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Recently, a pituitary-specific enhancer was identified within the 5' flanking region of the mouse glycoprotein
hormone a-subunit gene. This enhancer is active in pituitary cells of the gonadotrope and thyrotrope lineages
and has been designated the pituitary glycoprotein hormone basal element (PGBE). In the present studies, we
sought to isolate and characterize proteins which interact with the PGBE. Mutagenesis experiments identified
a 14-bp imperfect palindrome that is required for binding of a factor which is present in cells of gonadotrope
and thyrotrope lineages but not in other cells. Screening of a mouse cDNA library with a DNA probe containing
the imperfect palindrome resulted in the isolation of a LIM-homeodomain transcription factor. The cDNA
predicts a mouse protein which is 94% identical to the recently described rat LIM-homeodomain protein LH-2.
LH-2 contains two zinc fingers (LIM domain) and a consensus homeodomain. Hybridization analysis revealed
relatively high expression of LH-2 mRNA in the central nervous system and in pituitary cells of the
gonadotrope and thyrotrope lineages. Lower or nondetectable levels of LH-2 mRNA were found in other
pituitary cells and tissues, including placental cells. Recombinant LH-2 homeodomain was found to selectively
bind to the previously identified imperfect palindrome in the PGBE. Point mutations in the PGBE resulted in
parallel losses in the binding of a nuclear factor from a cell line of the gonadotrope lineage and recombinant
LH-2-binding activity. Use of an antibody to LH-2 provided evidence that endogenous PGBE-binding activity
from cells of the gonadotrope lineage involves a protein which is immunologically related to LH-2. Expression
of LH-2 in two heterologous cell types resulted in activation of a reporter gene containing the mouse a
promoter. These data suggest that the LIM-homeodomain factor LH-2 plays a role in stimulating tissue-
specific expression of the mouse glycoprotein hormone a subunit. The finding that a LIM-homeodomain
protein can stimulate expression of one of the earliest markers of pituitary differentiation raises the possibility
that this factor plays a role in cell lineage determination in the pituitary.

The glycoprotein hormones are a family of heterodimeric
proteins which consist of a common a subunit noncovalently
associated with a hormone-specific 13 subunit (37). The glyco-
protein hormones include the pituitary hormones, luteinizing
hormone, follicle-stimulating hormone, and thyroid-stimulat-
ing hormone. In addition, some species also synthesize a
chorionic gonadotropin within the placenta. Within a species,
the glycoprotein hormones all share a common a subunit,
while the unique ,B subunits specify the biological activity of the
heterodimer. In the pituitary gland, luteinizing hormone and
follicle-stimulating hormone are synthesized within cells which
are designated gonadotropes, while thyroid-stimulating hor-
mone is synthesized in thyrotropes. Thus, the glycoprotein
hormone a-subunit gene is expressed within two different cell
types in the pituitary and in some species within the placenta.
The mechanisms mediating the tissue-specific expression of the
a-subunit gene have been the focus of a large number of
studies. While a number of DNA elements which are impor-
tant for at-subunit expression in the placenta have been iden-
tified (3, 4, 11, 12, 25, 28, 34, 46), much less is known
concerning requirements for expression in the pituitary. It has
been demonstrated that reporter genes containing various
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amounts of the 5' flanking sequence from the a.-subunit gene
can be targeted to the pituitary (4, 15). Transgenic animal
studies have also provided evidence that different DNA ele-
ments are required for expression of the a-subunit in thyro-
tropes and gonadotropes of the pituitary (20, 27). The devel-
opment of clonal cell lines representing the gonadotrope (55)
and thyrotrope (2) lineages has greatly facilitated more de-
tailed studies of DNA elements required for tissue-specific
expression of the a-subunit gene. Studies using these cell lines
have provided information concerning DNA regions important
for expression in the pituitary (36, 42). This has led to the
identification of a gonadotrope-specific DNA element and a
factor which interacts with this element (22).

Recently, we identified DNA sequences which are important
for pituitary-specific expression of the mouse a promoter (43,
44). These studies found that sequences between -344 to
- 300 were sufficient and necessary to direct maximal expres-
sion of the mouse a-subunit promoter to cells of the gonado-
trope and thyrotrope lineages. This DNA element is distinct
from the gonadotrope-specific element identified by Horn et
al. (22). As the element that we identified is required for basal
expression in the pituitary but not in the placenta, we desig-
nated this region of the mouse a-subunit gene as the pituitary
glycoprotein hormone basal element (PGBE). In this study, we
have examined factors which interact with the PGBE. These
studies have resulted in the identification of a cDNA which
encodes a LIM-homeodomain factor, LH-2. LH-2 binds spe-
cifically to the PGBE and is able to stimulate expression of the
glycoprotein hormone at-subunit promoter.
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MATERIALS AND METHODS

Cell culture. aT3-1, JEG-3, and Cos 1 cells were grown in
monolayer culture in Dulbecco's modified Eagle medium
(DMEM) containing 10% fetal bovine serum. aoTSH cells were
grown in spinner culture in Joklik's medium containing 10%
neonatal calf serum. GH3 cells were grown in monolayer
culture in DMEM containing 15% horse serum and 2.5% fetal
bovine serum. AtT20 cells were grown in monolayer culture in
DMEM containing 10% neonatal calf serum.

