particular, the unique E-box element
termed E-Box 3 in the GnRHR gene (located at —208/-203 relative to the mRNA start site) is
the only one that has the sequence elements that have been shown to preferentially bind group
A bHLH family members like NeuroD1, Mash1, and E47. We compare its activities to E-box
4, which has a sequence that is known to preferentially bind members of group B bHLH
proteins. Mutation of E-box 3, but not E-box 4, dramatically decreases expression of a GhnRHR-
Luciferase reporter in both oT3-1 and LBT2 cells. The bHLH proteins NeuroD1 and
Mash1,from a T3-1 and LBT2 nuclear proteins respectively, bind to E-box 3 in electrophoretic
mobility shift assays (EMSA) and are capable of activating expression of a GhnRHR-Luciferase
reporter in cotransfection assays, a response that is eliminated by mutation of E-box 3. Thus,
regulation of the mouse GnRHR promoter via E-box 3 in aT3-1 versus LBT2 cells by different
group A bHLH transcription factors (specifically NeuroD1 and Mash1) indicates that E-box 3
may be exploited by temporally sequential members of the bHLH transcription factor family
during gonadotrope differentiation.

2. Materials and methods

2.1. Reporter and expression plasmids

The GnRHR-Luciferase reporter plasmid contains 1.2 kb of the 5’ flanking region of the mouse
GnRHR gene cloned into the Smal/Xhol restriction site of pGL3 (Promega, Madison, WI) as
previously described (Albarracin et al., 1994). Site-specific mutations in E-box 3 and 4
consensus binding sites were made using the following oligonucleotides: pE-box 3 (5'-
CCTACGATAAAAAGACGGGCCCTCTICTGAGGGGC-3') and PE-Box 4 (5’-
CTTTCGACCATCAGAATTAGACTCCCAGTITCCTTCCTCACCTAC-3'); (lowercase
letters indicate mutated sequence). Mutagenesis was performed using the QuickChange
Mutagenesis Kit (Stratagene, La Jolla, CA) according to the manufacturer’s protocol. The
NeuroD1 expression plasmid has been previously described (Naya et al., 1995). The Mashl
pCLIG vector, generously provided by Dr. Kageyama, was digested with EcoRlI to isolate the
Mash1 cDNA, which was subsequently ligated into pcDNA3.1 digested with EcoRl
(Hatakeyama et al.,2001) to create a pMash1 expression vector. The 4X E-box 3 multimer was
constructed by annealing oligonucleotides containing 4 tandem copies of E-box 3 and ligating
them into the Nhel restriction site of pGL3 upstream of 81 bp of the herpes thymidine-kinase
promoter (Coss et al., 2004).

2.2. Cell culture, transient transfections and luciferase and B-galactosidase assays

a T3-1and LPT2 cells were grown as previously described (Rosenberg and Mellon,2002). The
day prior to transfection, aT3-1 and LBT2 cells were plated into 12-well plates at a density of
2x10° cells per well. FUGENE 6 transfection reagent (Roche Molecular Biochemicals,

Indianapolis, IN) was used according to the manufacturer’s protocol. Each well was transfected
with 400 ng of luciferase reporter plasmid along with 100 ng of a plasmid containing thymidine
kinase controlling B-galactosidase gene expression as a control for transfection efficiency. The
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cells were harvested 24 hours after transfection. For co-transfection experiments, 200 ng of
expression plasmid or the empty plasmid control was also transfected. Cell extracts were
prepared and assayed for luciferase and p-galactosidase activity as previously described
(Rosenberg and Mellon, 2002). Briefly, cells were washed in PBS, and then lysed with 80 pl
of lysis buffer (Galacto-light assay system, Tropix, Bedford, MA). Luciferase and p-
galactosidase activities were measured using an E.G. & G. Berthold Microplate Luminometer.
Promega SteadyGlo luciferase assay reagentand the Tropix Galacto-light  galactosidase assay
system were used according to the manufacturers’ protocols. All experiments were performed
in triplicate, and results represent at least three independent replicates. Data are expressed as
means * the standard error of the mean. Thus, all of the transfection data shown represent the
means £SEM of at least three independent experiments each performed in triplicate. Luciferase
values were normalized to B-galactosidase values to control for transfection efficiency and
those values were normalized to the wild-type reporter gene or the vector control where noted.
The means of the ratios of luciferase to B-galactosidase activity for each plasmid were
compared by one-way ANOVA using the Tukey-Kramer HSD test. P values less than 0.05
were considered statistically significant. Within each cell line, bars designated with letters
(aT3-1) or * (LBT2) are statistically significant as compared to wild-type GnRHR (as in Fig.
1B) or empty expression vector (as in Fig. 3 and Fig. 4).

