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Abstract

A paucity of in vitro models has hampered studies of molecular mechanisms of FSH subunit gene expression. Consequently, we used anin
transgenic strategy to map the location of regulatory elements in the cloned 10 kb hum@ug€igH Analyses of transgenic mouse lines revealed
that successive fruncations of the hFSBipromoter region te-350 bp relative to the transcriptional initiation site retained gonadotroph-specific
expression and the sexually dimorphic pattern of male greater than female IR8NA levels found normally in rodent pituitary. Truncation
of the 3 flanking sequences from positions +3142 to +2138 bp relative to the translational stop codon in exon 3 resulted in a complete loss
transgene expression, suggesting the presence of critical regulatory elements mapping to the 1 kb genomic segment downstream of position +
in addition to the proximal 'Spromoter elements. In silico phylogenetic comparisons of mammaliargFf@iHes revealed five islands of highly
conserved sequence homology corresponding precisely to the proXipanoter region, exon 2, theé Fanslated region of exon 3, and two
regions at the ‘3untranslated end of exon 3 that include putative polyadenylation and transcriptional termination signals. Sequence analyses
the B proximal promoter revealed the presence of several putative homeodomain binding sites as well as GATA, SMAD, AP-1, NF-1, NF-Y ar
steroid hormone transcription factor binding sites within the highly conser3&D bp promoter region. Notably absent from thessefuences,
however, are consensus binding sites for either Egr-1 or Lim-2 transcription factors known to be critical for the gonadotroph-specific express
of the LHB gene. These findings support the hypothesis that one of the mechanisms underlying the differential regulation @f E&HH
and commorx-gonadotropin subunits within pituitary gonadotrophs may be differences in sequence-specific binding requirements for distin
combinations of transcription factors.
© 2005 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction tion pathways, gonadal steroids and gonadal peptlesgnik,
1996; Vasilyev et al., 20Q02however, there are significant dif-
Normal reproductive function requires the coordinated reguferences between the two genes in terms of their responses to
lation of the LH3, FSH3 and commoru-glycoprotein subunit  each of these regulatory factoist{izaka et al., 1992; Kaiser et
genes. The mechanisms underlying the coordination of thesa., 1995; Lee et al., 1996Developmental onset of L{siand
subunits are poorly understood, but clearly involve difference$SH3 gene expression also occurs on distinct days in mouse
in both gene expression and ultimately secretion of each of thembryonic developmentlgn et al., 1994 The commornu-
heterodimeric gonadotropin hormones. Bothd&hd FSH8 are  subunit appears to be less stringently regulated and is thought
highly regulated by pulsatile GnRH via multiple signal transduc-to be present in excess relative to fxsubunits Gharib et al.,
1990. Thea-subunit gene expression is not affected by gonadal
_— peptides Attardi and Miklos, 199Dand is stimulated indepen-
* Corrgspondlng author. Tel.: +1 913 588 0414; fax: +1 913 588 0455. dently of GnRH pulse frequenC)Shupnik and Weck, 1998
E-mail address: tkumar@kumc.edu (T.R. Kumar). . . . . .
1 The authors contributed equally to this work. Despite these observations of less stringent regulation, the inter-

0303-7207/$ — see front matter © 2005 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.mce.2005.12.006



104 T.R. Kumar et al. / Molecular and Cellular Endocrinology 247 (2006) 103-115

actions among regulatory elements and transcription factors faical to those in the public human genome data base and are designated by

thea-subunit gene is complex and has been extensively reviewedle number of nucleotides following the translational stop codon in exon 3. The
(Albanese etal. 1996 Jorgensen et al 3004 —600/+3142 transgene was generated by digestion of the original 10 kb genomic

H derstandi f th | | hani clone with Bglll and Sphl. In addition to preparation for microinjection, this
owever, our understanding or the molecuiar mechanisms 7 kb fragment was subcloned into pSL1180 (Pharmacia LKG Biotechnologies,

underlying regulation of the hormone-speciliesubunit genes  piscataway, NJ). The-350/+3142 transgene was obtained by partial digestion
remains relatively less detailed, as reviewed recently fop LH of the Bglll-Sphl-pSL1180 plasmid withVsil and Sphl and isolation of the
(Jorgensen et al., 20p4The structure of the human F8H linear 6.5kb fragment. The 350/+2138 transgene was generated by complete
(hFSI-B) gene was first described in detail b;tmeson et al. Nsil digestion of theBglll-Sphl-pSL1180 plasmid and isolation of the linear