Preparation of nuclei and DNA aflinity chromatography.
Nuclei from all cell types were prepared when cells were
approximately 80% confluent essentially as described previ-
ously (19). Briefly, cells were washed twice in ice-cold N-2-
hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES)-
buffered saline and allowed to swell in 60 mM KCl-15 mM
NaCl-0.15 mM spermine-0.5 mM spermidine-15 mM HEPES
(pH 7.8)-14 mM 13-mercaptoethanol (buffer A) containing 0.3
M sucrose and the following protease inhibitors (subsequently
referred to as protease inhibitors; all from Sigma): leupeptin
and pepstatin (2.5 jig/ml), phenylmethylsulfonyl fluoride (0.2
mM), and benzamidine (5 mM). The swollen cells were then
Dounce homogenized vigorously (tight pestle) in the absence
of detergent until 90% of the cells appeared disrupted as
determined by phase-contrast light microscopy. The cell ho-
mogenate was layered on a cushion of buffer A containing 0.9
M sucrose and protease inhibitors and centrifuged for 10 min
at 4,500 rpm. The nuclear pellet was resuspended in buffer A
containing 0.3 M sucrose and protease inhibitors, Dounce
homogenized an additional three times, and again centrifuged
through a 0.9 M sucrose cushion in the same buffer. The
partially purified nuclei were resuspended in a buffer contain-
ing 75 mM NaCl, 0.5 mM EDTA, 20 mM Tris (pH 7.9), 1 mM
dithiothreitol, 50% glycerol, and protease inhibitors. Nuclei
were stored at - 70°C until further use.

For DNA affinity purification of PGBE-binding proteins,
biotinylated oligonucleotides representing sequences - 317 to
- 353 of the mouse a promoter were prepared and annealed as
described previously (19). Binding reaction mixtures contained
nuclei suspended in buffer containing 10mM Tris (pH 7.5), 5%
glycerol, 50 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol, 80
,ug of poly(dI-dC) per ml, and protease inhibitors. Biotinylated
annealed oligonucleotides were added, and the mixture was

incubated with gentle agitation for 2 h at 4°C. Nuclei were

sedimented by centrifugation (4,500 rpm, 15 min), and the
supernatant was passed over a streptavidin agarose column
equilibrated with binding buffer described above. The column
was washed with binding buffer containing 200 and 400 mM
NaCl, and binding activity was eluted in buffer containing 600
mM NaCl. Fractions were stored at - 80°C, and specific
binding activity was evaluated by electrophoretic mobility shift
assay.

Electrophoretic mobility shift and DNase I protection as-

says. Wild-type and mutant DNA probes containing sequences
for - 424 to - 288 of the mouse ao promoter were prepared by
PCR amplification. For electrophoretic mobility shift assays,
reaction mixtures contained 6,000 to 8,000 cpm-of 32P-labeled
DNA probes, various amounts of affinity-purified nuclear
proteins, 30 ,ug of bovine serum albumin (BSA), 400 ng of
poly(dI-dC), 10 mM Tris (pH 7.5), 5% glycerol, 50 mM NaCl,
1 mM EDTA, and 1 mM dithiothreitol in a total volume of 25
pul. Reaction mixtures were incubated for 5 min in the absence
of radiolabeled probe and then for 20 min in the presence of
probe at room temperature. The reaction mixture was then
electrophoresed through a nondenaturing polyacrylamide gel
in 0.25 x TBE buffer (22 mM Tris-borate [pH 8.3], 0.5 mM

EDTA) at 4°C, dried, and analyzed by autoradiography. In
some experiments, antiserum to LH-2 was incubated with
affinity-purified nuclear proteins and the DNA probe before
electrophoresis. Antiserum to chicken LH-2 was prepared by
immunizing rabbits with a recombinant fusion protein contain-
ing glutathione S-transferase linked to a carboxy-terminal
fragment of LH-2. The antigen was prepared by subcloning a
430-bp HincII-SmaI fragment from the chicken LH-2 cDNA
into pGEX-3X, with expression and purification of the recom-
binant fusion protein as described previously (48). The rabbit
antiserum to chicken LH-2 was absorbed against an acetone
powder prepared from bacteria expressing glutathione S-
transferase.
DNase I protection assays were prepared as described

above, with the following modifications. Following the 20-min
incubation with 32P-labeled DNA probes, 0.075 U of RQ1
DNase (Promega) in 100 mM Tris (pH 7.5)-35 mM MgCl2 was
added, and the incubation continued for an additional 8 min.
The reaction was terminated by the addition of 3 RI of 0.5 M
EDTA, extracted with phenol, and precipitated with ethanol.
The precipitated products were collected by centrifugation and
electrophoresed through a polyacrylamide gel containing 8 M
urea, dried, and analyzed by autoradiography.

Site-directed mutagenesis and transient-transfection as-

says. Mutations in the mouse a promoter were made by
oligonucleotide-directed mutagenesis as described previously
(23, 43). Mutations were confirmed by nucleotide sequence
analysis (41) and subcloned into the luciferase reporter con-
structs (8, 10). For transfection experiments, 10 jig of mouse
a-luciferase or thymidine kinase (TK)-luciferase reporter fu-
sion gene and 5 ,ug of Bluescript carrier DNA were transfected
into cells, using a single electrical pulse at 220 V and 960 ,uF as

described previously (9, 43). Cell lysates were prepared 20 to
24 h after transfection, and luciferase activity was determined
(10).

