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The molecular mechanisms for the development of multiple distinct endocrine cell types in the anterior
pituitary have been an area of intensive investigation. Though the homeodomain protein Pit-1/GHF-1 is known
to be involved in differentiation of the somatotrope and lactotrope lineages, which produce growth hormone
and prolactin, respectively, little is known of the transcriptional regulators important for the gonadotrope cell
lineage, which produces the glycoprotein hormones luteinizing hormone and follicle-stimulating hormone.
Using transgenic mice and transfection into a novel gonadotrope lineage cell line, we have identified a
regulatory element that confers gonadotrope-specific expression to the glycoprotein hormone «-subunit gene.
A tissue-specific factor that binds to this element is purified and characterized as a 54-kDa protein which is
present uniquely in cells of the gonadotrope lineage and is not Pit-1/GHF-1. The human and equine a-subunit
genes are also expressed in placental cells. However, the previously characterized placental transcription
factors designated TSEB and o-ACT are not found in the pituitary gonadotrope cells, indicating that
independent mechanisms confer expression of these genes in the two different tissues.

The temporal and tissue-specific control of gene expres-
sion in mammals remains a central question in developmen-
tal biology. The anterior pituitary has served as an excellent
model in which to study the specification of gene expression.
Five distinct endocrine cell types arise, each specialized to
produce different hormones. These are, in developmental
order of appearance, as follows: corticotropes, which pro-
duce pro-opiomelanocortin; thyrotropes, which produce
thyroid-stimulating hormone (TSH); gonadotropes, which
produce both luteinizing hormone (LH) and follicle-stimu-
lating hormone (FSH); somatotropes, which produce growth
hormone (GH); and lactotropes, which produce prolactin.

Substantial information is available concerning the molec-
ular events important for regulation of GH and prolactin
gene expression as a result of the availability of the somato-
trope/lactotrope GH cultured cell lines (50). A specific
POU-homeodomain protein (22), termed Pit-1 or GHF-1,
activates expression of these genes in somatotropes and
lactotropes (2, 12, 31). Pit-1/GHF-1 is also required for
development of the somatotrope and lactotrope cell lineages.
Dwarf mice in which the Pit-1/GHF-1 gene is mutated or
deleted fail to develop these cell types (30). Curiously,
Pit-1/GHF-1 expression is not restricted to these two lin-
eages. Though Pit-1/GHF-1 is first detected after the expres-
sion of TSH, it is found in thyrotropes, and this cell type is
also eliminated from dwarf mice (30). Moreover, the mRNA
for Pit-1/GHF-1 is also expressed in the remaining two cell
types, gonadotropes and corticotropes, but the protein is not
detectable (47), indicating a potential role for translational
control (12).

Much less is known about the mechanisms determining
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expression of the other pituitary hormone genes. Three of
these hormones, TSH, LH, and FSH, form a family of
glycoprotein hormones each of which is a heterodimer
composed of a common « subunit and a distinct § subunit.
The ontogenic appearance of the individual subunits is not
coordinated. Surprisingly, the o-subunit gene is first ex-
pressed on embryonic day 11.5 (day e11.5) of rat develop-
ment in the placode of somatic ectoderm, which beginning
on day 12 will form Rathke’s pouch, the anlagen of the
anterior pituitary (47). This expression is maintained in
thyrotropes and gonadotropes but may be restricted from the
cells destined for other lineages (47). TSH B mRNA is
detected on day e15.5, while LH B and FSH B mRNAs
appear even later, on days €16.5 and el7.5, respectively.

The related glycoprotein hormone, human chorionic go-
nadotropin (hCG), is formed in the human placenta by
combination of the common « subunit with a fourth B
subunit specific to hCG. In equine species, the a-subunit
gene is also activated in the placenta to form a component of
pregnant mare serum gonadotropin (13, 49). The tissue-
specific expression of the human and equine a-subunit genes
of the glycoprotein hormones is thus tightly limited to two
very distinct tissues, the placenta and the anterior pituitary.
Within the placenta, expression of this gene is specifically
directed to the trophoblasts. However, many other mam-
mals (including rodents) do not produce a placental gonad-
otropin hormone (51). In these species, the a-subunit gene is
expressed only in pituitary but in the same two endocrine
cell types, the thyrotropes and gonadotropes. Thus, a single
human or equine a-subunit gene must confer the specificity
for three distinct cell types within two diverse tissues; in
contrast, the rodent a-subunit gene confers expression only
to the pituitary (gonadotropes and thyrotropes).

The molecular basis for placenta-specific expression of the
human a-subunit gene has been studied by transfection of
human placental trophoblast cell lines that express hCG and
are derived from choriocarcinoma tumors (9). The placental
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specificity of the human gene is determined by a composite
enhancer composed of a trophoblast-specific element (TSE;
also termed URE) (26) that binds a protein present specifi-
cally in placenta, TSEB (10); a GATA element that binds a
protein (a-ACT) (49) related to the family of GATA-binding
factors (41, 56); and two cyclic AMP-responsive elements
(CREs) (10, 46) that bind the ubiquitous protein CREB (15,
19). In addition, a specific CCAAT-binding protein (28) and
a factor binding a site just downstream of the CREs termed
the junctional regulatory element (1a) may also participate in
regulation of the human gene in placenta. In contrast, the
equine gene carries no TSE or CRE, though it does contain
two GATA elements that bind the protein a-ACT from
placental cells (49), while the mouse gene has no TSE,
CREs, or GATA elements, consistent with its lack of expres-
sion in placental cells. In thyrotrope tumor cells, expression
of the mouse a-subunit gene appears to be conferred by two
large proximal regions which are bound by tissue-specific
proteins (39, 42).

