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SUMMARY: Inhibin suppresses the pituitary secretion of FSH but not
LH. The two forms of inhibin are composed of a common & subunit
linked to either a BA or a BB subunit. The mouse inhibin a gene
was 1solated and shown to have two exons spanning a 1.7 Kb intron.
The proximal 5' flanking region has neither TATA and CAAT boxes nor
GC-rich area. Using the 5' flanking region of mouse inhibin o gene
linked to luciferase gene, transfection of rat granulosa cells
indicated that the first 165 bp of the promoter region is required
for basal expression. The mouse inhibin o genomic clone should be
useful for analysis of hormonal control of inhibin a transcription
and the generation of mice with targeted deletion of this gene.

© 1992 Academic Press, Inc.

Inhibins are glycoproteins that preferentially inhibit the
secretion and synthesis of FSH but not LH. Inhibin is produced
primarily by ovarian granulosa and testicular Sertoli cells (1),
and is stimulated by FSH, IH and agents enhancing cellular cAMP
levels. There are two forms of inhibin, designated as inhibin A
(e-BA) and inhibin B (a-BB), which are composed of a common «
subunit linked by two disulfide bonds to either a BA or a BB
subunit. Interestingly, dimerization of two B subunits leads to
the formation of activins which can stimulate FSH secretion and
have diverse functions during development (1, 2).

cDNAs for the inhibin subunits have been isolated from several
species (3-6). They are evolutionarily related to the transforming
growth factor-8 (TGFB) superfamily (1), whose members regulate cell
growth and differentiation. The genomic DNA for inhibin @ has been
isolated from human (7) and rat (8-10), and the chromosomal
location of mouse and human inhibins has been determined (11).
Here, we isolate and characterize the mouse inhibin « gene, and

study the function of its promoter.

*Sequence data from this article have been deposited with the
EMBL/GenBank Data Libraries under Accession Numbers M95525
and M95526,
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MATERIALS AND METHODS

Isolation and analysis of mouse inhibin a genomic clones Total
RNA was extracted from granulosa cells of gonadotropin-treated im-
mature mice. First strand cDNA was made using the avian myelobla-
stosis virus (AMV) reverse transcriptase (Seikagaku America, Inc.,
Rockville, MD). For polymerase chain reaction (PCR), specific
primers with appended Eco RI and Sal I sites {5'-[ACGT][ACGT]GAATTC
AGCTCCCTCGATGCCTTG-3" and 5'~[ACGT ] [ACGT]GTCGACCAGTGTTGTGTAATGAGG-
3'} flanking the coding region of the mature inhibin @ subunit were
designed based on the rat inhibin o cDNA sequence (3). A 403 bp
PCR DNA product was subcloned into pSKII+ plasmid and sequencing
analysis indicated 93% homolo%% to rat inhibin o cDNA. The mouse
inhibin « ¢DNA fragment was P-labelled by the random-priming
method and used to screen a mouse liver genomic lambdaGEM-11 phage
library (Promega Co. Madison, WI). After screening of 1. 4x10°
colonies, 11 positive clones were isolated. The two exons and 2.5
Kb of the 5' flanking region were sequenced.

Analysis of the transcription start site For primer extension
studies, a synthetic oligonucleotide (5 YATAGTTCACTTGCCCTGATG3 ')
complementary to the region arcund the translation start site was

2p end-labeled by u51n? [gamma—32P]ATP and T4 polynucleoctide kinase

(Promega Co.). 10° cpm P-labeled primer and 3.5ug total RNA of the
mouse granulosa cells were co-precipitated with ethanol. The pellet
was resuspended in hybrldlzatlon solution and incubated overnight
at 30%c (12) . Subsequently, prlmer extension reaction was performed
with AMV reverse transcrlptase in a reactlon mixture containing
dNTPs and RNAsin for 90 min at 42°C (12). The products were
analyzed on a 6% polyacrylamide gel with the size marker from a
sequencing reaction using the same primer. For RNase protection
analysis, a 32 p-labeled cRNA probe, complementa % to the promoter
region from +86 to -928 bp, was made by using [o- P]CTP and T3 RNA
polymerase (13). After overnight hybridization (at 50° C) of the
cRNA probe with mouse granulosa cell RNA the unprotected RNA wvwas
digested by RNase A and RNAse T1 at 30°c (12). The protected 2p
cRNA was analyzed on a 6% polyacrylamide gel.