Screening of an aT3-1 Agtll cDNA library for PGBE-
binding proteins. Xgtll cDNA expression libraries were pre-
pared from aT3-1 cell polyadenylated RNA essentially as

described previously (45). Two different primary libraries were
prepared; each contained approximately 0.9 x 106 indepen-
dent cDNA clones. All screens were conducted with unampli-
fied cDNA libraries. Expression screening for clones which
contained PGBE-binding activity was conducted as described
by Vinson et al. (53), using a radiolabeled PGBE DNA probe
which was prepared as described previously (21). Following
identification of a partial cDNA clone by using the expression
screen, the initial clone was used as a hybridization probe to
identify additional clones (40). The nucleotide sequences of
both strands of cloned cDNAs were determined by the dideoxy
chain termination technique (41).

Expression and purification of recombinant LH-2. A frag-
ment of the mouse LH-2 cDNA encoding lysine 147 through
the carboxy terminus of LH-2 was subcloned in pET16B
(Novagen), an inducible bacterial expression vector which
encodes an amino-terminal extension containing 10 histidine
residues. Growth, induction, and collection of bacterial cells
were performed as described previously (49). Cell pellets were
resuspended in 10 mM Tris (pH 8.0)-50 mM NaCl, and the
cells were lysed in a French press. Cellular debris was removed
by centrifugation, and supernatants were adjusted to contain
30 mM Tris (pH 8.0) and 0.6 M ammonium sulfate. The
recombinant LH-2 was then purified by nickel chelate chro-
matography (1). Nickel chelate agarose was added to absorb
the protein (0.25 ml/liter of bacterial culture), and the mixture
was incubated on a rotary mixer for 1.5 h at 4°C. After washing
with 10 mM Tris (pH 8.0)-0.6 M ammonium sulfate and 10
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mM Tris (pH 8.0)-75 mM imidazole, the resin was eluted with
10 mM Tris (pH 6.8) containing 0.5 M imidazole. Fractions
containing recombinant LH-2 were identified by gel electro-
phoresis. The eluate was dialyzed against 10 mM Tris (pH
7.5)-50 mM NaCI-5% glycerol-1 mM EDTA-1 mM dithio-
threitol, aliquoted, and stored at - 80°C.

Hybridization analysis of LH-2 mRNA. Total cellular RNA
was isolated by solubilization in guanidine HCl and sedimen-
tation through CsCl as described previously (18). Equal
amounts of RNA were electrophoresed on agarose gels con-
taining formaldehyde (51) and transferred to nitrocellulose
filters by capillary transfer. The nitrocellulose filters were
baked and then prehybridized for 8 h in 50% deionized
formamide-0.75 M NaCl-0.075 M sodium citrate-0.04%
BSA-0.04% Ficoll-0.04% polyvinylpyrrolidone-20 mM
HEPES (pH 7.4)-i mg of salmon sperm DNA per ml-0.1%
sodium PPi at 42°C. DNA probes for LH-2 and P-actin were
radiolabeled by random primer method (14) to a specific
activity of 109 cpm/,g of DNA or greater. Following prehy-
bridization, radiolabeled probe was added, and hybridization
continued for 12 h. The blots were then washed extensively, air
dried, and analyzed by autoradiography.

RESULTS

aT3-1 and aTSH cells contain a factor which interacts
specifically with the PGBE. Our previous analysis of the mouse
a promoter revealed that the PGBE of the mouse a-subunit
gene was sufficient to function as a tissue-specific enhancer
(43). The present studies have characterized factors which
interact with this DNA element. Biotinylated oligonucleotides
representing the PGBE were incubated with nuclei from the
gonadotrope-derived aT3-1 cell line (55) or the thyrotrope-
derived aTSH cell line (2). The biotinylated DNA was then
bound to streptavidin agarose beads, and proteins were eluted
with increasing ionic strength. The presence of DNA-binding
proteins in the eluate of the DNA affinity column was exam-
ined by electrophoretic mobility shift assay (Fig. 1). These
studies revealed two discrete DNA-protein complexes formed
when wild-type PGBE sequences were incubated with affinity-
purified extracts from aT3-1 or aTSH cells. To test the
sequence specificity of this binding activity, competition studies
and mutant radiolabeled probes were used in mobility shift
assays. The addition of a 50-fold molar excess of unlabeled
wild-type competitor DNA resulted in a specific loss of both
shifted complexes. Affinity-purified proteins from aT3-1 or
aTSH cells failed to bind a probe containing an 8-bp mutation
at positions -337 to -330 (probe 1), a mutation which we
previously found substantially reduced basal a-subunit expres-
sion (43). An 8-bp mutation at positions - 350 to -343 (probe
2) resulted in only a minimal loss of binding activity, consistent
with the finding that this mutation has little effect on a-subunit
expression (43). These results identify a specific complex which
is dependent on DNA sequences in the - 337 to - 330 region,
the same region which we have previously shown is crucial for
transcriptional activation in pituitary cells of the gonadotrope
and thyrotrope lineages (43).
The factor which binds to the PGBE has a restricted cell

distribution. To examine cell specificity for PGBE-binding
activity, nuclear extracts from several different cells were
fractionated by oligonucleotide affinity purification. Equal
amounts of nuclei from several different cell types were
subjected to the DNA affinity purification procedure. The cells
were representative of several different pituitary cell lineages,
including cells of the gonadotrope (aT3-1) and thyrotrope
(aTSH) lineages, which express the endogenous a-subunit

Mutation -350 -323

WT ATATCAGGTACTTAGCTAATTAAATGTG
1 ............ GCGGCCGC.......
2 GCGGCCGC..........