2.3. RNA Isolation and microarray

Total RNA extraction was carried out using Ultraspec™RNA Isolation System (Biotecx
Laboratories Inc. Houston, TX) per manufacturer’s instructions from cells grown in a
monolayer on 10 cm plates. Total RNA was then resuspended in DEPC H,0 and reprecipitated
with 3 M NaOAC, pH 5.2, and then EtOH to eliminate any residual phenol or guanidinium
salts. RNA was submitted to the UCSD-VA GeneChip Core facility for analysis using
Affymetrix MOE430A chips. Data was analyzed using GeneSpring software (Silicon Genetics,
Santa Clara, CA).

2.4. Western blotting

Cells were washed in ice cold PBS and lysed in RIPA buffer containing 20 mM Tris (pH 8.0),
137 mM NaCl, 10% glycerol, 1% NP-40, 0.1% SDS, 0.5% deoxycholate, and 0.2 mM PMSF.
Protein concentration in lysates was determined by Bradford assay prior to gel loading to ensure
equal protein loading. 6X sample buffer (300 mM Tris-HCI, pH 6.8, 60% glycerol, 30 mM
DTT, 6% SDS) was added to yield a final concentration of 1X, lysates were heated to 95°C
for 5 min. Samples were subjected to SDS polyacrylamide gel electrophoresis on a 10% gel
(acrylamide:bis-acrylamide ratio of 29:1) and electro-blotted to Immobilin (Millipore,
Billerica, MA). Membranes were blocked in 5% non-fat dried milk in Tris buffered saline
(TBS). Anti-NeuroD1 (SantaCruz Biotechnology sc-1084) and anti-Mash1 (BD Pharmingen
556604) antibodies were used at a 1:1000 dilution with an incubation time of 2 hrs. Blots were
washed and then incubated with a 1:10,000 dilution of anti-goat HRP or anti-mouse HRP for
2 hr at room temperature. All blots were washed for 60 min (6 x10 min) with TBS after
secondary antibody and then visualized by chemiluminescence using Pierce SuperSignal
reagents (Rockford, IL).

2.5. Electrophoretic mobility shift assay (EMSA)

Nuclear extracts were prepared from oT3-1 and LBT2 cells as previously described (Rosenberg
and Mellon, 2002). The following probes were annealed, end-labeled using T4 Polynucleotide
Kinase (New England Biolabs, Beverly, MA) according to the manufacturer’s protocol, and
purified using G25 Probe Quant columns (Amersham, Piscataway, NJ): E-box 3 (5'-
ACGGGCCATCTGCTGAGG -3'), Mutant E-Box 3 (5’-
ACGGGCtgTCcaCTGAGG-3’),positive control POMC E-box (5'-
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GGAAGGCAGATGGACGCA-3"), positive control muscle creatine kinase enhancer E-box
(MCK: 5’CCCCAACACCTGCTGCCT-3’). Binding reactions were carried out using 2 pg of
nuclear protein and 4 fmol of [32P] labeled oligonucleotide in a 10 pl reaction containing 5
mM DTT, 0.025 pg/ul Poly dIdC, and binding buffer (50 mM HEPES pH 7.8, 250 mM KClI,
5mM EDTA, and 30% glycerol). For competitions, 250 or 500-fold excess of double-stranded
unlabeled oligonucleotides were used. After the addition of probe and nuclear protein, binding
reactions were incubated 5 minutes on ice prior to electrophoresis on a 5% non-denaturing
polyacrylamide gel in 0.25X TBE. For supershift assays, 1 pg of anti-NeuroD1 (Santa Cruz
Biotechnology sc-763x), anti-E47 (Santa Cruz Biotechnology sc-763x),anti-Mash1/Ascl1
(Abcam ab 38557), anti-BMAL1 (Abcam ab49421), or normal mouse IgG (Santa Cruz
Biotechnology sc-2025) were added to reactions prior to the addition of nuclear protein and
incubated on ice for 10 minutes. Gels were run at 250V for approximately 1.5 hours, dried
under vacuum, and exposed to autoradiographic film overnight.

3.1. The group A basic helix-loop-helix transcription factors, NeuroD1 and Mash1, are
differentially expressed in the aT3-1 versus LBT2 gonadotrope-derived cell lines