The molecular basis of the tissue specificity of the a-sub-
unit gene in gonadotropes could not be investigated hereto-
fore because of the lack of an appropriate cell line. The
human gene shows expression after transfection into pri-
mary pituitary cells (6), but these studies are quite difficult
and employ a heterogeneous population of cells. In trans-
genic mice, an 18-kb DNA fragment carrying the entire
human a-subunit gene has been demonstrated to direct
tissue-specific expression to the pituitary (14), as did a 1.5-kb
fragment of the 5'-flanking region of the a-subunit gene (3).
We have also demonstrated that 1.8 kb of the 5'-flanking
region from this gene can direct pituitary-specific expression
of the simian virus 40 T-antigen oncogene (Tag) in transgenic
mice (55). Most importantly for the studies presented here,
the tumors derived from these mice were cultured to derive
clonal cell lines (e.g., aT3-1 cells) which continue to produce
the endogenous mouse o subunit and express the human
o-Tag transgene. These cells also display functional gonado-
tropin-releasing hormone receptors (21) (though they do not
respond to thyrotropin-releasing hormone), indicating their
origin as the gonadotrope lineage (55). We have proposed
that these cells represent a precursor to the gonadotrope
lineage which is immortalized by the early expression of Tag
directed by the a-subunit gene upstream region during
development perhaps as early as day ell.5.

The mechanism by which expression of one gene can be
directed specifically to two developmentally very different
tissues might be based on the presence in pituitary cells of
the same tissue-specific regulator(s) that has been shown to
regulate the a-subunit gene in placenta (e.g., TSEB) or,
alternatively, on a distinct protein(s) unique to pituitary or
perhaps even unique to gonadotropes versus thyrotropes. In
this report, we present analysis of the pituitary tissue spec-
ificity of the glycoprotein hormone a-subunit gene, using
introduction of hybrid genes into transgenic mice and into
the cell line of pituitary gonadotrope lineage derived from
tumors generated in transgenic mice (55). We find that, as is
the case in placental cells (10, 25, 46), deletion of the CREs
destroys expression of the human a-subunit gene in pituitary
cells. However, specification of expression of the human
a-subunit gene to the anterior pituitary gonadotrope does not
involve TSEB (10), a-ACT (49), or Pit-1/GHF-1 (2, 31),
which are all absent from this gonadotrope precursor cell.
Instead, it is at least partially due to a DNA-binding protein
(GSEB1) found uniquely in these cells which binds to a site
just upstream of the TSE, the gonadotrope-specific element
(GSE).
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MATERIALS AND METHODS

Plasmid constructions. The a-cat plasmids were described
previously by Delegeane et al. (10). Additional upstream
truncations were prepared as described previously (10).
Cloning of the equine and mouse a-subunit promoter regions
was described previously by Steger et al. (49). The trunca-
tions of the mouse gene were prepared by cleavage at
restriction sites and religation. The mutation in the GSE
sequence was created by replacing the Xbal-to-Maelll frag-
ment (—224 to —210) with a synthetic oligonucleotide carry-
ing the two C-to-T mutations at positions —215 and —216.
GSE-TK-CAT and (GSE),-TK-CAT were constructed by
cloning the GSE oligonucleotide into the BamHI site of
pTK-CAT (44).

Microinjection and DNA analysis. The a-Tag plasmid is
described in reference 55. The «l68-Tag and «l52-Tag
transgenes were constructed by replacing the 1.8-kb 5'-
flanking sequence with the truncated fragments derived from
al168-cat and al52-cat constructions (10). The a-Tag trans-
gene was excised from the plasmid by digestion with EcoRI
and Sall, while the «168-Tag and a152-Tag transgenes were
excised with Xbal and Sall and purified by agarose gel
electrophoresis and binding to glass beads (Geneclean; Bio
101 Inc., La Jolla, Calif.). Approximately 1 to 2 pl of a
solution of DNA at a concentration of 2 pg/ml was microin-
jected into the pronuclei of fertilized one-cell mouse em-
bryos (20). The F, embryos were derived from matings of
CB6F1/J (C57BL/6] x BALB/cJ) males and females, ob-
tained from the Jackson Laboratory. The injected embryos
were reimplanted into CD-1 pseudopregnant mice (20). The
presence of the transgene in the resulting mice was deter-
mined by preparing genomic DNA from a small piece of tail
and assaying by Southern blot analysis (34).

Cell culture, transfections, and CAT assays. Cell lines were
maintained in Dulbecco modified Eagle medium with 5%
fetal bovine serum, 5% equine serum, glucose (4.5 mg/ml),
penicillin (100 U/ml), and streptomycin (0.1 mg/ml). Trans-
fections were performed by using calcium phosphate precip-
itates (35) containing 10 p.g of plasmid DNA and 2.5 pg of the
internal control plasmid, pucLac (8), and were incubated for
5 h; the cells were then rinsed, and the medium was changed.
Cells were harvested after 48 h. Protein extracts were
prepared by freeze-thawing as described previously (16), and
protein concentrations were determined by using Bio-Rad
protein assay reagent (4). Chloramphenicol acetyltransferase
(CAT) assays were performed as previously described (16,
45), and B-galactosidase assays were performed as described
by Delegeane et al. (10). Units of CAT activity were normal-
ized to the internal control B-galactosidase activity.

Oligonucleotides. Oligonucleotides were purified on acryl-
amide gels prior to use. The GSE oligonucleotide had the
sequence 5'-CTAGTGGGCTGACCTTGTCGTCACCATCA
CCTGCTAG-3'. This oligonucleotide corresponds to posi-
tions —224 to —196 of the glycoprotein hormone a-subunit
gene, plus Xbal linkers, and was used in the construction of
transfection vectors (Fig. 9), in the Southwestern (DNA-
protein) analysis (Fig. 7), and as a competitor (Fig. 5).

The 19-bp GSE oligonucleotide had the sequence 5'-AAT
TCTGACCTTGGTCAATT-3'. This oligonucleotide corre-
sponds to positions —220 to —210 of the a-subunit gene, plus
EcoRlI linkers, and was used as both a probe and competitor
in Fig. 8.

The TSE oligonucleotide had the sequence 5'-CTAGAA
AAATGACCTAAGGGTTGAAACAAGATAAGCTAG-3'.
This oligonucleotide corresponds to positions —180 to —150
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of the a-subunit gene, plus Xbal linkers, and was used as a
competitor in Fig. 5.

The Pit-1 oligonucleotide had the sequence 5'-GATCCCA
TGCATAAATGTACACAGGATC-3'. This oligonucleotide
corresponds to positions —89 to —70 of the human GH gene,
plus BamHI linkers, and was used as a competitor in Fig. 5
and 8.