Nuclear Extract

Mutation Vy

Competitor (50X) -

- (xT3-1 l xTSH |

VT WT WT 1 2 WTWT 1 1 2

- I -1__

Complex 1 li

Complex 2 --, w, _

Free Probeo-i

FIG. 1. Analysis of the binding of nuclear factors from aT3-1 and
oxTSH cells to the PGBE. Radiolabeled wild-type probe (WT) and
mutant DNA probes (probes 1 and 2) containing the -424 to - 288
region of the mouse a-subunit gene were used in an electrophoretic
mobility shift assay. Mutations were placed in the -350 to -323
region as indicated. Opposing arrows above the wild-type sequence
indicate the presence of an imperfect palindrome. Radiolabeled
probes were incubated in either the absence or the presence of
affinity-purified nuclear extracts from otT3-1 and aTSH cells; some
reaction mixtures contained a 50-fold molar excess of unlabeled
wild-type probe. Complexes were resolved by nondenaturing polyacryl-
amide gel electrophoresis and autoradiography. Two different com-
plexes and the free probe are indicated by arrows at the left.

gene, and pituitary cells, which express other pituitary hor-
mones such as growth hormone and prolactin (GH3 cells) and
adrenocorticotropic hormone (AtT20 cells). Placental cells
which express the a subunit (JEG-3 cells) were also tested. The
affinity-purified nuclear extracts were then assayed for DNA-
binding activity by mobility shift assay (Fig. 2). Distinct DNA-
protein complexes were observed in extracts from aT3-1 or
aTSH cells but not in extracts derived from the other pituitary
and placental cell types. Similar studies using crude extracts of
aT3-1, aTSH, GH3, and JEG-3 cells produced similar, tissue-
specific bands, although several minor bands were observed
(data not shown). Furthermore, the crude extracts of all of the
cell types demonstrated specific binding to a consensus cyclic
AMP (cAMP) response element, demonstrating that all of the
extracts contained active DNA-binding proteins (data not
shown).

Mutations which disrupt binding of a factor to the PGBE
also affect transcriptional activation. Inspection of DNA
sequence in the region which was important for factor binding
and transcriptional activation revealed the presence of a 14-bp
imperfect palindromic sequence, TACTTAGCTAATTA (po-
sitions -343 to -330). It seemed likely that this imperfect
palindrome represented the factor-binding site. As an initial
approach to explore this issue, we prepared a variety of point
mutations in this region and tested both factor binding and
transcriptional activation (Fig. 3). Ten mutations within this
region were tested. Most of the mutations within the palin-
dromic sequence decreased DNA-binding activity, as evi-
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FIG. 2. PGBE-binding activity is restricted to pituitary cells which
express the glycoprotein hormone a subunit. DNA affinity chromatog-
raphy was used to isolate PGBE-binding activity from equivalent
numbers of nuclei from aT3-1 (gonadotrope), aTSH (thyrotrope),
GH3 (mammosomatotropes which produce prolactin and growth hor-
mone), AtT20 (corticotropes which produce adrenocorticotropic hor-
mone), and JEG-3 (placental) cells. Either 8 or 16 ptl of affinity-
purified extracts was then used for the electrophoretic mobility shift
assay. The radiolabeled DNA probe contained the PGBE (as part of a

DNA fragment representing the mouse a -424 to -288 region).
DNA-protein complexes were analyzed by nondenaturing polyacryl-
amide gel electrophoresis and autoradiography. Two different com-

plexes and the free probe are indicated by the arrows at the left.

denced by a decrease in both complex 1 and complex 2.
Interestingly, mutations at the +5 and -5 positions (relative
to the center of palindrome), in which the wild-type sequence
contains a disruption of a perfect palindrome, had a rather
variable effect. For instance, a mutation at the +5 position
creates a perfect palindrome and decreased factor binding
(probe 7). In contrast, a mutation at position -5 which also
created a perfect but different palindrome (probe 9) appeared
to modestly increase binding. This finding suggests that a
perfect, 14-bp palindrome with the sequence TAATTAGCTA
ATTA may be the preferred binding site for the factor(s).
Importantly, there was an excellent correlation between effects
of the mutations on both complexes (Fig. 3B) and expression
of the a-subunit promoter (Fig. 3C). These findings suggest
that complex formation at the palindromic sequence is impor-
tant for transcriptional activation of the mouse a-subunit gene.