To better understand the differences in transcription factors expressed in aT3-1 versus LBT2
cells, we used Affymetrix oligonucleotide arrays to characterize gene expression patterns in
the gonadotrope-derived cell lines. Comparison of the gene expression profiles between the
aT3-1 and LBT2 cell lines reveals that a number of different bHLH proteins such as
NeuroD1,Mash1, 1d2, and Hes6 are expressed with distinct and somewhat overlapping profiles
(data not shown). Our attention was drawn to the group A bHLH proteins NeuroD1 and Mash1
as promising candidates for regulating the mouse GnRHR through group A motif E-box 3 since
both transcription factors have previously been shown to be expressed during pituitary
development in vivo (Liu etal., 2001). The Affymetrix oligonucleotides array revealed that the
oT3-1 cell line expresses 4.5-fold more NeuroD1 mRNA than LBT2 cells (P = 1.6 x 10717).
In contrast, LBT2 cells express 14-fold more Mashl mRNA as compared to aT3-1 cells (P =
2.5 x 10717). To verify the expression patterns observed in the microarrays, western blots were
performed to compare the levels of NeuroD1 and Mash1 protein between the aT1-1, aT3-1
and LBT2 gonadotrope-derived cell lines. The aT1-1 cell line represents an earlier progenitor
than even the aT3-1 cells in that it expresses aGSU, but not GnRHR or SF-1 (Alarid et al.,
1996;Windle et al., 1990). Western blots revealed that NeuroD1 protein is much more highly
expressed in aT3-1 versus LBT2 or aT1-1 cells, while the corticotrope-derived AtT20 cell
extracts serve as a positive control. In contrast, Mash1 protein expression is much greater in
LBT2 cells compared to either aT1-1 or aT3-1 cells confirming the microarray findings (Fig.
1).In fact, the differences in expression are much more pronounced in the western blots than
the microarrays indicated. NeuroD1 is almost undetectable in LBT2 and Mash1 is almost
undetectable in aT3-1, while both are absent or barely detectable in the earliest progenitor,
aT1-1, that does not express gonadotrope-specific markers with the exception of aGSU. Thus,
the bHLH family members NeuroD1 and Mash1 are differentially expressed in the
gonadotrope-derived cell lines.

3.2. Mutation of E-box 3, but not E-box 4, significantly decreases basal activity of the mouse
GnRHR promoter

To investigate the function of the bHLH proteins in the differentiation of the gonadotrope
lineage, we scanned the first 1000 bp of the promoter regions of the mouse gonadotrope-
specific end-target genes, GnRHR, a-GSU, LHpB, and FSHp. By the simple definition of the
sequence requirements for an E-box (CAnNnTG), the GNRHR gene has 6, the a-subunit gene
has 9, while LHp gene has 4, and the FSHp gene has only 1 (Fig. 2A). Fig. 2A shows the
sequences of these E-boxes from 5’ to 3’ from both the “coding” and non-coding, i.e, reverse
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strands (AS). Though the E-box is simply defined as CAnnTG, in fact, the internal and adjacent
base pairs play important roles in the specificity of binding. The “E-box” #1 previously noted
by Resuehr, et al.(2007), does not fit this definition of an E-box in that it lacks the G of the
CANnTG. As noted above, group A proteins, including NeuroD1, Mash1, and E47,
preferentially bind to E-boxes with internal bases of GC as in CAGCTG, while group B bHLH
proteins prefer internal bases of CG as in CACGTG (Li et al., 2006). In addition, a consensus
Mash1 binding site identified using phylogenetic footprinting also has the internal GC bp (5’-
CAGCTG-3’) (Hu et al., 2004),supporting this conclusion. Only 1 E-box in GnRHR, 4 in the
a-subunit, 3in LHP, and 0 in FSHP, have at least one of the two central bp in the correct position
on at least one strand (underlined in Fig. 2A). Furthermore, an established NeuroD1 binding
site (DE2C) from the POMC gene promoter expressed in pituitary corticotrope cells has been
studied in detail (Poulin et al., 1997), determining that this protein prefers the two flanking bp
to be guanosine nucleotides (5’-GCAGATGG-3’) (bolded in Fig. 2A). Of those E-boxes that
have at least one internal bp matching the group A pattern of GC, only 1 E-box in GhRHR
(#3), 1 in the a-subunit (the most proximal), 1 in LHp, and 0 in FSHp have two flanking bp
that match this requirement. In fact, the GnRHR E-box 3 is the only one that is an 8 of 8 bp
match (in the antisense strand 5’-GCAGATGG-3") with the well-characterized NeuroD1-
binding POMC E-box, including the important 5” and 3’ flanking nucleotides. Furthermore,
E-box 3 is evolutionarily conserved in the GnRHR genes of many mammalian species. All
eight bp are found in the same location in mouse, rat, porcine, and human GnRHR genes, while
the other E-boxes in this gene are not conserved outside of rodent species. Thus, we chose to
focus on this E-box in the GnRHR gene as a potential target for NeuroD1 and Mash1.

Therefore, we examined the group A E-box, E-box 3 (—208/-203), and compared it to an
adjacent group B E-box, E-box 4 (—244/-239) (Li et al., 2006). Initially, we mutated E-boxes
3 and 4 to address their contribution to mouse GnRHR promoter activity (Fig. 2B). Both oT3-1
and LBT2 cells were transiently transfected with a wild-type GnRHR-Luciferase reporter or
reporters containing a mutation in either E-box 3 or 4. In transient transfections, mutation of
E-box 3, but not E-box 4, in both oT3-1 and LBT2 cells, results in a significant decrease in
reporter gene expression (Fig. 2C). Interestingly, while E-box 3 mutation affects expression
in both cell lines, its effect is more robust in the oT3-1 cells. For example, E-box 3 mutation
decreases expression 95% in aT3-1 cells compared to wild-type reporter gene expression,
whereas in LBT2 cells, E-box 3 mutation decreases expression 57%. In contrast, mutation of
E-box 4 does not significantly decrease GnRHR-Luciferase expression compared to wild-type
reporter. Thus, it appears that E-box 3 is critical for expression of the GnRHR in both aT3-1
and LBT2 cells.