Nuclear extract preparation and DNase I protection analy-
sis. Nuclear extracts were prepared according to the method
of Dignam et al. (11) as described by Delegeane et al. (10),
with the modification that the ammonium sulfate precipita-
tion was performed with 55% saturated ammonium sulfate.
DNA probes for the human a-subunit gene were prepared
from plasmids pICa—290/+3 and pICa—441/—151, which
were generated by subcloning the Alul-to-PstI fragment
(=290 to +3) of a391-CAT (10) into pIC20R (33) cut with
Smal and Pstl and the Xbal-to-Sau3Al fragment (—442 to
—151) of a441-CAT (10) into pIC20R (33) cut with Xbal and
BamHI. The plasmids were labeled at the EcoRI sites by
usinzg the Klenow fragment of DNA polymerase I and
[a-*°P]dATP (3,000 Ci/mmol) and recut at HindIII, or vice
versa for the opposite strand. End-labeled probes for the
equine and murine o-subunit genes were prepared from
pBSK(E) (49) and pBSK(Ma) (49) by labeling at the EcoRI
site directly flanking the upstream end of these fragments
and subsequently digesting at the HindIII site in the vector.
These labeled fragments were purified from a 6% native
polyacrylamide gel. DNase I protection was performed by
using 1 to 2 fmol (i.e., 5,000 to 10,000 cpm) of purified DNA
fragment per reaction and as described previously (40), with
the following modifications: salmon sperm DNA was substi-
tuted for poly(dI-dC) as carrier DNA, and 10 pg of bovine
serum albumin (BSA) was included in the binding incuba-
tions.

Gel retardation assays. The gel retardation assay was
slightly modified from the method of Sawadogo et al. (43).
Binding reactions were performed in 20 pl in 10 mM N-2-
hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES)-
KOH (pH 7.8)-50 mM KClI-5 mM spermidine-1 mM
EDTA-5 mM dithiothreitol-0.5 mM phenylmethylsulfonyl
fluoride-10% (vol/vol) glycerol. BSA (2 pg/ul)-poly(dl-
dC) - poly(dI-dC) (5 ng/pl) or BSA (1 pg/ul)-poly(dl-
dC) - poly(dI-dC) (0.1 pg/pl) was also included in the binding
reactions using purified proteins and crude nuclear extracts,
respectively. Where indicated, oligonucleotide probes were
used. DNA fragments or oligonucleotides were labeled with
the Klenow fragment of DNA polymerase I and [a-**P]dATP
(3,000 Ci/mmol) and purified from a 6% native acrylamide
gel. Unlabeled competitor oligonucleotides were also treated
with Klenow fragment and unlabeled deoxynucleoside
triphosphates to fill the overhanging ends. The indicated
amount of nuclear extract or partially or affinity-purified
protein was preincubated with the reaction mixture for 5 to
10 min at 20°C. The probes (5,000 cpm, 1 to 2 fmol) and
competitors were added, and binding was allowed to pro-
ceed for a further 10 min at 20°C. To resolve the complexes,
the reaction mixtures were applied to 4% native acrylamide
gels (20:1 acrylamide/bisacrylamide) in 0.25% Tris-acetate-
EDTA (pH 8.0)-10% (vol/vol) glycerol for 2 h at 10 V/cm at
room temperature and dried for autoradiography.

Methylation interference and Southwestern blotting. The
methylation interference experiment was carried out accord-
ing to Tsai et al. (53). Southwestern blotting was performed
by using a procedure modified from that of Miskimins et al.
(36). Crude or partially purified nuclear extracts were ap-
plied to denaturing electrophoresis on a sodium dodecyl
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sulfate (SDS)-10% polyacrylamide gel (29), and the proteins
were subsequently transferred to nitrocellulose filters by
using a semidry electroblotting apparatus. The filters were
immersed in binding buffer (20 mM HEPES [pH 7.9], 50 mM
KCIl, 1 mM dithiothreitol, 10% glycerol, 0.1% Nonidet P-40)
for 10 min at room temperature to allow the proteins to
renature and were blocked for 10 min by gentle shaking in
5% nonfat dry milk in binding buffer. The milk was rinsed off
by three washes in binding buffer. Binding was carried out
overnight at 4°C in a sealed plastic bag with gentle shaking,
using 10° cpm of oligonucleotide probe per ml of binding
buffer which contained 0.5% nonfat dry milk and 1 pg of
salmon sperm DNA per ml. The filters were washed three
times for 5 min each with binding buffer, dried, and autora-
diographed. For probes for the experiment in Fig. 7, the long
GSE and GSE mutant probes were digested with Maelll,
and the upstream fragments of the oligonucleotides were
labeled with the Klenow fragment of DNA polymerase I and
[«-32P]dATP (3,000 Ci/mmol) and isolated on a native 20%
polyacrylamide gel.

Purification of GSEB1. A 150-mg sample of aT3-1 nuclear
extract was loaded onto a heparin-Sepharose (Pharmacia
LKB, Piscataway, N.J.) column equilibrated with 50 mM
KCl in column buffer (20 mM HEPES [pH 7.8], 12.5 mM
MgCl,, 1 mM EDTA, 20% glycerol, 0.1% Nonidet P-40, 0.5
mM phenylmethylsulfonyl fluoride, 1 mM dithiothreitol).
The column was washed with 10 volumes of 50 mM KCI
followed by 5 volumes of 250 mM KCl, both in column
buffer, and eluted with 450 mM KCI in column buffer. The
collected fractions were analyzed in a gel retardation assay
using a labeled GSE oligonucleotide as a probe. Fractions
containing GSEBI activity were pooled, adjusted to 100 mM
KCl by dilution with column buffer, and applied to a non-
specific DNA-cellulose column which was prepared by cou-
pling calf thymus DNA to CNBr-activated cellulose and
equilibrated in column buffer containing 50 mM KCIl. The
column was washed with 10 volumes of 100 mM KCI and
eluted with 350 mM KCl, both in column buffer. For affinity
chromatography, 250 pg of a GSE oligonucleotide was
phosphorylated and ligated. The 5’ overhangs of the highly
multimerized GSE oligonucleotides were then filled with the
Klenow fragment of DNA polymerase I and biotinylated
dUTP (Sigma, St. Louis, Mo.) and coupled to 2 ml of
strepavidin-agarose (Sigma) as described previously (48).
After adjustment to 100 mM KCI with column buffer and
addition of 2 pg of poly(dI-dC) per ml, the combined active
fractions from the DNA-cellulose chromatography step were
loaded onto the GSE oligonucleotide affinity column equili-
brated with 100 mM KCl in column buffer. The column was
washed with 10 volumes of 250 mM KCl and eluted with 550
mM KCl, both in column buffer. The fractions containing
GSEBI1 were combined, diluted to 100 mM KCl, and further
purified by a second passage over the affinity column under
the conditions described above except that the poly(dI-dC)
concentration was 0.5 pg/ml. The overall procedure yielded
7.5 pg of apparently homogeneous GSEBI.