Cloning of a factor which binds to the PGBE. In an attempt
to clone factors which bind to the PGBE, an aT3-1 cDNA
library was screened with a radiolabeled PGBE probe. An
initial screen of 6 x 105 plaques yielded 36 positive signals.
Rescreening with both a PGBE probe and an unrelated probe
yielded a single signal which specifically bound to the PGBE.
Following plaque purification, the cDNA which yielded this
positive signal was used as a hybridization probe to screen a

random primed aT3-1 cDNA library. The largest cDNA
identified by this screen predicted a 427-amino-acid open
reading frame. Consistent with the predicted open reading
frame, in vitro transcription and translation of the cDNA
resulted in the synthesis of an approximately 47-kDa protein
(data not shown). Comparison with other known amino acid
sequences (GenBank) revealed this protein to be a member of
the LIM-homeodomain family of transcription factors (38).
LIM-homeodomain factors contain both a putative zinc finger
(the LIM domain) and a homeodomain (Fig. 4A). The home-
odomain of these factors is sufficient for specific DNA binding
(57). The LIM domain contains putative zinc finger-like struc-
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FIG. 3. Effects of mutations in the PGBE on in vitro factor binding
and in vivo expression of the mouse a-subunit promoter in aT3-1 cells.
Radiolabeled wild-type probe (WT) and mutant DNA probes (probes
1 to 10) containing the - 424 to - 288 region of the mouse ao-subunit
gene were used in an electrophoretic mobility shift assay. Mutations
were placed in the - 350 to - 323 region as indicated (A). Opposing
arrows above the wild-type sequence indicate the presence of an
imperfect palindrome. The imperfect palindrome is numbered relative
to the center of the palindrome. Affinity chromatography-purified
aT3-1 extracts were incubated with the individual wild-type or mutant
probes, and the resulting complexes were analyzed by nondenaturing
polyacrylamide gel electrophoresis (B). Two different complexes and
the free probe are indicated by the arrows on the left. To test the
effects of mutations in the PGBE on expression of the a-subunit
promoter, the mutations were incorporated within the context of a

DNA fragment representing positions -507 to +46 of the mouse
a-subunit promoter, and this fragment was linked to luciferase. The
wild-type and mutant a-subunit/luciferase constructs (10 ,ug) were

transfected into aT3-1 cells, and luciferase expression was determined
(C). The data are expressed as a percentage of the wild-type values and
are the mean values ± standard errors from nine transfections for
each construct from three separate experiments. The histograms are

aligned with the mobility shift data for each mutation.

tural motifs, and it has been shown that the LIM domain is
capable of binding zinc (30, 35). However, it seems likely that
the LIM domain is not a DNA-binding domain, as it may
actually inhibit DNA binding (57). Rather, the available evi-
dence suggests that LIM domains may function as protein-
protein interaction domains (39). When we isolated this clone,
no other sequence in GenBank was identical to that of the
newly isolated cDNA. However, as we proceeded with the
characterization of this clone, Xu et al. described the cloning of
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A. LH2 Structure
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<
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FIG. 4. Analysis of the distribution of LH-2 mRNA. LH-2 is a

47-kDa protein characterized by two LIM domains (putative zinc

finger domains) which are located in a region close to the amino

terminus of the protein and a homeodomain toward the carboxy

terminus (A). The distribution of mRNA encoding LH-2 in mouse

pituitary and liver as well as clonal cell lines of pituitary cell lineage was

analyzed by denaturing gel electrophoresis and hybridization to

radiolabeled LH-2 probe (B). Twenty micrograms of total cellular

RNA from each tissue or cell type was subjected to agarose

electrophoresis in gels containing formaldehyde, and then the RNA

was transferred to nitrocellulose membranes (51). Radiolabeled

cDNA was hybridized to the filter, and after washing, specific LH-2

mRNA species were identified by autoradiography. A DNA

marker (marker lane) was prepared from HindIII-digested X DNA.

Parallel samples were analyzed for actin mRNA (C).

a cDNA which they designated the rat LIM-homeodomain

protein, LH-2 (56). The predicted amino acid sequence of

LH-2 is 94% identical to the sequence of the protein predicted

by the mouse cDNA which we isolated. Thus, the cDNA clone

which we isolated by screening for binding to the PGBE

appears to be the mouse homolog of LH-2.

LH-2 mRNA is found in relatively high concentrations in

pituitary cell lines which express the et-subunit gene and in the

central nervous system. Previously it was found that LH-2 has

a rather restricted tissue distribution, with expression in some

cells of the lymphoid system and within specific areas of the

brain (56). To examine LH-2 expression in cells which express

the at-subunit gene, total cellular RNA was prepared from

whole rat pituitaries, AtT20, GH3,aoT3-1,aTSH, and JEG-3

cells, as well as mouse liver. Hybridization to a radiolabeled

LH-2 probe after fractionation by denaturing gel electrophore-

sis and transfer to nitrocellulose, demonstrated the presence of

an approximately 2.3-kb transcript in some of the samples. The

LH-2 mRNA was most abundant in aT3-1 andacTSH cells,

abundant in whole rat pituitaries, AtT2O cells, and GH3 cells,

and nondetectable in JEG-3 cells and mouse liver (Fig. 4B).