3.3. Over-expression of group A bHLH family members NeuroD1 and Mash1 directly activate
a mouse GnRHR-Luciferase reporter gene through E-box 3

To determine whether NeuroD1 or Mash1 is capable of activating transcription of a GnRHR-
Luciferase reporter gene, transient transfections were carried out in aT3-1 and LBT2 cells.
NeuroD1 and Mash1 expression vectors, or equimolar amounts of an empty expression vector,
were co-transfected along with the GnRHR-Luciferase reporter gene into aT3-1 and LBT2 cells
(Fig. 3A). Over-expression of NeuroD1 in oT3-1 cells does not alter GhnRHR-Luciferase
expression, which may be due to high levels of endogenous expression of NeuroD1 in the cell
line. In contrast, over-expression of NeuroD1 in LBT2 cells, in which the protein in not highly
expressed, activates the GhnRHR reporter by 2 fold as compared to empty control (P<0.05). In
a similar fashion, over-expression of Mashl in LBT2 cells has no effect, however in aT3-1
cells, a 3-fold activation occurs. The effect of over-expression of both NeuroD1 and Mashl in
aT3-1and LBT2 cells was blocked when E-box 3 was mutated (Fig. 3B), indicating that either
the other E-boxes cannot bind group A bHLH proteins or that the participation of this specific
E-box is required for activation of the mouse GnRHR promoter. As such, E-box 3 can
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differentially mediate the stimulatory role of group A bHLH transcription factors NeuroD1
and Mash1l in oT3-1 versus LBT2 cells.

3.4. Four tandem copies of mouse GnRHR E-box 3 fused to a minimal promoter are sufficient
to mediate bHLH responsiveness

We next addressed whether E-box 3 alone is sufficient to mediate bHLH responsiveness of the
mouse GNRHR promoter. To accomplish this, four copies of E-box 3 were fused upstream of
a thymidine kinase minimal promoter (4X E-box 3 multimer) and co-transfected into oT3-1
and LBT2 cells with either an equimolar amount of empty vector control, NeuroD1, or Mash1l
expression vectors. Co-transfection of NeuroD1 with the 4X E-box 3 reporter in aT3-1 cells
results in an 8-fold increase in luciferase expression compared to the empty vector control (Fig.
4). However, this effect cannot be observed with a 4X multimer of E-box 4, which is not
activated by NeuroD1 in aT3-1 cells (data not shown). Over-expression of Mashl, which is
not highly expressed in aT3-1 cells, results in a 25-fold increase in 4X E-box 3 reporter activity.
In addition, we tested whether over-expression of NeuroD1 or Mashl is also capable of
activating the 4X E-box 3 reporter in LBT2 cells. The 4X E-box 3 reporter was transactivated
by NeuroD1 over-expression in LBT2 cells with a 4-fold increase in activity compared to empty
vector control (Fig. 4). Over-expression of Mashl in LBT2 cells, however, resulted in only a
relatively small 1.2 fold increase in activity, which was not statistically significant, again
probably due to the high endogenous level of Mash1l in these cells. Thus, E-box 3 is sufficient
to mediate responsiveness of the mouse GnRHR promoter to group A members of the bHLH
family of transcription factors. Furthermore, these data also indicate that mouse GnRHR E-
box 3 can be the target for at least two members of the group A bHLH transcription factor
family that are critical for cell fate commitment and present during gonadotrope development.