Construction of reporter genes and transfection of granulosa cells
A Xho I linker was inserted into the cloning site of the pl9LUC
plasmid (14) containing the firefly luciferase gene to produce the
plo9LUCxho vector. Varying lengths (-99 to about -6000 bp) of 5¢
flanking region of the mouse inhibin a gene with the same 3‘' end
at +71 bp were inserted into the 5' end of the luciferase gene in
pl9LUCxho. The smallest promoter region (-99 to +71 bp) was
obtained using PCR whereas the larger 5‘ flanking regions were
derived from the genomic clone based on restriction enzyme sites.
The vector pRSV-B-gal, containing the lacZ gene coding B-galac-
tosidase driven by the Rous sarcoma virus long terminal repeat, was
used to monitor transfection efficiency. The 1luciferase dene
expression vector pGL2-promoter (Promega Co.) driven by SV40 early
promoter was used as a positive control.

Granulosa cells were obtained from immature estrogen-treated
Sprague-Dawley female rats, as previously described (15). Cells
were cultured in medium 199 (Gibco, Grand Island, NY) supplemented
with 0.1%BSA, antibiotics (100 U/ml penicillin, 100 ug/ml strep-
tomycin sulfate) and 200mM L-Glutamine. About 5x%10° viable cells
were plated per 10 X 35mm culture dish (Falcon, Cockeysville, MD)
and incubated at 37°C in a humidified 95% air/5% Co, atmosphere.
Cells were plated for 2 h before transfection. Uslng the calcium
phosphate precipitation method (16), cells were co-transfected with
0.7 pmole of plasmids expressing luciferase and 0.23 pmole of pRSV-
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B-gal for 4 h at 37°Cc. Cells were rinsed twice with culture medium
and incubated for different times with or without forskolin.

Assay of luciferase and B-galactosidase activity After incuba-
tion, transfected cells were collected and lysed. Using a Monolight
2010 luminometer (Analytical Luminescence Lab., San Diego, CA),
luciferase activity (relative light units: RLU) in the cell lysate
was detected by mixing supernatant with the assay buffer (Promega
Co.). After measurement of B-galactosidase activity (17), the

function of inhibin o promoter is expressed as the ratio of RLU/B-
galactosidase activity. Data represent the mean + SEM of duplicate
dishes of a representative experiment with each experiment repeated
at least three times.

RESULTS AND DISCUSSION

Isolation and characterization of mouse inhibin a genomic clones
The PCR-derived mouse inhibin o cDNA fragment was used as a probe
to screen the mouse genomic library. Based on restriction enzyme
mapping and Southern blot analysis, all of the positive clones
correspond to three independent phages with inserts of 11.5, 12.7,
13.2 Kb. These clones have a common 5' end but with different 3!
ends. The longest clone (Fig. 1A) includes 8.5 Kb 5' flanking
region, two exons spanning an intron and a 1.7 Kb 3' flanking
region. The nucleotide and amino acid sequence of the mouse inhibin
gene with its flanking regions are shown in Fig. 1B. The intron-
exon splice junctions are conserved among mouse, rat (9) and human
genes (7). The intron size of mouse inhibin ¢ is 1.7 Kb, similar
to those found in human (7) and rat (8). The deduced protein
sequence of mouse inhibin « is 95, 81, 83 and 78% homologous to its
rat (3), bovine (4), porcine (5), and human (6) counterparts,
respectively. However, there is one amino acid difference (residue
165) between our mouse genomic clone and a mouse testis inhibin «
CDNA fragment (18). At 174 bp downstream from the stop codon, there
is an AATAAA sequence (Fig. 1B) that may act as the polyadenylation
signal.