addition, the mouse LH-2 transcript was abundantly present

mouse brain (data not shown). These findings show

relatively high levels of LH-2 mRNA were found in the clonal

cell types of the pituitary which express the a-subunit gene. No
LH-2 mRNA was found in the JEG-3 placental cell line,
consistent with the finding that the PGBE is not required for
at-subunit expression in the placenta (43). The very low level of
expression of LH-2 in whole pituitary may result from dilution
effects, as gonadotropes and thyrotropes represent only a
relatively small proportion of endocrine cell types found within
the pituitary. An analogous situation exists with detection of
the Isl-l transcript in adult pancreas, in which case , cells
expressing the insulin promoter represent only a small propor-
tion of the total cell mass (26). On the other hand, it has been
suggested that the aT3-1 and axTSH cell lines likely represent
cells which have been immortalized at an early stage in
development of the pituitary (2, 55). It is possible that LH-2 is
expressed at relatively high levels only during early develop-
ment of the pituitary and is not expressed in the adult. Further
studies will be required to assess the developmental pattern of
LH-2 expression in the pituitary and to determine the contri-
bution of LH-2 to a-subunit gene expression in the adult. In
this study, LH-2 transcripts were found at very low levels in
pituitary cell lines which produce growth hormone and prolac-
tin (GH3 cells) and in cells which produce adrenocorticotropic
hormone (AtT20 cells). This contrasts with PGBE-binding
activity, which was found only in the aT3-1 and aTSH cells.
This may be similar to differences found in the expression of
transcripts and proteins for another pituitary factor, Pit-1.
Although Pit-I transcripts have been detected in all cell types
of the pituitary, the protein is found only in cells which express
growth hormone, prolactin, or thyroid-stimulating hormone
(47). Alternatively, covalent protein modifications such as
phosphorylation or protein-protein interactions may differen-
tially regulate LH-2 DNA-binding activity in various cell types.
The LH-2 homeodomain is sufficient for selective binding to

the PGBE. To examine the specificity of mouse LH-2 binding
to the a-subunit promoter, a carboxy-terminal fragment of
LH-2 encoding residues 147 to 427 (LH-2147427) was prepared
by using a bacterial expression system. This portion of LH-2
contains the homeodomain but not the LIM domain. Recom-
binant LH-2147427 was used to determine sequence specificity
of binding to the mouse at-subunit promoter by DNase I
protection assay (Fig. 5). Recombinant LH-2147-427 protected
DNA sequences at positions -343 to -326 of the mousea
promoter on the upper strand (Fig. 5A) and a similar region on
the other strand (Fig.SB). Particularly on the upper strand,
stronger protection was found at the downstream portion of
the footprint. The protected region overlaps the imperfect
palindrome which is located at positions -342 to -329. These
results provide evidence that the LH-2 homeodomain is suffi-
cient for specific DNA binding in the absence of the LIM
domain. Analysis of other mammalian LIM-homeodomain
protein-binding sites (Fig.SC) reveals that the sequence
CTAATTA which is present in the downstream half of the
mouse at-subunit palindrome is also present in the binding sites
for Lmx I andIsl-1 in the insulin promoter (17, 26). The
similarity in these binding sites offers further evidence for a
role for LH-2 in specific binding to the PGBE of the mouse
ao-subunit gene.

Electrophoretic mobility shift assays were used to examine
whether recombinant LH-2147-427 showed a binding selection
similar to that of the factor which is present in aT3-1 cells (Fig.
6). Wild-type and six mutant PGBE probes were used for these
studies. In general, the patterns of binding to the wild-type and
mutant probes were similar for the endogenous binding activity
from aT3-1 cells and recombinant LH-2147-427. Mutations
within the imperfect palindrome of the PGBE tended to have
a greater effect on LH-2147427 binding than on the endoge-
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FIG. 5. Recombinant LH-2 homeodomain binds specifically to the
mouse ot-subunit PGBE. DNase I protection experiments were used to
examine the sequence specificity of LH-2 interaction with the mouse
ct-subunit promoter. Recombinant LH-2147427 containing the homeo-
domain was expressed in Escherichia coli as a fusion protein containing
a polyhistidine amino-terminal extension. The recombinant protein
was partially purified by chromatography over nickel chelate agarose.
A DNA probe representing the mouse ct - 424 to - 288 region was
radiolabeled at either terminus and incubated with increasing amounts
of the partially purified recombinant LH-2147427 preparation. The
binding reaction was partially digested with DNase I and then analyzed
by denaturing polyacrylamide gel electrophoresis and autoradiogra-
phy. Regions protected by the recombinant LH-2 preparation are
indicated by open boxes. DNA fragments were also subjected to the
chemical modification and cleavage reactions of Maxam and Gilbert
(33) for use as markers. The region of the mouse ct-subunit which is
protected by LH-2 was aligned with the binding sites for Isl-1 and Lmx
I from the insulin promoter (C).

nous binding activity. This finding suggests that the remainder
of the LH-2 molecule, which is not contained in recombinant
LH-2147-427, may have some effect on binding activity. Alter-
natively, the interaction of LH-2 with other proteins in ctT3-1
cells may alter binding activity. It is evident that a single major
complex is obtained with the recombinant LH-2 homeodomain
preparation, while two major complexes were always obtained
with endogenous otT3-1 cell protein. Presumably, the complex
obtained with the recombinant preparation has a different
mobility than either of the two endogenous complexes because
the recombinant protein represents only a portion of LH-2.
The presence of only a single major complex with the recom-

binant LH-2 was detected at several different concentrations of
protein. As the binding site contains an imperfect palindrome,
it is certainly possible that binding involves homodimers or

_r
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0~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~..