3.5. NeuroD1, Mash1, and E47, the bHLH dimerization partner, can bind mouse GnRHR E-
box 3 In Vitro

To test whether E-box 3 can bind group A bHLH family member NeuroD1 in combination
with the bHLH dimerization partner E47, EMSAS were performed using radiolabeled
oligonucleotides encompassing E-box 3 with nuclear extracts from aT3-1 cells. Specificity of
the protein complexes was determined by competition with 250- or 500-fold excess of
unlabeled oligonucleotides. Competition with either 250- or 500-fold excess of unlabelled
oligonucleotides containing a mutated E-box 3 (see Fig. 2B) were weak competitors for protein
complexes 1, 2, and 3, while complexes 4 and 5 were competed away, indicating that complexes
4 and 5 are not E-box-specific binding events (Fig. 5). Competition with homologous E-box
3 oligonucleotides eliminates complexes 1, 2, and 3, as did an oligonucleotide containing a
characterized E-box from the POMC gene promoter which serves as a positive control (Poulin
etal., 1997) (Fig. 5). Consequently, complexes 1, 2, and 3 represent specific binding events at
mouse GNRHR E-box 3. To identify the proteins in these complexes, antibodies directed
against NeuroD1 and E47, in addition to an equal mass of mouse 1gG, were included in the
EMSA reactions. Addition of the NeuroD1 antibody shifted radioactivity from complexes 1
and 2, and eliminated complex 3, resulting in the formation of a new complex of markedly
decreased mobility (supershift). Inclusion of the antibody directed against the bHLH
dimerization partner E47 eliminates complexes 1 and 3, while decreasing intensity of complex
2, and also results in the formation of a new complex of decreased mobility (Fig. 5). In contrast,
no specific protein complexes were ever discerned binding to the 5’ E-box oligonucleotide
probe, and inclusion of NeuroD1 or E47 antibodies had no effect on the promiscuously
competed protein complexes that did bind to this region (data not shown). These results indicate
that both NeuroD1 and E47 are capable of interacting with mouse GnRHR promoter E-box 3,
and that they may do so as heterodimers, since inclusion of antibodies directed against either
of these proteins reduces the intensity of the same protein complexes.
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We next investigated the ability of group A bHLH family member Mash1 to bind mouse
GnRHR E-box 3. To address this question, nuclear proteins were isolated from LBT2 cells,
which express Mash1 at higher levels than aT3-1 cells. While complex 1 appears to be non-
specific, oligonucleotides containing mutated E-box 3 competed for complex 3, but were
unable to compete for complex 2. However, 250- or 500-fold excess of unlabelled homologous
oligonucleotides and muscle creatine kinase enhancer (MCK) oligonucleotides, which have
been previously shown to bind Mash1 (Weintraub et al., 1990), both compete for binding of
complex 2, indicating a specific binding event. Addition of the Mash1/Ascl1 antibody
eliminated radioactivity from complex 2, and inclusion of an antibody directed against E47
reduced the intensity of complex 2 (Fig. 6). These data indicate that both Mash1 and E47 found
in LBT2 cells are capable of interacting with mouse GnRHR E-box 3 and may do so as a
heterodimer.

3.6. Binding of NeuroD1 and Mash1 to mouse GnRHR E-box 3 is specific to the aT3-1 and
LBT2 cells, respectively

Both western and microarray analysis showed high levels of NeuroD1 in aT3-1 cellsand Mash1
in LPT2 cells. We were concerned, however, that the NeuroD1 in LBT2 cells and Mash1 in
aT3-1 cells, albeit at lower concentrations, still might be able to bind an E-box 3 probe. In
addition, it was important to test whether a group B bHLH transcription factor such as BMAL1/
Clock heterodimers could bind to mouse GnRHR E-box 3. To address these questions, EMSA
were performed using nuclear proteins from oT3-1 and LBT2 cells and a radiolabeled Ebox 3
probe. Prior to addition of nuclear proteins, NeuroD1, Mashl, or BMAL1 antibodies, or IgG
were added to appropriate reactions. Only the addition of NeuroD1 antibody to aT3-1 nuclear
proteins results in a supershifted complex, inclusion of either Mashl or BMAL1 had no effect
(Fig. 7). In the converse experiment using LBT2 nuclear proteins, only the inclusion of Mash1
antibody caused an abrogation of the specific binding complex. Consequently, GhnRHR E-box
3 is highly specific for the binding of group A bHLH family members NeuroD1 from aT3-1
cells and Mash1 from LBT2 cells versus the one group B bHLH transcription factor tested,
BMALL.

4. Discussion

Programmed cascades of regulatory factors define the differentiation of specific cell types in
developing tissues during organogenesis. Sequential expression of specific bHLH proteins is
an emerging paradigm for regulating individual genes during differentiation. We have
demonstrated that the closely related bHLH factors, NeuroD1 and Mash1 are differentially
expressed in the progenitor gonadotrope, oT3-1, versus the more mature gonadotrope,
LBT2.Although NeuroD1 and Mash1 are known to be critical for development in multiple
systems including the anterior pituitary (Liu et al., 2001; Miyata et al., 1999; Morrow et al.,
1999; Naya et al., 1997), their specific role in the gonadotrope gene program has remained
poorly characterized. Consequently, examining NeuroD1 and Mashl in aT3-1 and LBT2 cells
sheds light on the role of bHLH proteins in GhnRHR expression during gonadotrope
development.

We have identified an E-box regulatory element that is critical for developmental expression
of the mouse GnRHR gene. E-box 3 can bind and be trans-activated by the group A bHLH
transcription factors NeuroD1 and Mash1, in aT3-1 and LBT2 cells, respectively, to activate
GnRHR expression. Thus, this E-box may represent an element that is used by different group
A bHLH transcription factors during developmental expression of the GnRHR gene as part of
the gonadotrope-specific gene program.