Analysis of transcription start site and the promoter region
Using primer extension analysis (Fig. 2), we identified five
contiguous transcription start sites in mouse inhibin o promoter.
The location of the middle and major site (assigned as "+1") is 71
bp 5' to the translation start site. Likewise, five protected
fragments were found in RNase protection analysis with a major band
69 bp 5' to the translation start site (data not shown). The
location deviation (2 bp) between the two methods may be related
to the different migration patterns of RNA and DNA in the sequenc-
ing gel.
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+1
CAGTGGGATGGGGAGGGGACAGTGGGGAGGTCCTAGACAGAAAGGGCACAGGGCAGCGTGTGGGTTCCCTGTCATCAGGGCAAGTGAACT

90 140
ATGGTGAGCCAGCGGTCTCTGCTGCTCCTTTTGCTGTTGACCCTACGGGATGTGGACAGCTGCCAGGGGCCCGAACTTGTCCGGGAGCTC
MetValSerGlnArgSerLeuleuLeulLeuleuLeuleuThrleuArgAspValAspSerCysGlnGlyProGluleuvalArgGluLeu

180 . 230
GTCCTGGCCAAGGTGAAGGCTCTATTCCTAGATGCCTTGGGGCCCCCAGCAATGGATGGGGAAGGTGGGGATCCTGGAATAAGGCGTCTG
valLeuAlalysValLysAlaLeuPheLeuAspAlaLeuGlyProProAlaMetAspGlyGluGlyGlyAspProGlyIleArgArgLeu

270 320

CCTCGAAGACATGCCGTTGGGGGTTTCATGCACAGGACCTCTGAACCAGAGGAGGAAGATGTCTCCCAGGCTATCCTTTTCCCAGCTACA
ProArgArgHisAlavalGlyGlyPheMetHisArgThrSerGluProGluGluGluAspValSerGlnAlaIleLeuPheProAlaThr

thaatgaagttggggattggcaggtcaactttgaagagtagccggtacctacttcatqg

380
—ctcttttctttttctgcctgtcccctgcagGTGCCACCTGTGAGGACCAGCCAGCTGCCAGAGGGCTTGCCCAGGAGGCTGAGGAAGGC
lyAlaThrCysGluAspGlnProAlaAlaArgGlyLeuAlaGlnGluAlaGluGluGly

420 470
CTCTTCACTTATGTATTCCGGCCATCCCAACACATACGCAGCCACCAGGTGACTTCAGCCCAGCTGTGGTTCCACACAGGCCTAGGCAGG
LeuPheThrTyrvalPheArgProSerGlnHisIleArgSerHisGlnValThrSerAlaGlnLeuTrpPheHisThrGlyLeuGlyArg

510 560
AAGAGCACAGCAGCCGCCAATAGCTCTGCGCCCCTGCTAGATCTTCTGGTGCTATCATCTGGGGGGCCCATGCGTGTGCCTGTGTCCTTG
LysSerThrAlaAlaAlaAsnSerSerAlaProleuleulAspleuleuvallLeuSerSerGlyGlyProMetArgValProvalSerLeu

600 650
GGACAGGGCCCGCCACGCTGGGCTGTACTGCACCTGGCGGCGTCTGCTTTCCCTCTGCTGACCCACCCCATCCTGGTGTTGCTGCTGCGA
GlyGlnGlyProProArgTrpAlaValleuHisLeuAlaAlaSerAlaPheProLeuleuThrHisProIleLeuvalleuLeuleuArg

690 740
TGCCCACTCTGTTCCTGCTCGGGCCGGCCTGAGACCACTCCTTTCCTGGTAGCCCACACTAGGGCTCGAGCACCCAGTGCGGGGGAGAGG
CysProLeuCysSerCysSerGlyArgProGluThrThrProPheLeuValAlaHisThrArgAlaArgAlaProSerAlaGlyGluArg

780 830
GCCCGGCGTTCAACTCCCTCCGTGCCTTGGCCTTGGTCTCCTGCGGCTTTGCGCTTGCTGCAGAGGCCTCCCGAGGAACCCGCTGCGCAT
AlaArgArgSerThrProSerValProTrpProTrpSerProAlaAlaLeuArgLeuleuGlnArgProProGluGluProalaAlaHis