FIG. 6. Analysis of the effects of PGBE mutations on formation of
complexes with endogenous otT3-1 nuclear extracts and recombinant
LH-2 homeodomain. Radiolabeled wild-type (WT) and mutant DNA
probes (probes 1 to 6) containing the -424 to -288 region of the
mouse (x-subunit gene were used in an electrophoretic mobility shift
assay. Mutations were placed in the - 350 to - 323 region as indicated
(A). Opposing arrows above the wild-type sequence indicate the
presence of an imperfect palindrome. PGBE-binding activity from
ctT3-1 nuclear extracts was prepared by DNA affinity chromatography.
Recombinant LH-2,47-427 was expressed in E. coli and partially
purified by chromatography over nickel chelate agarose. DNA-protein
complexes were resolved by nondenaturing polyacrylamide gel elec-
trophoresis and analyzed by autoradiography. Two different protein-
DNA complexes obtained with aT3-1 nuclear extracts and free probe
are indicated by the arrows on the left. DNA-protein complexes from
recombinant LH-2 and free probe are indicated by the arrows on the
right.

heterodimers. All of the mutations which have effects on
binding to the PGBE appear to have similar effects on both
complexes formed from otT3-1 proteins (Fig. 3 and 6), suggest-
ing that the two complexes may involve cooperative interac-
tions.
aT3-1 nuclear extracts contain a PGBE-binding protein

which is immunologically related to LH-2. To determine
whether LH-2 is a component of the endogenous, otT3-1
nuclear proteins which interact with the PGBE, an electro-
phoretic mobility shift experiment was performed in the pres-
ence of antiserum to LH-2 (Fig. 7). Antiserum to LH-2
resulted in the loss of the faster-migrating complex (complex 2)
and the appearance of two new complexes (indicated by open
triangles). Presumably, the new complexes represent PGBE-
LH-2 complexes which are specifically bound to antibodies.
The increased intensity of the faster-migrating complex in the
presence of antiserum to LH-2 is similar to results observed
with MEC-3 (57) and may indicate that antibodies directed
toward the carboxy-terminal domain of these LIM factors can
affect DNA binding. Antisera to the cAMP response element-
binding protein (CREB) or Pit-1 did not appreciably alter the
mobility of the complexes. These findings suggest that a

protein which is recognized by antiserum to LH-2 contributes
to the PGBE-binding activity from otT3-1 cells.
LH-2 expression can activate the mouse a promoter in

heterologous cell types. A cotransfection assay was used to test
the ability of LH-2 to activate the ot-subunit promoter. A
mammalian expression vector encoding full-length LH-2 was
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FIG. 7. The PGBE-binding activity from aT3-1 cells is immunolog-
ically related to LH-2. A DNA probe representing positions -424 to
-288 of the mouse a-subunit gene (containing the PGBE) was

radiolabeled and used in an electrophoretic mobility shift assay. The
radiolabeled DNA probe was incubated with affinity-purified nuclear
extracts from aT3-1 cells in the absence or presence of 5 ,ul of
antiserum to LH-2 (1:2,000 dilution), CREB (1:200 dilution), or Pit-1
(1:200 dilution). Complexes were resolved by nondenaturing polyacryl-
amide gel electrophoresis and analyzed by autoradiography. The
migration of major complexes and the free DNA probe are indicated
by closed arrows. Open arrows indicate the complexes with altered
mobility which were observed in the presence of antiserum to LH-2.

transfected with reporter genes into Cos 1 (kidney origin) cells.
Two reporter genes were used as a target for the LH-2
molecule. One reporter contained the mouse a-subunit pro-
moter (-507 to +46) linked to luciferase, while the other
reporter contained three copies of the PGBE upstream of the
TK promoter linked to luciferase (3 x PGBE-luc). In Cos
cells, LH-2 activated the a-subunit promoter approximately
twofold and the 3 x PGBE reporter five- to sixfold compared
with transfection with a control vector encoding globin (Fig. 8).
The effects were promoter specific, as the LH-2 expression
vector did not affect the activity of a TK-luciferase construct.
Essentially identical results were obtained in JEG-3 cells (data
not shown).

DISCUSSION
These studies suggest that the LIM-homeodomain protein

LH-2, which was previously found to be present in the central
nervous system and some lymphoid cells (56), is a strong
candidate as an activator of the glycoprotein hormone a-sub-
unit gene. We identified an LH-2 cDNA clone through screen-
ing a bacterial expression library with a tissue-specific enhancer
sequence from the mouse a-subunit gene. LH-2 mRNA is
present at relatively high levels in cells which express the
glycoprotein hormone a-subunit gene. Recombinant LH-2
selectively binds to a 14-bp imperfect palindrome in the
a-subunit gene which appears to be the core of a pituitary-
specific enhancer. Point mutations in the imperfect palindrome
which disrupt binding of LH-2 also decrease expression of the
mouse a-subunit promoter. Mobility shift experiments in the
presence of antiserum to LH-2 suggest that LH-2 or a closely
related protein is likely a component of the endogenous
PGBE-binding activity of aT3-1 cells. Cotransfection assays in
heterologous cells demonstrate that LH-2 is able to activate
expression of the mouse a-subunit promoter.