Recent work by Resuehr, et al. (2007) showed that the proximal mouse GnRHR gene promoter
contains seven putative E-box elements. The authors show that the group C bHLH CLOCK
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protein can interact with at least one of three E-box elements in the mouse GnRHR gene
promoter in ChIP assays (Resuehr et al., 2007); however, the authors did not identify which
of the three E-box elements is involved nor address whether the same interactions occur in the
more mature LBT2 gonadotrope-derived cell line. Interestingly, work by Li, et al. (Li et al.,
2006),describes the nucleotide binding preference for specific groups (A-F) of bHLH proteins.
Group A proteins, including NeuroD1, Mash1, and E47 preferentially bind to the motif (5°-
CAGCTG-3); in contrast, group B bHLH proteins bind the motif (5’-CACGTG-3’) (Li etal.,
2006).Mouse GnRHR E-box 3 (5’-CAtCTG-3’) is the closest match to a group A binding motif
within the proximal 1000 bp the GnRHR gene. Furthermore, this E-box is an 8 of 8 bp match
in the antisense strand (AS 5’-gCAGATGg-3’), including the important 5* and 3’ flanking
nucleotides, with an established NeuroD1 binding site (DE2C) from the POMC gene promoter
(5’-gCAGATGg-3’) (Poulinetal., 1997) and a 5 of 6 bp match with a consensus Mash1 binding
site identified using phylogenetic footprinting (5’-CAGCTG-3’) (Hu et al., 2004). We were
also interested in the contribution of group B bHLH binding motifs to mouse GnRHR promoter
activity. To address this, we mutated E-box 4 (5’-CAAGTG-3’), which only varies from the
consensus group B binding motif (5’-CACGTG-3’) by 1 nucleotide. Mutation of E-box 4 did
not significantly attenuate mouse GnRHR promoter activity in either aT3-1 or LBT2 cells
suggesting that group B motif E-box 4 is not critical for activity of the promoter. This is in
contrast to the results of Resuehr, et al. (2007), in which cis-mutation of every E-box they
identified reduced expression in aT3-1 cells. This discrepancy is likely due to the fact that we
selectively mutated only the first and last nucleotides of the putative E-box to create precise
mutations, while Resuehr, et al., mutated all six nucleotides in the seven E-boxes, which could
have affected other binding proteins on adjacent or overlapping sites.

Our reasons were several-fold for pursuing the roles of NeuroD1 and Mashl in regulation of
the mouse GnRHR promoter. First, both NeuroD1 and Mash1 are expressed in the ventral most
regions of the developing mouse anterior pituitary and overlap with the approximate time of
GnRHR expression in developing gonadotropes (Liu et al., 2001). Second, microarray analysis
showed significant differences in expression patterns of NeuroD1 and Mash1 between aT3-1
and LBT2 cells. Western blots confirmed the microarray findings showing higher levels of
NeuroD1 in aT3-1 versus LBT2 cells, and greater Mash1 expression in LBT2 cells versus
aT3-1 cells.

In over-expression studies, NeuroD1 activates the GhnRHR-Luciferase reporter in LBT2 cells
by 2 fold, while Mash1 activates the promoter in aT3-1 cells by 3 fold. With mutation of E-
box 3, all the responses were eliminated, while mutation of E-box 4 had no effect on basal
expression in either cell, confirming the critical role of E-box 3 in mediating the activity of
group A bHLH transcription factors. The inability of NeuroD1 over-expression to stimulate
expression via E-box 3 in aT3-1, and Mashl to stimulate in LBT2 cells, is most likely due to
high endogenous expression of the proteins in these cell lines. The presence of high levels of
a transcription factor often makes it difficult to increase the levels substantially by co-
transfection with an expression vector. The same result is seen in over-expression studies with
the 4X E-Box 3 multimer, where over-expression of NeuroD1 increases activity of the multimer
in LBT2 cells more robustly than in aT3-1, while Mash1 increases activity of the multimer
only in LBT2 cells, not in aT3-1 cells. Alternative hypotheses can be put forward for these
results. Perhaps limiting amounts of specific forms of bHLH partner proteins present in each
cell line could affect heterodimerization partner availability and, therefore, ability to activate
transcription. Alternatively, limiting levels of co-activator complexes that differentially
associate with these bHLH proteins in their specific cells might create a situation in which all
of the key co-activator is bound by the endogenous protein, preventing activation by
overexpressed bHLH proteins. Another potential mechanism might be limiting levels or
activities of enzymes necessary for posttranslational modification of the bHLH proteins, such
that additional bHLH protein is not properly modified to allow activation.
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EMSA showed that mouse GnRHR E-box 3 can bind group A bHLH transcription factors from
both aT3-1 and LBT2 cells. EMSAs with aT3-1 nuclear proteins produced three specific
binding complexes as determined by competition. Furthermore, addition of NeuroD1 or E47
antibodies “supershifted” complexes away from all three of the specific bands. As such, E-box
3 is capable of binding NeuroD1 and appears to do so by heterodimerizing with E47. Using
nuclear proteins from LBT2 cells, we also detected one specific binding event with an
oligonucleotide probe containing mouse GnRHR E-box 3. Inclusion of antibodies to Mashl
and E47 eliminated or attenuated binding of the specific complex. We conclude that the bHLH
transcription factors NeuroD1 and Mash1 bind E-box 3 as heterodimers with the binding
partner E47. Finally, crossing the group A bHLH antibodies showed that the binding of
NeuroD1 in aT3-1 cells and Mashl in LBT2 cells is highly specific and preferential to the
binding of the one group B bHLH family member tested. What remains to be determined is
the role these proteins may play in vivo in regulating or timing GnRHR gene expression during
the course of pituitary development.