. . . . 5.5kb fragment. The-350/+1262 transgene was obtained by double digestion
(1988) and is comprlsed of three exons, the first of WhlChof the Bglll—-Sphl-pSL1180 plasmid withVsil and BsrGl and isolation of the

contains no translated sequence but does contain an alternat@ar 4.7 kb fragment.

splicing donor site. There are multiple consensus polyadeny- The—600/+1227 transgene was isolated as a linear 4.9 kb fragment by diges-
lation signals (AAUAAA), one proximal coinciding with the tion of an intermediate plasmid witfull andNael at restriction sites present in
stop codon in exon 3 and a cluster of three additional sites abOLtﬁe multiple cloning site. The intermediate plasmid was first generated by a three-

L way ligation ofBglll-Kpnl (—600 to the second intron) atkbnl—Nhel (second
1-1.2kb downstream of the stop codon resultlng inan unuSua"%tron to +1227 of 3UTR/flank) fragments from the 10 kb FgHjenomic clone

long 3 untranslated region (UTR). Analyses of MRNA size bY into a pGEM2 vector linearized withamHI andNhel (Promega, Madison, WI).
Northern blots, alignments of genomic and expressed sequence The —350/+1227SV40 polyA transgene was generated as a linear 5.6 kb
tag (EST) sequences, and phylogenetic comparisons of mufagment by rgstriction_digestion ‘Of an intermediate plgsmid V!E‘EJWRI
tiple mammalian FSB 3’ UTRs suggest that the most distal and Sphl. The intermediate plasmid was generated by first subcloning the

. . . Nsil-Nsil 5.5kb fragment {350/+2138 of hFSH described above) into the
AAUAAA site at nucleotides +1218 to +1223 is the predom- Pstl polylinker site of pPGEM3Zf(+). The resulting plasmid was then linearized

inantly Ut”i;ed signal ‘Qa.meson et al., 1988; Brockman et al., atthe internaNnel site at position +1227 of hF S8 blunt-ended by a fill-in reac-

2005; Manjithaya and Dighe, 20p4 tion with the Klenow fragment of DNA polymerase, and further digested with
In |arge part, the lack of further details regarding transcrip.Sphl in the polylinker site. Finally a 0.9 kiSmal—Sphl fragment Mbol-Mbol

tional regulation of this gene and the other gonadotrcﬂ)in representing nucleotides 4710-4100 comprising the intron of small T-antigen

bunits is due to the lack of a h | in vit . _ligated toBcll-BamHI, nucleotides 2770-2533 containing the polyadenylation
subunits IS due to the lack o a homologous In VItro eXpressm@ignals of SV40 TAg early mRNAs previously subcloned ifita:l and BamHI

system. Expression of FSH in primary pituitary cultures has beesges of psL1180) was ligated into the bluntétkl—Sphl vector.
disappointing Maurer and Kim, 1990 Until recently, the only Assembly of the SV40 tsTAg transgene construct has been described pre-
established cell line to express FSH was the RC-4B Begdult  Vviously (Kumar et al., 1998 Briefly, the —4000 bp of 5 flanking sequences,

etal., 1990. However, because of its heterogeneity and multipléhe first exon, the first intron, and thé énd of exon 2 up to a PCR-generated
- : ' 0RV site immediately upstream of the methionine start codon for@@sis

. . E|
cell phenotypes, it was never established as a useful model ﬁgated to a 2.7 kiSrul-BamHI fragment including the large T coding region

gonadotrophs. More recently th@T2 cell line has been shown ang polyadenylation signals of the SV40 temperature sensitive T-antigen A58
to express the mouse I3H(Turgeon et al., 1996and mouse (tsTAg A58) and 2.1 kb of ‘3flanking sequences starting fromBamHl site at
FSH3 (Graham et al., 1999; Pernasetti et al., 200dbunit  +1031inthe 3UTR of hFSHS.

genes. In addition, there are reports of expression of rat, ovine . .

and porcine FSH reporter constructs in cell lines, although 22 Transgenic mouse lines

we have been unable to demonstrate expression of transfected peyelopment of transgenic lines expressing the 10kb IEsldne and
human genomic FSBI constructs in a fashion necessary for the hFSH-SV40 tsTAgA5S construct have been described previoulyr(ar
more detailed analysis of promoter structure. Because of theseal., 1992; Kumar and Low, 1993, 199%5ubsequent transgenic lines were
limitations, we have pursued further identification of pOtentialprPdu_C?d from‘ DNA fre}gments generated as in‘dicated apove and purified and
transcriptional regulatory elements of the hFESane utiliz- microinjected into fertilized oocytes as described previouslgw( 1999.