RESULTS

Sequences upstream of the placenta-specific elements are
required for pituitary expression of the human a-subunit
promoter in transgenic mice. Transgenes in which the human
a-subunit gene 5'-flanking region directs expression show
tight pituitary specificity (3, 55). To investigate the role of
the upstream regions in pituitary specificity, transgenic mice
containing transgenes composed of the a-subunit promoter
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TABLE 1. Pituitary tumors in transgenic mice®
Pituitary tumors . :
Mouse at in?!licated lf‘:;’g;: Re;:;(;!:;twe
days of age

aT-1 93 Infertile

aT-2 92 Infertile

oT-3 49 Sexually imma-
ture

aT-4 93 Infertile

oT-5 line None Fertile

oT-6 143 1 litter of 2 pups

aT-6-2 101 Infertile

oT-7 272 Thymus Fertile

oT-7 line ~110-250 Pancreas (rare) M fertile, F in-
fertile

aoT-8 line None Fertile

oT-9 105 Fertile; no trans-
mission

aT-10 178 Infertile

aT-11 98 Infertile

aT-12 134 Fertile

aT-12 line  ~140 M fertile, F in-
fertile

aT-13 43 ND

oT-14 420 Fertile

oT-14 line  ~210-300 Pancreas (rare) Fertile

aoT-15 line None Fertile

aT-16 line  None Fertile

aT-17 252 Infertile

al68T-1 170 Fertile; small
testes

al68T-1 line ~147-211 Prostate, pancreas Fertile

al68T-2 line None Fertile

al68T-3 None Brain Fertile

al68T-3 line None Pancreas Fertile

al68T-4 None Brain Fertile

al68T-4 line None Pancreas Fertile

al68T-5 98 Brain Infertile

alS2T-1 None Fertile; no trans-
mission

al52T-2 330 Fertile

al52T-2 line None Fertile

al52T-3 line None Fertile

al52T-6 None Fertile; no trans-
mission

al52T-7 line None Fertile

al52T-8 None Brain Fertile

«l52T-8 line Single animal  Pancreas Fertile

at 435
al52T-9 line None Fertile

“ The incidence of pituitary and other tumors is shown individually for
founder transgenic mice and for the lines of mice. The age in days (for the
founders) and the range of ages (for the lines) at sacrifice due to pituitary
tumor formation are shown. No significant difference in age of tumor
formation was seen between male (M) and female (F) mice. Four founder mice
were fertile but failed to transmit the transgene, indicating that they were
mosaic (no transmission). ND, Not determined.

truncated to either —168 or —152 linked to the Tag gene were
generated for comparison with the original a-Tag transgene,
which used 1.8 kb of a-subunit 5’-flanking DNA (Table 1). A
168-bp segment of 5'-flanking DNA is sufficient for placental
expression in cell culture (10); however, most but not all
pituitary specificity was lost with the —168 transgene, since
three of five a168-Tag founder mice instead developed brain
tumors at a relatively young age. Only rarely did these mice
develop pituitary tumors; instead, they frequently developed
other tumors of the prostate, pancreas, or brain. All types of
tumors examined expressed Tag mRNA, while only the
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pituitary tumors also expressed the a-subunit mRNA. Es-
sentially all pituitary specificity was lost with the —152
transgene, since only two isolated animals developed pitu-
itary tumors, while several developed brain and pancreatic
tumors and several lines failed to produce tumors. In con-
trast, brain tumors were never found in the a-Tag mice
(Table 1), and tumors in other tissues were rarely observed.

The redirection of Tag expression to brain and pancreas
with the —168 and —152 truncations may reflect a natural
tissue preference for expression of Tag, which becomes
dominant when the attached promoter has been sufficiently
weakened. Brinster et al. have observed that Tag driven by
its own promoter and enhancer predominantly causes tu-
mors of the choroid plexus in the brain (5). However,
removal of the simian virus 40 enhancer and promoter
results in loss of this specificity, and instead tumors of the
pancreas and liver predominate. Since our constructs lack
simian virus 40 promoter and enhancer elements, the inci-
dence of pancreatic tumors may be explained by the speci-
ficity of the Tag gene. It is also possible that the truncated
a-subunit promoter accounts for weak specificity for brain
tissue.

The human o-subunit 5'-flanking DNA directs specific
expression in the gonadotrope lineage pituitary cell line. By
using transfection, high-level expression of the human
a-subunit gene has been demonstrated to be specific to
placental cell lines (10). The mouse a-subunit gene has also
been demonstrated to be specifically expressed after trans-
fection into mouse thyrotrope tumor cells dispersed in
culture after passage in mice (39). In contrast, expression of
the human gene in cell lines derived from a variety of other
tissues (such as CV-1 fibroblasts, GC pituitary somatotrope/
lactotrope cells, PC12 adrenocortical cells, and HeLa cervi-
cal carcinoma cells) is very low or undetectable (10). The
third cell type in which the human a-subunit gene is specif-
ically expressed is the gonadotrope of the anterior pituitary.
To determine the elements important for specification of
a-subunit gene expression to these cells, we transfected a
series of truncated constructions of the human a-subunit
5'-flanking region (linked to the bacterial CAT gene) into
mouse pituitary tumor cells of the gonadotrope lineage,
aT3-1 cells (55) (Fig. 1A). The decrease in expression with
progressively larger deletions is more gradual than is found
in placental cells, indicating stronger contribution from
sequences upstream of —168. The upstream regions of the
human gene which contribute most strongly to expression in
the gonadotrope cells lie between —442 and —391 and
between —224 and —168 (Fig. 1A).