As previously mentioned, NeuroD1 expression in the pituitary commences at e11.5 and
becomes undetectable by e14.5-e15.5 (Liu et al., 2001). Initial activation of GnRHR
expression in the developing gonadotrope falls within this same developmental window, which
also correlates with the approximate gonadotrope-specific gene expression profile of the aT3-1
cell model (i.e. expression of the a-GSU and GnRHR). Regulation of a pituitary-specific gene
by NeuroD1 via an E-box is not without precedent during anterior pituitary development. Work
from Lamolet, et. al. (Lamolet et al., 2004), showed that the POMC gene, the expression of
which is confined to corticotropes in the anterior pituitary, is regulated by NeuroD1/E47
heterodimers binding an E-box in the gene’s promoter (Poulin etal., 1997). Although NeuroD1
knockout mice show a delay in corticotrope appearance and minor alteration in a-GSU
expression, the authors did not examine GnRHR expression (Lamolet et al., 2004).

Presently, the role of Mashl in anterior pituitary development and the gonadotrope gene
program is less clear than that of fellow bHLH family member NeuroD1. Mash1 is expressed
in the ventral aspect of the developing mouse anterior pituitary and has been proposed to exert
arole in terminal differentiation of the gonadotrope (Zhu et al., 2006). Interestingly, in
Zebrafish, the Mash1 homolog, asclla, is critical for adenohypophysis formation, and in its
absence, all pituitary cell types fail to differentiate (Pogoda and Hammerschmidt, 2007; Pogoda
et al., 2006).Since mouse GnRHR expression is initiated around e13.5, it is possible that
NeuroD1 is involved in early activation and regulation of the gene. As gonadotrope
development progresses and levels of bHLH transcription factors change, E-box 3 is likely
exploited by other bHLH proteins such as Mash1. Consequently, cellular programming during
gonadotrope development probably requires sequential combinations of transcription factors
during different phases of maturation that ultimately activate the gonadotrope-specific genes.

The role of bHLH proteins in the development of several physiological systems has been well
characterized (Miyata et al., 1999; Morrow et al., 1999; Naya et al., 1997). Numerous parallels
exist between such developmental programs and that of the pituitary, making it tempting to
speculate about the potential role these proteins might play in pituitary gonadotrope
development as well. A key question yet to be addressed is whether GnRHR expression during
development would be delayed or otherwise disrupted in the absence of NeuroD1, Mash1, or
both. Indeed, a similar situation has been shown to exist during retina development
(Hatakeyama et al., 2001; Inoue et al., 2002). In that case, bHLH family members Math3
(Neurod4) and NeuroD1 are both transiently expressed in developing retinal interneurons or
amacrine cells. Loss of Math3 expression alone does not disrupt interneuron development.
Loss of NeuroD1 delays differentiation slightly, but does not affect final amacrine cell number
in the retina. However, loss of both Math3 and NeuroD1 expression results in complete ablation
of the amacrine cell type (Inoue et al., 2002). In addition, sequential patterns of the same bHLH
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proteins that are required during retina development have also been shown to be important for
spinal cord (Lee and Pfaff, 2003) and pancreas (Gasa et al., 2004), among others. Similar
sequential patterns of action and functional redundancies clearly exist in anterior pituitary
development (Zhu et al., 2007).

In summary, we have shown that E-box 3 in the mouse GnRHR gene proximal promoter is
activated by and can bind members of the developmentally critical group A bHLH transcription
factor family found in the gonadotrope derived oT3-1 and LBT2 cell lines. E-box 3 may
represent a promoter regulatory element that is utilized by sequential group A bHLH
transcription factors during gonadotrope development. Understanding the role different bHLH
transcription factors play in gonadotrope development will require careful characterization of
gonadotrope gene expression in pituitary-specific bHLH knockout mice throughout
development, most likely including examination of animals with deletion of multiple bHLH
proteins.
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Fig. 1.