. . . . Founders and subsequent transgenic progeny from outbreeding to CD-1 or
ing a transgenic expression strategy. We prewously reporte -1 mice were identified by Southern blotting or by DNA dot blot analysis

transgenic expression of a 10 kb hASHenomic clone which  as previously described utilizing3P]-dCTP random primer labeled probes
recapitulated gonadotroph-specific and appropriate hormon#boehringer Mannheim, Indianapolis, INK¢mar et al., 1992; Kumar and

regulation in the mouse pituitarigmar etal., 1992; Kumar and '-OV‘t’; 1993, 190?5 FtOFdat” CO”ZUU‘?:E Contj?g‘sphzmﬁldmg seduences, t:e
H H ;orobes were directed towards either a —pbamHl segment In the "
Low, 1993, 1995 We report here a detailed transgenic anaIySI%T region or a 1.4 kkPst—Pstl segment comprising part of the second intron,

that characterizes the minimal regulatory elements required fQFle third exon and a portion of thé BT region. In addition, the integrity of

the normal pattern of sexually dimorphic, gonadotroph-specifie’ sequences was verified in the50/+2138 transgenic pedigrees by Southern
regulation of the hFSBIgene in vivo and compare putative con- blotting utilizing a 1.1kb probe directed towards ti#g/ll-Aspl segment

served regulatory elements in the minimal proximafi&nking ;‘\’/fzg”fi?g aAPS%”itO” of the’Slanking seduences a(;‘d :_rl‘_e_ﬁfSt exon S”C:j_in”ct’”a
: - : sTAg ransgenic mice were identified utilizing a probe directe
region across mammalian species. towards a 1.55kkPsrl-BsiXI segment in the SV40 tsTAgA58 sequence. All
animal studies were approved by the OHSU Institutional Animal Care and Use
2. Materials and methods Committee and conducted in accord with the Public Health Service Guide for
the Care and Use of Laboratory Animals.
2.1. Design and generation of transgene constructs
2.3. Expression analysis
Transgene constructs were based on the 10 kb genomichB&8tlences
described previouslyKumar et al., 1992; Kumar and Low, 1993, 19%nd Evaluation of transgenic expression of the 10 kb hBSk¢nomic clone
generated by standard subcloning techniques. DNA sequences of the clonbds been described in detaflmar et al., 1992; Kumar and Low, 1993, 1995
exon three 3UTR and adjacent’3lanking region were confirmed to be iden- utilizing Northern blotting, RNA dot blotting, dual-label immunofluorescence
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and radioimmunoassay of serum and pituitary extracts. Subsequent transgemigtomated sequencing using AutoAssembler (Applied Biosystems, Branch-
lines containing coding regions of the hFSHjene were screened for burg, NJ) and was identical to sequence publicly available from the NCBI
expression by RNase protection assay (RPA) described below and/or dual-labeiman genome database. Phylogenetic comparisons of mammali@rgeses

immunofluorescence. were performed using software tools available in Ensembl V30 Sanger Institute
(http://www.ensembl.ong The specific genome compilations used were: Human
2.4. RNase protection assay NCBI 35 April 2005; Mouse NCBI m33 April 2005; Rat RGSC 3.4 April 2005;