The elements necessary for placental expression of the
human o-subunit gene (10, 24) include the pair of CREs
(between —111 and —146), the GATA element between
—141 and —161, and the TSE between —159 and —182. In
pituitary cells, deletion of the region from —224 to —168,
which carries the TSE, decreases expression by approxi-
mately twofold, while deletion of the region of the GATA
element has less impact on expression. Internal deletion of
the CREs decreases expression of the human gene in aT3-1
cells dramatically (Fig. 1A), indicating an important role for
this element in expression in both cell types. This role is
likely to be unique to the human a-subunit gene, however,
since this CRE sequence (TGACGTCA) is mutated in the
a-subunit genes of nonprimate species to TGATGTCA and
thus fails to bind CREB (3, 13, 49). Finally, gonadotrope-
specific expression is also dependent on sequences from
—442 to —391 upstream of those required for placental
expression.
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FIG. 1. Analysis of the regions important for a-subunit gene
expression in pituitary cells. (A) Transfection of the human a-sub-
unit gene into aT3-1 cells. A series of 5’ truncations of the human
a-subunit regulatory region in the CAT expression system were
transfected into the pituitary gonadotrope lineage cell line aT3-1,
using the calcium phosphate method. CAT enzyme activity values
were corrected for the levels of B-galactosidase activity from an
internal control B-galactosidase expression vector and expressed as
percentages of the activity from the 1.8-kb regulatory region. All
values are means of three independent transfection experiments,
with error bars representing *+ standard errors of the means. (B)
Transfection of the mouse a-subunit gene into oT3-1 cells. Four
CAT expression vector constructions with 5'-truncated regulatory
regions from the murine a-subunit gene were analyzed as in panel A.

100%

As noted above, the mouse a-subunit 5’'-flanking sequence
differs from the human sequence in the absence of the
binding sites for CREB and the placental proteins, TSEB
and o-ACT, as well as several other sequence changes.
Noting that the gonadotrope cell line used for these studies is
of mouse origin, we investigated the regions important for
gonadotrope expression of the mouse a-subunit by using a
more limited set of truncations spanning the proximal 5'-
flanking region (Fig. 1B). Expression was substantially de-
creased by truncation from —257 to —240 and from —240 to
—206. Thus, the regions important for expression of the
human and mouse genes in aT3-1 cells show some overlap
with each other and with those required for expression of the
mouse gene in thyrotrope tumor cells, which were mapped
from —480 to —417 and —254 to —177 by using a different set
of truncation end points (39, 42).
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FIG. 2. DNase I footprint analysis of aT3-1 nuclear proteins
binding to the human «-subunit promoter. **P-end-labeled fragment
—290 to +3 of the a-subunit promoter was incubated with (aT3-1) or
without (control) 80 g of aT3-1 nuclear extract, partially digested
by DNase I, and separated on a 6% sequencing gel as described in
Materials and Methods. G+A represents the Maxam-Gilbert se-
quence ladder. Coding strand (mRNA identical strand) and noncod-
ing strand are labeled. Filled boxes indicate strongly protected
regions.

DNase I footprints reveal DNA-binding proteins present in
pituitary cells. To determine whether the patterns of expres-
sion in gonadotropes, thyrotropes, and placental tropho-
blasts were due to common or different DNA-binding pro-
teins, we analyzed the nuclear proteins from oT3-1 cells
binding to the human a-subunit gene promoter in vitro. As
shown in Fig. 2, two prominent footprints appeared when an
end-labeled probe containing —290 to +4 of the human
a-subunit gene was incubated with nuclear extract from
aT3-1 cells, followed by partial digestion by DNase I. The
footprint located at —150 to —106 covers the direct repeat of
two CREs, indicating the presence of CRE-binding proteins
in aT3-1 cells (which may be CREB or members of the
CREB/ATF family) (17, 18). A second strong footprint
extends from —225 to —208 on the coding (—223 to —200 on
the noncoding) strand. In contrast, the regions protected by
placenta cell extracts (JEG-3) corresponding to the binding
of the TSEB (—182 to —159) and o-ACT (—161 to —142)
proteins are not protected using the pituitary cell extracts
(aT3-1).

Further upstream (using a probe —442 to —151), multiple
footprints within the region from —382 to —244 became
evident (Fig. 3). However, deletion of this region (=391 to
—224) had little or no effect on expression (Fig. 1A). In
contrast to the proximal footprints described above, these



2148 HORN ET AL.

> oT3-1
 Cont.

> Cont
> aT3-1
> Cont.
G+A

> Cont
G+A

> Cont.

- §. -208
% w 428 growes o ese

PR -225
O e SHE=RE

-338 : :
SE=ESS: 327 oo 4 § -277
N p—

b &-331

: ]-338
-348

__ 376
s P D-ssz

-

-
-
-
- e - —-—
’ »®

Coding

Coding

-409

Noncoding

FIG. 3. DNase I footprint analysis of oT3-1 nuclear proteins
binding to the human a-subunit upstream region. *?P-end-labeled
fragment —442 to —151 of the a-subunit 5'-flanking region was
incubated with or without 80 pg of aT3-1 nuclear extract, partially
digested by DNase I, and separated on a 6% sequencing gel as
described in Materials and Methods. G+A represents the Maxam-
Gilbert sequence ladder. Filled boxes indicate the strongly protected
GSE, open boxes indicate weakly protected sequences, and hatched
boxes indicate regions of alternating weak protection and hypersen-
sitive sites. Cont., control.

more distal footprints are characterized by only partial
protection, indicating either lower abundance of the binding
proteins or lower affinity of binding. Two footprints were
observed at —254 to —244 and —281 to —269 on the coding
strand. A cluster of alternating protected regions and hyper-
sensitive sites extends from —327 to —285 (=331 to —277 on
the noncoding strand), and further footprints are located at
—353 to —337 on the coding and at —348 to —338 and —382
to —376 on the noncoding strand. In contrast, the region
from —442 to —391, deletion of which caused over a twofold
loss of activity (Fig. 1A), failed to be protected by proteins in
the aT3-1 nuclear extracts (Fig. 3).