Like other transcription factors, LIM-homeodomain pro-
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FIG. 8. LH-2 activates the mouse a promoter or a promoter
containing multimers of the PGBE. Cos 1 cells were transfected with
an LH-2 expression vector (5 ,ug) and a luciferase reporter gene (10
jig) containing either the mouse glycoprotein hormone a-subunit
-507 to +46 region or three copies of the PGBE upstream of the TK
promoter (3 x PGBE). The TK promoter coupled to luciferase was
used as a control construct. The unshaded bars indicate values from
reporter constructs cotransfected with a control Rous sarcoma virus
(RSV)-globin expression plasmid, and shaded bars indicate values
from reporter constructs cotransfected with the RSV-LH-2 expression
plasmid. Data are reported as mean luciferase activity ± standard
error of the mean for nine transfections for each construct from three
separate experiments.

teins have been found to synergistically interact with other
factors. These interactions may involve either the LIM domain
or the homeodomain. For instance, there is evidence for
cooperative DNA binding by the LIM-homeodomain factor,
MEC-3, and a POU factor, UNC-86. The synergistic DNA
binding is dependent on the homeodomain of MEC-3 (57). It
has also been shown that the putative zinc fingers of LIM
domains may mediate protein-protein interaction. A synergy
between the LIM-homeodomain protein Lmx I and the basic
helix-loop-helix protein shPan-I is required for the transacti-
vation of an insulin promoter in fibroblast cells (17). Other
studies indicate that for cytoskeletal proteins which contain
LIM domains, the LIM domain may serve as a protein-protein
interaction surface which facilitates heterodimer formation
(39). Of course, LIM-homeodomain proteins may also make
important protein-protein contacts which do not involve the
LIM domain or the homeodomain.

In view of the functional interactions of LIM-homedomain
factors with other transcription factors, it is interesting that the
PGBE and a different, unrelated DNA element of the mouse
ax-subunit gene are required to permit a response to the
peptide hormone, gonadotropin-releasing hormone (GnRH)
(44). This finding raises the possibility that interactions involv-
ing LH-2 and other transcription factors are required for
responses to GnRH. A parallel situation has been observed for
Isl-1 and the regulation of the somatostatin gene. Functional
interaction between the LIM-homeodomain factor, Isl-1, and
CREB has recently been observed for the somatostatin gene
(29). A requirement for the functional interaction of ubiqui-
tous factors which respond to signal transduction pathways
with tissue-restricted factors such as LH-2 or Isl-1 may play a
role in limiting hormonal regulation of specific genes to the
appropriate cell types. It will be particularly interesting to test
for physical interactions between LH-2 and other factors which
are important for regulating expression of the ao-subunit gene
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such as the factor required for GnRH responsiveness (44) and
the factor which binds to the gonadotrope-specific element
(22). A lack of specific protein-protein interactions may also
explain the finding that LH-2 provides only a modest (twofold)
transcriptional activation of the a-subunit promoter in heter-
ologous cells. This may indicate that heterologous cells lack
appropriate protein targets which contribute to the ability of
LH-2 to activate the a-subunit promoter in gonadotropes and
thyrotropes.
The identification of a LIM-homeodomain protein as an

activator of the ax-subunit gene has intriguing implications for
pituitary development. A number of LIM-homeodomain fac-
tors, including MEC-3 and LIN-11 from Caenorhabditis elegans
(16, 54), apterous from Drosophila melanogaster (5, 7), and the
Xenopus factor Xlim-1 (50), appear to have a role in the
regulation of embryogenesis and the determination of cell fate.
Expression of the glycoprotein hormone at-subunit gene is the
earliest known marker of pituitary differentiation. The com-
mitment of somatic ectoderm into primordial pituitary cells is
marked by the expression of the a-subunit transcript prior to
the formation of a definitive Rathke's pouch, the tissue which
ultimately forms the pituitary (47). In view of the role of LH-2
in stimulating a-subunit transcription and the early appearance
of a-subunit gene expression in pituitary development, a
possible role of LH-2 in differentiation of the pituitary seems
reasonable. Previous studies with other pituitary cell types have
clearly established a role for homeodomain proteins in regu-
lating both differentiation and specific target gene expression
in the pituitary. The POU-homeodomain protein Pit-1 has
been shown to activate hormone genes which are markers for
the differentiation of particular pituitary cell lineages (24, 32).
Pit-1 has been shown- to be essential for the growth and
differentiation of this cell lineage (6, 31). Whatever role LH-2
may play in regulating development of the pituitary, it certainly
must be involved in other activities, as it is expressed at
relatively high levels in the central nervous system (56). In this
regard, the tissue distribution of LH-2 is rather similar to that
of another LIM-homeodomain protein, Isl-1. Isl-1 was origi-
nally cloned as a factor which binds to the insulin enhancer
(26). Subsequently it has been shown that Isl-1 is expressed in
subsets of neurons and endocrine cells, leading to the sugges-
tion that Isl-1 may be involved in the specification or mainte-
nance of particular endocrine and neural cell lineages (13, 52).
The present findings are consistent with the possibility of a
similar role for LH-2.
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