Dog BROADD1 April 2005. The multicontig alignment feature in Ensembl uses

Pituitary glands were collected and triturated ten times through a 25 g needBLASTz to identify regions of conserved sequence between species’ pairs. The
in 225pl 0.01 M Tris—HCI pH 7.0, 0.15M NacCl, 0.002M Mgg&l1% NP-40  highly conserved tracks are then produced by re-scoring the BLASTz alignments
(Sigma, St. Louis, MO) with 10 units RNasin, then added to an equal volume ofising the ‘subsetAxt’ program (University of California, Santa Cruz) with a
0.01 M Tris—HCI, pH 7.6, 0.15M NaCl, 0.005M EDTA and 1% SDS. Nuclei much stricter ‘tight’ nucleotide scoring matrix, a gap open penalty of 2000, a gap
were pelleted by centrifugation (14,000 rpm &Gtfor 10 min). Cytosolic frac-  extension penalty of 50 and a minimum score threshold of 3400. Alignment of
tions were collected and extracted with 25:24:1 phenol—chloroform—isoamyproximal FSH3 promoter sequences from multiple species was then performed
alcohol using 1Qug tRNA as a carrier. Total RNA was precipitated with two with ClustalW program Ifttp://www.ch.embnet.org/software/ClustalW.hrml
volumes of ethanol at-20°C overnight and was collected by centrifugation Inspection of sequences for potential transcription factor binding sites
(14,000 rpm at 4C for 30 min). Riboprobes were prepared using SP6 or T7was performed by searching the TRANSFAC database using Matlnspector
RNA polymerases (Promega, Madison, WI) and full-length probes isolated byhttp://www.thr.cit.nih.gov/molbio/signl In addition, a manual search was
electrophoresis on a 5% denaturing polyacrylamide gel and eluted overnigigerformed for Pit-1, SF-1, LHX-3, Pitx2c, Pbx1/Prepl, Ptx1 and CArG sites,
in Probe Elution Buffer (Ambion, Austin, TX). The mF$Hiboprobe corre-  androgen response elements, activin response elements and SMAD protein bind-
sponded to nucleotides 2790-3115 in exoG8aham et al., 199%esulting in ing sites, and areas homologous for PGBE, URE, GNnRHE and JRE sequences.
a 396 nt full-length probe and a 325 nt protected band. The gR8sdprobe The 3 UTR and flanking regions of FS¥genes from various species were ana-
spanned th&bal-Sacl sites, nucleotides +401 to +673 after the end of the trans-lyzed using the Polyadenylation Cleavage Database (PA@Gitbykman et al.,
lated sequence in theé BT region Graham et al., 199%nd resulted ina 356 nt 2005 athttp://www.harlequin.jax.org/pacdahd multiple sequence alignments
full-length probe and a 277 nt protected band. Bkectin full-length probe was  were performed with the combination of CHAOS and DIALIGBFgdno et al.,
300 nt and protected a 250 nt fragment. RPA was performed using the RPA Il ki2003 at http://www.dialign.gobics.de/chaos-dialign-submission
(Ambion, Austin, TX). RNA pellets were resuspended in hybridization solution
containing 80,000 cpm each dPP]-rUTP-labeled antisengeactin, mFSHs- 3. Results
and/or hFSI8-specific riboprobes and hybridized overnight at’87 Unpro-
tected fragments were digested with amixture of RNase Aand T1. DigestedRNA. [.  Detection of hFSH mRNA by RNase protection assay
was precipitated according to the manufacturer’s protocol and resuspended in a

denaturing loading buffer. Protected bands were separated on a 5% denaturing Expression of hFSPImRNA relative toB-actin in the pitu-

polyacrylamide gel run at 25 mA for 2-3 h and imaged using a phosphorimagin : : :
system (Molecular Dynamics, Sunnyvale, CA). Statistical analysis of relativegtary(‘;lIandS of transgenic mice was detected by RNase protection

band intensities was performed using StatView 5.0.1 Power PC version (SA§Ssay as shown iRig. 1A. Human FSH mRNA was easily

Institute Inc., Cary, NC). detected in transgenic pedigree #678 carrying multiple copies
of the 10 kb—4000/+3142 genomic clon&(mar et al., 199p
2.5. Piwitary hormone immunofluorescence and was clearly distinguishable from the protected mgaHd

Control and transgenic mice were anesthetized and perfused transcardiall .
with 4% paraformaldehyde in phosphate-buffered saline, pH 7.2. Pituitarylar to Or less than endogenous mHSHRNA. No protection
glands were post-fixed and freeze-protected in the same fixative with 109%9f the hFSHB probe was demonstrated in liver or non-transgenic
sucrose. Ten to 20m cryostat sections were mounted on gelatin-coated slidepituitary glands. Expression of the transgene was retained with
for immunofluorescence. o _ rogressive truncations t6350 bp of 5 flanking sequences, but