A conserved element in the a-subunit genes from several
species binds a gonadotrope-specific DNA-binding protein
(GSEB1). The well-protected region from —225 to —208 is
highly conserved in the a-subunit genes from all of the
species thus far sequenced. To further demonstrate the
conservation of this sequence element, we tested the affinity
of the aT3-1 nuclear protein by footprinting the human,
mouse, and equine genes in parallel. Figure 4 demonstrates
that this region shows identical footprinting with the oT3-1
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FIG. 4. Comparison of footprints on the murine, equine, and
human a-subunit genes. *?P-end-labeled fragments of the murine,
equine, and human a-subunit promoters (—296 to +56, —297 to +63,
and —300 to +63, respectively) (49) were incubated with or without
80 pg of aT3-1 nuclear extract, partially digested by DNase I, and
separated on a 6% sequencing gel as described in Materials and
Methods. Noncoding strand is shown.

nuclear extract over the homologous sequences in the hu-
man, murine, and equine genes (—220 to —202, -221 to
—203, and —223 to —200, respectively). An additional foot-
print is observed in all three species over the region corre-
sponding to a CCAAT sequence at approximately —93 in the
human gene. This region of the human gene is thought to be
bound by a placenta-specific protein in JEG-3 cells which
therefore must have a counterpart in pituitary cells (28). The
CRE footprint present in the human gene is absent from the
murine and equine genes, indicating that oT3-1 cells do not
contain proteins that bind to their altered CRE-like sequence
(13, 49). In addition, the a-ACT footprint is absent from the
human (—161 to —142) and equine (—157 to —124) genes, and
as shown above, the placental TSEB footprint is absent from
the human gene (TSEB is known not to bind the mouse or
equine genes) (49).

The footprints observed by using the pituitary cell extracts
(«T3-1) are also quite different from those found in thyro-
trope tumor cells on the mouse a-subunit gene (39), for
which two broad footprints were detected over the regions
from —213 to —170 and —158 to —101. The upstream
footprint in thyrotropes (—213 to —170) overlaps slightly but
differs substantially from the aT3-1 footprint, which covers
the much more narrow area from —220 to —202, indicating
that these represent different activities and that the protein
which binds over —220 to —202 in aT3-1 extracts is absent
from thyrotrope tumor cells. This region of the mouse gene
is also unprotected by JEG-3 cell extracts (49). The proximal
thyrotrope footprint on the mouse gene (—158 to —101) (39)
is absent or very weak in aT3-1 nuclear extracts. A subset of
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FIG. 5. Gel retardation analysis of protein complexes with the
human a-subunit regulatory region in different cell types. The gel
retardation assay used the 3?P-end-labeled fragment —224 to —148
from the human gene as a probe. Nuclear extract (1 ng) from oT3-1,
JEG-3, or HeLa cells was incubated with a 3?P-end-labeled DNA
fragment as described in Materials and Methods. A 100-fold excess
of each of the indicated unlabeled oligonucleotide competitors was
added to the incubation mixture.

this region (—146 to —122) is protected by a protein in JEG-3
cells which is unrelated to CREB (49).

The differences in regulation of a-subunit gene expression
in gonadotropes versus placental cells appears to be re-
flected by the binding of different nuclear proteins to the
regulatory region of the gene. To investigate the tissue
specificity of these binding activities, gel retardation assays
were performed with a probe (—224 to —148) from the
human gene which includes the TSE and the upstream
sequence protected by aT3-1 cell nuclear extracts (—223 to
—200). Figure 5 demonstrates that nuclear extracts from
aT3-1 cells, human JEG-3 placenta cells, and human HeLa
cervical carcinoma cells form distinctly different retarded
complexes with this DNA fragment. As expected, a major
complex formed with JEG-3 cells is the TSEB. A second
JEG-3 complex is in common with HeLa cell extracts (but
not the aT3-1 extracts) and is not competed for by the
specific oligonucleotides. This protein binds over a CRE-like
sequence, TGTCGTCA, found from -219 to —212, just
downstream from the major aT3-1 footprint and may be the
human homolog of the protein mXBP (1, 23, 27). The major
complex formed with the aT3-1 extracts is not formed with
extracts from the other cell types and is specifically com-
peted for by an oligonucleotide representing the footprinted
region from —225 to —208. Thus, we term this element the
gonadotrope-specific element (GSE), and the tissue-specific
DNA-binding protein which binds the GSE is termed
GSEBL.

Pituitary specific expression of the GH and prolactin genes
is conferred by the protein Pit-1/GHF-1. This specific POU-
homeodomain protein (22) activates expression of these
genes in somatotropes and lactotropes (2, 12, 31). Though
the GSE site bears no nucleotide sequence homology to the
binding site for this protein, we tested an oligonucleotide
containing the binding sequence for competition with the
GSE (Fig. 5). This oligonucleotide did not compete for
binding, indicating that GSEBL1 is not Pit-1/GHF-1. Indeed,
expression of the gene encoding Pit-1/GHF-1 is very low or
absent in aT3-1 cells, since the mRNA is undetectable by
Northern (RNA) blotting (at least 100-fold lower than is
found in GC or GH, somatotrope/lactotrope cell lines [29a]).
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FIG. 6. Methylation interference of the nucleotides contacted by
GSEBI in binding to the GSE region. (A) Analysis of the GSEB
binding site by methylation interference. A *’P-end-labeled fragment
(—224 to —100) was partially methylated with dimethylsulfate. After
binding to aT3-1 nuclear extract partially purified by heparin-
Sepharose chromatography, the protein-DNA complexes were sep-
arated by electrophoresis through a 4% native polyacrylamide gel as
described for gel retardation assays. The shifted GSEB band
(bound) and the free probe were excised, and the DNA was isolated,
chemically cleaved by formic acid-piperidine, and separated on a
10% sequencing gel. (B) Sequence comparison of the conserved
human, bovine, murine, rat, and equine, a-subunit promoter GSE
regions. Triangles indicate protected nucleotides, and the black box
indicates bases in the contacted region.

GSEBI is a 54-kDa tissue-specific protein which recognizes
the GSE sequence. We further characterized the binding site
for GSEBI by using methylation interference with gel retar-
dation. As shown in Fig. 6A, methylation of the G residues
at —216 and —215 on the noncoding strand interferes with
GSEBI binding. In contrast, methylation of the G residues at
the borders (—210 or —220) or outside of this region does not
strongly interfere with binding. This result indicates that the
contacted regions are located in the sequences from —219 to
—211 (TGACCTTGT). This element is highly conserved in
other mammalian a-subunit genes, with both of the con-
tacted G residues remaining unchanged (Fig. 6B; the third
nucleotide can be either an A as in most species or a T as in
rodents). The first half of this element, TG(A/T)CC, is
homologous to half of the binding site for certain members of
the nuclear steroid hormone receptor superfamily (38, 52,
54).