870 920
GCCTTCTGCCATCGAGCTGCTCTCAATATCTCCTTCCAAGAGCTGGGCTGGGACCGCTGGATCGTACACCCTCCCAGTTTCATCTTCCAC
AlaPheCysHisArgAlaAlaleuAsnIleSerPheGlnGluLeuGlyTrpAspArgTrpIllevalHisProProSerPhellePheHis

960 . 1010
TACTGCCATGGTAGCTGCGGGATGCCCACATCTGACCTGCCCCTGCCAGTCCCTGGGGTGCCCCCTACCCCGGTTCAGCCCCTGTTTTTG
TYyrCysHisGlySerCysGlyMetProThrSerAspleuProLeuProvValProGlyValProProThrProvalGlnProLeuPheLeu

. 1050 . 1100
GTGCCAGGGGCCAAGCCCTGCTGTGCTGCTCTTCCGGGGAGCATGAGGTCCCTACGCGTCCGAACCACCTCAGATGGAGGTTACTCTTTC
ValProGlyAlaLysProCysCysAlaAlaLeuProGlySerMetArgSerLeuArgValArgThrThrSerAspGlyGlyTyrSerPhe

1140
AAGTATGAGATGGTACCCAACCTTATTACTCAACACTGTGCTTGTATCTAAAAGCACCTCCGCCTCCTCCTCCCATAGCCGATGGCCACA
LysTyrGluMetValProAsnLeulleThrGlnHisCysAlaCysIleEnd
GTCAATTCACCACCCCAGGGTCCTCAGCTAGGAGGAGGACAGAGTGTGGAAAGTAGACAGTTTCCACTTCCTTTTCCCTACATCTTTCAG

. 1320 1370
TATGAGGGATCCATATCCTGCTCCACCCAGGTCCTGTGGATAACAATAAAAAAGGAAGTGTGTGTGCCTTTGTATGTGTTCCCCTCACGT

1410 1460
CTTTGACAATGGGGTTGGGGAGGTCTGGGGTCAGAGAGAATTGCGTTGTGGGATTTTGAGTTAACTGCTTTTGGCTTTAGAGATCGACAG

1490
TCTAAGAGGTAAAA 1494

Figure 1. Schematic diagram of the mouse inhibin a gene and its
nucleotide and deduced amino acid sequences. (A) Structure of the

largest inhibin a genomic clone is shown with unique restriction
enzyme sites. The open boxes indicate exons. (B) Nucleotide and
protein sequences of the two exons with flanking regions are shown.
The potential polyadenylation site is underlined. Nucleotides typed
in small letters are intron seguences.

DNA sequencing analysis of the promoter region indicates that,

as in the rat (8-10), the mouse inhibin a has neither TATA and CAAT

boxes,

nor GC-rich sequences (Fig. 3). In the 5‘ flanking region

296



Vo

1. 186, No. 1, 1992 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
ACGT
.
-y
CG :
TA - 2
cG L
CG -
»
CG -
CGe 3
TA o =
GC @ +1 -
TA » -
CG » +3 e i
AT :
¢
CG
CG
CG
TA
CG - - o .
Figure 2. Transcription start sites of mouse inhibin a gene. In
primer extension analysis, five contiguous transcription start
sites, on the lane indicated by arrow, are shown together with the
corresponding nucleotide sequences (dotted sequences on the left).
The middle and major start site is assigned as +1.
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Figure 3. Nucleotide alignment of the 5' flanking region of mouse
and rat inhibin o gene. The 700 bp promoter regions of mouse and
rat (9) inhibin a genes were compared. Dots indicate conserved
sequences whereas hyphens indicate deleted nucleotides.