Co_-Ioca_Ilzatlon of_hFSH and other pituitary hormon_es was evaluated with t.h‘%‘l)ot with truncations of BfIanking sequences. Pituitary expres-
following primary antisera: mouse monoclonal IgG anti-hFSH F-217-06 (Medix " ;
Biotech, Inc., Foster City, CA) atdg/ml; anti-rLH8 S-10, 1:5000; anti-rTspi SI0n of hFSHB mRNA from the most truncated construct retain-
S-5, 1:5000; anti-hGH S-2, 1:1000; anti-rPRL S-9, 1:25; anti-hACTH Kendalling sequences from 350 to +3142 is shown iRig. 1B for male
699, 1:1000 (provided by the National Hormone Pituitary Program, NIDDK andand female F1 mice derived from three independentlines. Levels
Dr. A.F. raé'ow)- The Slzec”idt)]( OfH‘he hr']:SH monoclonal antibody h"?‘sLb:e’bf expression were variable among lines but consistent between
previously demonstrated, specifically with no cross-reactivity seen witl or__. s . . .
mouse FSH. Binding was detected with either goat anti-rabbit IgG—quoresceirﬁnlce within the same line. This _pat_tern was alSO_ObserVEd in
(FITC) o -thodamine isothiocyanate (RITC, 1:50; Tago, Inc., Burlingame, CA)the 10 kb—4000/+3142 transgenic lines and was independent
or goat anti-mouse IgG—rhodamine isothiocyanate (1:50; American-Qualexpf transgene copy number as previously reporkadhgar et al.,
LaMirada, CA). Pituitary sections from nontransgenic and mice expressing thd 992, Sexually dimorphic expression was consistently observed
10kb hFSH8 tran_sgene were included on each slide as negative and positivg, all transgenic lines in which expressionwas detected, with sig-
controls, respectivelkumar et al., 199 nificantly stronger expression demonstrated in male mice than
2.6. SV40 T-antigen detection in females (ratio~ 2:1) (two-factor ANOVA for band density of

hFSH3 mRNA signal normalized to actin mRNA frofrig. 1B:

Detection of the hFSBFSVA40 tsTAgAS8 transgene has been previously F; g=21.9,P <0.005, main effect of gendefrs =0.1,P =0.95,
described in detail by in situ hybridizatio®(ewal et al., 199Pand demon- no’t significant gender by line interaction). '
stration of T-antigen-induced gonadotroph adenomas in transgenic animals ’

(Kumar et al., 1998

‘%/—actin bands. Generally, the levels of hHSMRNA were sim-

3.2. Demonstration of hFSHp expression by

2.7. Analysis of the genomic sequence immunofluorescence in transgenic pituitary glands

Sequence determination of the minimal regions of the h&§ehe demon- D_EtECtion of the hFSBI‘_mouse a-subunit prOte_in het-
strated to be required for gonadotroph-specific expression was performed grodimer was performed by immunofluorescence with a hFSH-
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Fig. 1. Detection of hFSBMRNA in transgenic and wild-type mouse pituitary glands by RNase protection assay. (A) Protected RNA fragments (right) from pituitary
glands demonstrating expression of the mB$BR5 nt) and hFSB (277 nt) genes as well as the control ggbwactin (250 nt) in the pituitary gland of a male mouse
carrying the 10 kb transgene (Tg) and protection of only the m=&25 nt) and3-actin (250 nt) bands in the pituitary of a wild-type (WT) mouBeactin (250 nt)
expression only is detected in a liver RNA sample. The position of full-length free probes (left) is indicated (left)Bn(B&ht), hFSH (356 nt) and3-actin

(300nt). (B) Demonstration of protected hFSldnd 3-actin mMRNA fragments in male and female mice from three independent lines carryirg388#+3142
transgene. There is stronger expression of the transgene in the male compared to female siblings. M: male; F: female.