To determine the size and binding specificity of GSEBI,
we performed Southwestern blotting. Nuclear extracts from
oT3-1 cells or heparin-Sepharose fractions enriched for
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FIG. 7. Characterization of GSEBI1. (A) Southwestern blot of
aT3-1 nuclear extract, using GSE and mutant GSE probes. Total
(nuclear) or partially purified (Hep-Seph) oT3-1 nuclear extract was
separated on an SDS-polyacrylamide gel and transferred to nitro-
cellulose. The nitrocellulose filter was renatured, blocked, and
probed with a *?P-end-labeled GSE or mutant GSE (mutGSE; two
C-T transitions at positions —216 and —215) oligonucleotide as
described in Materials and Methods. (B) Purification of GSEBI.
Aliquots of nuclear extract from aT3-1 cells (Extract; 10 pg of
protein) and of the pooled GSEB1-containing fractions after succes-
sive fractionation of the extract by chromatography on heparin-
Sepharose (Hep-Sepharose; 4 pg of protein), DNA-cellulose (DNA-
Cellulose; 1 pg of protein), and two passages over a GSE
oligonucleotide affinity column (Oligo-Affinity; approximately 50 ng
of protein) were analyzed by electrophoresis on a denaturing 10%
polyacrylamide gel (29). Protein bands were visualized by silver
staining. Molecular sizes are indicated as determined by molecular
weight protein markers; the arrow indicates 54-kDa GSEBI.

GSEBI were electrophoresed in a denaturing protein gel and
blotted onto nitrocellulose. Oligonucleotides representing
the GSE site or a mutant GSE containing two C-to-T
mutations at positions —215 and —216 (in accordance with
the contact sites determined by methylation interference;
Fig. 6B) were used as probes. A single 54-kDa band was
detected with the native probe in both the nuclear extract
and partially purified protein preparations (Fig. 7A). The
mutant probe failed to detect bands in either protein prepa-
ration. We further purified the heparin-Sepharose fractions
containing GSEB1 by multiple passages over a specific
oligonucleotide affinity column. Figure 7B shows that a
single band of 54 kDa is present in the highly purified GSEB1
preparation, consistent with the result obtained with South-
western blotting.

Though the GSE region is not footprinted by human JEG-3
placental cells or human HeLa cervical carcinoma cells, the
GSEBI protein might be more broadly distributed in the
pituitary or might be specific to mouse cells. To address
these issues, tissue distribution was further investigated by
testing nuclear extracts from a variety of pituitary and
nonpituitary cell types, using an oligonucleotide represent-
ing only the protected sequence as probe in a gel retardation
assay. Incubation of aT3-1 nuclear extract produces one
major retarded band which comigrates with the complex
produced with affinity-purified GSEB1 (Fig. 8). Nuclear
proteins from the rat somatotrope/lactotrope cell line GC,
the mouse corticotrope cell line AtT-20, the human placental
cell line JEG-3, and the mouse fibroblast cell line NIH 3T3
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FIG. 8. Distribution of GSEBI in pituitary cell lines and speci-
ficity of binding by purified GSEB1. Nuclear protein extracts (5 ug)
from aT3-1, GC, AtT-20, JEG-3, and NIH 3T3 cells or affinity-
purified GSEB1 were analyzed in a gel retardation assay using the
19-bp GSE oligonucleotide as a probe. Reaction mixtures contained
either no competitor (lanes 1 to 7) or a 100-fold excess of the GSE,
mutant GSE, or Pit-1/GHF-1 oligonucleotide as a competitor (lanes
8 to 10).

failed to form retarded complexes with the GSE oligonucle-
otide. In accordance with the results shown in Fig. 5 and 7,
binding of affinity-purified GSEBI is completely abolished
by the inclusion of the GSE element as competitor but
unaffected by oligonucleotide carrying the CC-to-TT muta-
tions or by the Pit-1/GHF-1 oligonucleotide. These results
demonstrate that GSEB1-binding activity is specific to the
cells of the gonadotrope lineage, is not Pit-1/GHF-1, and
specifically binds to the GSE.

The GSE enhances expression of the human «-subunit gene
in gonadotrope lineage pituitary cells in a cell-specific manner.
The role of GSEBI in regulating a-subunit gene expression
in pituitary cells was further investigated by the introduction
of the two C-to-T transitions into the native 5'-flanking
sequence of the construction a224-CAT. These mutations
eliminate the binding of GSEBI in Southwestern blotting and
gel retardation experiments (Fig. 5 and 7). Transfection of
this mutant gene in parallel with the intact («224-CAT) and
S'-truncated (a168-CAT) constructions demonstrates that
the decrease in expression caused by the elimination of the
GSEB binding site is of the same magnitude as that due to
truncation of this region (Fig. 9A).

To determine whether the sequence context of the GSE is
important for tissue-specific expression, the GSE site was
cloned in one or two copies upstream of the heterologous
promoter from the herpes simplex virus thymidine kinase
(TK) gene in a CAT expression vector. Transfection of these
constructions into mouse NIH 3T3 fibroblasts showed no
effect of the GSE oligonucleotides. In contrast, the GSE
element enhanced expression in aT3-1 cells, demonstrating
its potential as an independent tissue-specific regulatory
element (Fig. 9B).