The basic helix-loop-helix transcription factors NeuroD1 and Mash1 are differentially
expressed in the gonadotrope-derived oT3-1 and LBT2 cell lines. Western blot analysis of total
protein from the gonadotrope-derived aT1-1, aT3-1, and LBT2 cell lines was used to confirm
findings in the Affymetrix oligonucleotide arrays. Concentrations of protein in lysates were
determined by Bradford assay and sample volume adjusted to ensure equal loading.
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Fig. 2.

Mutation of E-box 3 significantly decreases basal activity of a mouse GnRHR-Luciferase
reporter gene in oT3-1 and LBT2 cells. (A) E-box sequences from the proximal 1000 bp of
each gene are shown in comparison to the well-characterized POMC E-box and the Group A
consensus (GrpA). Within each gene, both the sense (S) and antisense (AS) strands are shown
in the 5’ to 3’ orientation. They are ordered from the most distal (top) to the most proximal
(bottom) within each gene. The defining bases (CAnNnTG) are in capital letters. The internal
base pair matches for the Group A bHLH consensus (GrpA, shown at the top) are underlined.
The flanking bp matches for to the well-defined NeuroD1 binding site from the POMC gene
(shown second) are in bold. (B) Mutated sequences of E-boxes 3 and 4 from the GnRH gene
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are shown with the mutated bases underlined. (C) The GnRHR-Luciferase reporter either wild-

type or containing mutations in either E-box 4 or E-box 3 were transiently transfected into
aT3-1 cells or LBT2 cells.
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Fig. 3.

Over-expression of NeuroD1 in LBT2 cells or Mashl in aT3-1 cells activates a wild-type
GnRHR-Luciferase reporter gene, but activation is lost upon mutation of E-box 3. NeuroD1
and Mash1 expression vectors or equimolar amounts of an empty expression vector were
cotransfected along with the GnRHR-Luciferase reporter gene (GnRHR) or E-box 3 mutant
reporter (E-box 3 Mutant) into oT3-1 and LBT2 cells.
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Over-expression of the basic helix-loop-helix proteins NeuroD1 or Mash1 are sufficient to
increase expression of a 4X E-box 3 multimer reporter gene. aT3-1 and LBT2 cells were
transiently transfected with E-box 3 multimer reporter gene and expression vectors for
NeuroD1,Mash1, or empty expression vector, as a control.
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NeuroD1 and E47 bind to radiolabeled oligonucleotides containing E-box 3 from the mouse
GnRHR gene promoter. EMSASs were performed with radiolabeled oligonucleotides
encompassing E-box 3 in the 5' flanking region of the mouse GnRHR gene. Radiolabeled
oligonucleotide probe was incubated with nuclear proteins from aT3-1 cells. Specific protein/
DNA complexes were identified by competition with 250- or 500-fold excess unlabelled
oligonucleotides containing a mutated E-box 3 (UE-box), homologous competitor (wild type
Ebox 3), or a positive control E-box from the POMC gene (POMC). Identification of the bHLH
transcription factors in specific complexes was determined by inclusion of an antibody directed
against NeuroD1 or the ubiquitously expressed bHLH heterodimerization partner, E47.
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Mash1 and E47 bind to radiolabeled oligonucleotides containing E-box 3 from the mouse
GnRHR gene promoter. EMSAS were performed with radiolabeled oligonucleotides
encompassing E-box 3 in the 5' flanking region of the mouse GnRHR gene. Radiolabeled
oligonucleotide probe was incubated with nuclear proteins from LBT2 cells. Specific protein/
DNA complexes were identified by competition with 250- or 500-fold excess unlabelled
oligonucleotides containing a mutated E-box 3 (UE-box), homologous competitor (wild-type
E-box 3), or a positive control (MCK). Identification of the bHLH transcription factors in
specific complexes was determined by inclusion of an antibody directed against Mash1 or the
ubiquitously expressed bHLH heterodimerization partner, E47.

Mol Cell Endocrinol. Author manuscript; available in PMC 2009 November 25.



Cherrington et al.

Page 21

Q
_|
e
—
1=
_|
N

é = =l % = =l
N ey L=
'5 73} <C S n <
Antibody: & 2 2 3 & 2 2 3
Super
Shift
—»
11—
2
3
4
i
Fig. 7.

The binding of group A bHLH family members NeuroD1 from aT3-1 cells and Mash1 from
LBT2 cellsto E-box 3 is highly specific and preferential to the binding of group B bHLH family
members. EMSAs were performed with radiolabeled oligonucleotides encompassing E-box 3.
Radiolabeled oligonucleotide probe was incubated with nuclear proteins from aT3-1 or LBT2
cells. Specificity of binding complexes was determined by inclusion of antibodies directed
against NeuroD1, Mash1, and BMAL1, or 1gG as a control.

Mol Cell Endocrinol. Author manuscript; available in PMC 2009 November 25.