297



Vol. 186, No. 1, 1992 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

Table 1. Potential response elements in the inhibin a gene

CRE CS: TGACGTCA AP3 CS: GGGTGTGGAAAG
@: (~125)TG-CGTCA a@:  (~72)GGGCGTGGYAAG
AP1 CS: TGAGTCAG ERE CS: CWKGTCANNNTGWCCT
a: (-125)TGCGTCAG a: (-1386) CACGTCAGCACCACCT
AP2 CcSs: CCCCAGGC GRE CS: GGTACANNNTGTYCT
a: (-327)aCCCAGGC a: (-378)GGTgCATTCTGTCCT
(-507) CECCAGGC
kappaE2 CS: CCACCTGCC uEBP-E CS: TNNAKYNNKNNMTNATGA
(/Rev) @: (-479)CCACCTGCC IgHE: TGAATTGAGCACTGtTGA
a: (-376) TGCATTCTGTCCTCCTGA
CuE4.1 Cs: ACCACCTG
(/Rev) a: (—-480)ACCACCTG

K indicates G or T; Y indicates C or T; M indicates A or C; W
indicates A or T; N indicates A, C, G or T; CS indicates consensus
sequence; /Rev indicates inverted sequences. ERE and GRE indicate
estrogen and glucocorticoid response elements, respectively. The
number inside parentheses indicates the location of the response
elements. IgHE: immunoglobin heavy chain enhancer.

of mouse inhibin a, there exist several potential cis-acting
elements (Table 1). With one bp mismatch to the consensus sequence,
CAMP response element (CRE) at -125 bp is conserved with that of
rat inhibin o promoter which has been shown to confer cAMP
responsiveness (10). Identical to those in immuglobulin genes,
binding sites for uEBP-E (19), kappaE2 (20), and CuE4.l1 (21) are
also found in inhibin o promoter, raising the possibility that
these transcription factors may regulate inhibin o promoter. The
mouse inhibin o promoter is similar to its rat counterpart (Fig.
3). However, 5' and 3‘ sequences flanking the GT repeat region is
deleted in rat and mouse genes, respectively.

Basal activity of inhibin o gene promoter and its stimulation by
forskolin in rat granulosa cells To verify the promoter function
of the mouse inhibin ¢ gene, different lengths of the promoter
region ranging from about -6000 to -98 bp with the same 3‘end at
+71 bp of the transcription start site have been ligated to the
luciferase reporter gene. These constructs were transfected into
granulosa cells, and cell extracts were collected 5 h later. As
shown in Fig. 4, about 6000 and 2526 bp of the promoter regions
have similar activity in driving the reporter gene. In contrast,
shorter promoter constructs containing 308 and 165 bp have higher
basal activity. Furthermore, truncation of the promoter to 98 bp
resulted in a drastic decrease in activity. The construct, aLUC(-

308-+71) containing a CRE, was shown to respond to forskolin, an
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p1SLUCxho Basal

aLUC(-98 - +71) [ Forskolin { 16°M)

aLUC(-165 - +71)
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Figure 4. Basal activity and forskolin stimulation of the 5:°
flanking region of inhibin o gene. The indicated 1luciferase
reporter gene constructs, containing different 1lengths of the
inhibin o promoter, were co-transfected with pRSV-f-gal into
granulosa cells. The numbers inside the parentheses of aLUC
indicate the 5' and 3‘ ends of the inhibin a promoter fragments in
bp. pl9LUCxho, a promoterless vector, 1is used as a negative
control. Cells transfected with elUC(-308~+71) were treated without
or with forskolin (107 M). A reporter gene driven by the SV40 early
promoter (pGL2-promoter) serves as a positive control. Data
represent the mean * SEM.

adenyl cyclase activator, with a 3-fold increase of promoter
activity (Fig. 4). This result is consistent with that reported for
rat inhibin o gene (10).

The isolated inhibin ¢ gene promoter is functional in ovarian
cells and responds to protein kinase A activation. The mouse gene
should be useful for the study of cis-acting elements mediating the
actions of FSH, activin and growth factors, hormones known to
regulate inhibin o expression (15, 22). Mouse 1is extensively
studied regarding its molecular genetics, and most advanced
mammalian gene manipulation methods have been derived from this
species. In addition to its use in directing reporter genes to
inhibin o expressing tissues in transgenic animals, the present
mouse inhibin a gene provides the possibility to perform targeted
deletion of inhibin a gene using homologous recombination in
embryonic stem cells (23). Generation of mutant mice with deletion
of inhibin a gene should provide information on the physiological

role of inhibin in reproduction and development.
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