DISCUSSION

Study of the a-subunit gene of the glycoprotein hormones
provides an opportunity to address the mechanisms involved
in directing expression of an individual gene to multiple
distinct cell types. Tissue-specific regulation of gene expres-
sion has been found to be conferred by the binding of tissue
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FIG. 9. Enhancement of transcriptional activity by the GSE. (A)
Transfection of the human a-subunit gene with mutated GSE into
aT3-1 cells. The GSE element in the —224 truncated human a-sub-
unit regulatory region was mutated by the substitution of two T
nucleotides for the two C nucleotides (—224 mutGSE) (see Fig. 6B).
The activity of this mutated regulatory region was compared with
the activity of the wild-type —224 and —168 truncated regulatory
regions by transfection into the pituitary gonadotrope lineage cell
line aT3-1, using the calcium phosphate method. CAT activity
values were corrected for the levels of B-galactosidase activity from
an internal control B-galactosidase expression vector and expressed
as percentages of the activity from the 1.8-kb regulatory region. All
values are means of three independent transfection experiments,
with error bars representing + standard errors of the means. (B)
Analysis of the activity of the GSE on the heterologous promoter,
TK. The GSE oligonucleotide was inserted in a polylinker 5’ to the
herpes simplex virus TK promoter (at —109) on a CAT expression
vector in one (GSE-TK-CAT) or two [(GSE),-TK-CAT] copies and
transfected into either NIH 3T3 or aT3-1 cells by the calcium
phosphate method as described above.

specifically expressed transcriptional regulatory proteins to
enharicer sequences (32, 37). Thus, specification to multiple
cell types could be based on the presence of a single
enhancer-binding protein in all of the expressing cell types or
different proteins binding to the same or alternative enhancer
sequences in each cell type.

The a-subunit gene is expressed in three cell types in
humans: in the trophoblasts of the placenta (an extraembry-
onic tissue) and in the gonadotropes and thyrotropes of the
anterior pituitary. In this study, we have addressed the
molecular mechanism for directing expression of the a-sub-
unit gene to the gonadotropes of the anterior pituitary. We
find that this specificity is determined by different tissue-
specific DNA-binding proteins in the three different cell
types. Expression of the human gene in both gonadotropes
and placental trophoblasts is dependent on the CRE but is
specified at least partly by a highly conserved GSE in
gonadotropes. This site is bound by a specific 54-kDa
nuclear protein (GSEB1) which is not found in placental cells
or fibroblasts or in other pituitary cell types such as cortico-
tropes, somatotropes/lactotropes, or thyrotropes and is not
identical to the pituitary specific transcription factor Pit-1/
GHF-1.

Tissue-specific expression of the a-subunit gene is conferred
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by different DNA-binding proteins in three cell types. In the
gonadotrope lineage cells oT3-1, 442 bp of the human
a-subunit 5’ regulatory region is sufficient for expression,
and 257 bp of the mouse gene also shows expression. In
placental cells, the human gene is fully active when trun-
cated to —224 (10), while the mouse gene is completely
inactive (49). In thyrotropes, the mouse o-subunit gene
requires 480 bp of 5'-flanking DNA (39) (the human gene has
not been studied). In agreement with these observations, the
specific elements important for expression in each cell type
are quite different. Placenta-specific expression of the hu-
man a-subunit gene is primarily determined by the tropho-
blast-specific protein TSEB cooperating with the more
widely expressed proteins CREB and a-ACT. In thyro-
tropes, two binding activities are detected in the proximal
region of the mouse a-subunit gene, —158 to —101 (also
partially protected by mouse L-cell fibroblast extracts but
unlikely to be related to CREB) and —213 to —170 (39). In
contrast, we find that in gonadotrope lineage cells, tissue-
specific expression is conferred at least in part by a specific
protein, GSEBI1, which is not detected in either of the
aforementioned cell types or in unrelated cells. Further-
more, the DNA-binding activities important for expression
in placental cells (TSEB) and thyrotropes (—158 to —101,
—213 to —170, and —447 to —419) are absent from oT3-1
nuclear extracts.

The specific GSE DNA-binding protein detected only in
cells of the gonadotrope lineage is a single species of 54 kDa.
It contacts the sequence TGACCTTGT, which is highly
conserved in the mammalian a-subunit genes. Its binding is
highly specific in that mutation of two bases in the GSE site
eliminates the interaction. In addition, it does not bind to the
site for the somatotrope/lactotrope-specific factor Pit-1/
GHF-1. The GSE contains the sequence TG(A/T)CC, known
to comprise a half-site for binding of certain members of the
nuclear steroid hormone receptor superfamily. Members of
this family bind to hormone-responsive elements that are
divergent inverted or direct repeats of this sequence (38, 52,
54). However, the GSE and surrounding sequences contain
no candidate second half-site.

In placental cells, the TSE acts in conjunction with the
CREs, and potentially with the GATA-binding site (10, 49),
to confer placenta-specific expression to the human o-sub-
unit gene. As in placenta, deletion of the CREs from the
human a-subunit gene decreases gonadotrope expression to
background levels. However, in contrast to the TSE, which
has little or no independent activity when tested on the TK
promoter (10), the GSE does enhance the TK promoter,
indicating that it has independent activity in gonadotrope
cells and does not depend on interaction with other elements
to act as a tissue-specific enhancer.

Developmental role of cell-specific factors in pituitary cell
lineage. The POU-homeodomain protein Pit-1/GHF-1, which
binds to multiple sites in the upstream regions of the GH and
prolactin genes, is known to confer somatotrope/lactotrope
specificity. However, the mechanisms by which GH is later
targeted only to the somatotrope and prolactin only to the
lactotrope are not known. Not only does Pit-1/GHF-1 pro-
tein regulate expression of the genes which mark the end-
points of differentiation for these cell types, it is also
required for their differentiation cell division in vivo (30) and
in vitro (7). Naturally occurring mutations which affect the
gene for Pit-1/GHF-1 in mice eliminate the two cell types
from the pituitary. Surprisingly, the thyrotrope cell is elim-
inated as well. Though Pit-1/GHF-1 is not known to regulate
either the common «-subunit or the TSH B-subunit gene
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directly, it must play a crucial role in the differentiation or
maintenance of these cells. Corticotropes (which secrete
adrenocorticotropin) and gonadotropes are not affected.

Much less is known of the lineage relationships and
developmental mechanisms important for the gonadotrope
lineage. The early gonadotrope precursor cell line aT3-1
does not express Pit-1/GHF-1, indicating that the early
lineage of the gonadotrope cell does not involve this ho-
meobox protein. It will be of great interest to determine
whether the protein that we have found to be important for
the tissue-specific regulation of the a-subunit gene in gona-
dotropes, GSEBI, plays a similarly crucial role in the
developmental lineage of the gonadotrope. It is intriguing
that expression of the a-subunit gene occurs so early in the
development of the pituitary (47). Perhaps GSEB1 will serve
as an even earlier marker for the pituitary anlagen, providing
a close link between GSEBI1 and very early pituitary devel-
opment.
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