specific monoclonal antibody and representative data are showd3. Localization of hESHP regulatory elements
for male transgenic mice of lines from the highly expressing
—350/+3142 transgene constructrig. 2A. The specificity of The expression of all hFSHtransgenes as evaluated by
this antibody and lack of cross-reactivity for LH or mFSH was combinations of RNase protection assay, dual-label immunofiu-
previously demonstrate®¢gmar et al., 199Pand is again illus-  orescence, and SV40 tsTAg expression is summarizEa)irs.
trated by the lack of fluorescence signal in a non-transgenic malEruncation of 5 genomic flanking sequences to eithe800 or
pituitary gland Fig. 2B). Expression of the transgene is clearly —350 bp of promoter relative to the transcriptional start site, in
demonstrated in gonadotrophs by co-localization with a polythe context of intact’Jlanking sequences extending to position
clonal rat LH3 antibody Fig. 2C). A minority of cells demon-  +3142 relative to the translational stop codon, retained sexually
strating expression appear to be monohormonal gonadotrophdimorphic, gonadotroph-specific transgene expression. Deletion
LH-only gonadotroph (upper arrow) is shown filg. 2C and  and replacement of exon 2, intron 2, and most of exon 3 by SV40
D and FSH-only gonadotroph (lower arrow)fig. 2C and E.  tsTAgA58 coding and polyadenylation signal sequences also
No co-localization of hFSH with any other pituitary hormone resulted in the high penetrance of gonadotroph-specific trans-
including prolactin Fig. 2F), TSH (Fig. 2G), GH (Fig. 2H) or  gene expression. Notably, very similar fractions of positively
ACTH (data not shown) was demonstrated. expressing lines/total lines generated were evident for each of
Immunofluorescence for hFSH was qualitatively greater irthe four transgenes exhibiting gonadotroph-specific expression,
male than in female transgenic mice, consistent with theiindicating that the penetrance and transcriptional strength of the
respective hFSB mRNA levels. The number of immunopos- retained hFSIB regulatory elements were roughly equivalent
itive hFSH cells and intensity of immunofluorescence variedand consistent with an equal probability of permissive integra-
among lines, but was consistent between mice derived frortion sites.
any given line (compare line #31 iRig. 2A to line #24 in In contrast, none of the hF$Htransgenes that contained
Fig. 2C). Qualitatively, the total number of gonadotrophs astruncations of the’3yenomic flanking sequences to either posi-
well as the pattern of immunoreactive gonadotroph cells evalutions +2138, +1262, or +1227 demonstrated expression despite
ated by endogenous liHmmunoreactivity and the distribution the inclusion of necessary promoter elements (either600 or
of other pituitary hormone cell types was similar to wild-type —350 bp). It has been shown that mRNA stability is related to
mice in all positively expressing transgenic lines from both thethe length of the polyA tail and specific sequences in untrans-
—600/+3142 and-350/+3142 constructs. lated regions \(lahle and Keller, 1992 Given the presence
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Fig. 2. Immunofluorescence detection of hFSH expression in pituitary glands from wild-type mice and transgenic mice expres3sg#B&42 hFSH construct.

(A) Detection of hFSI-mousex-subunit heterodimers in a male pituitary gland with a hFSH-specific monoclonal primary antibody (Ab), RITC secondary Ab. (B)
Specificity of the hFSH monoclonal Ab with no RITC staining seen in a wild-type male pituitary gland (also stained with LH primary Ab, FITC secondary Ab)
(C) Co-localization of hFSH immunoreactivity (RITC second Ab) with rLH (FITC second Ab) in gonadotrophs. Note the presence of monohormonabgiemadotr
shown by the arrows (upper arrow, LH-only; lower arrow, FSH-only). (D and E) Monohormonal gonadotrophs are demonstrated more clearly in singtgesilter

of the dual-labeled section. The LH-only cells are shown in (D), FSH-only in (E). (F) Lack of co-localization with lactotrophs. (G) Lack of catlonaklith
thyrotrophs. (H) Lack of co-localization with somatotrophs.

of multiple polyadenylation signals in the hF8Hyene and strong termination and polyadenylation signals from the SV40
location of the preferentially utilized site at position +1218 TAg gene to compensate for the lack of hASH flanking

to +1223 at the end of the long BTR, mMRNA misprocess- sequences. Inclusion of these SV40 regulatory sequences in a
ing or instability was a potential explanation for the require-construct containing-350 bp of % promoter failed to recover
ment of 3 flanking sequences for high-level expression, par-detectable pituitary expression in any individual founder trans-
ticularly with the +1262 and +1227 &runcations. Therefore, genic mouse out of 13 independent animals generated and
we tested the ability of heterologous sequences that includiested.
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Expressing Evaluation
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-350/+1227bp 013 I evan
SV40polyA _35? oty A RPA

Fig. 3. Structure of the original 10 kb hF8Hyenomic clone and the transgene constructs. Negative numbers indicate positiorteestranscriptional start,
which is indicated by the arrow above exon I. Exons (I, II, and Ill) are indicated by rectangles with untranslated regions shaded gray and teamstabéaicie
Polyadenylation signals (AAUAAA) are indicated by inverted triangles. Positive numbers refer to positiotise3translational stop codon in exon Ill. The location
of DNA probes used in genotyping and the riboprobe used in the RNase protection assay (RPA) to evalugtexpF&ision are shown below the 10 kb genomic
clone. Expressing transgenes are indicated by boxed ratios of expressing lines/total. Nucleotide positions of natural restriction endsucdedsa subcloning
or isolation of the hFSH transgene fragments arBglll, —600; Nsil, —350; Nhel, +1227; BsrGl, +1262;Nsil, +2138; Sphl, +3142. Immunofluorescence, IF;
radioimmunoassay, RIA. Drawings are not to scale.

3.4. Phylogenetic footprinting and analysis of the sequence present in the distal’3lanking regions corresponding to posi-
of potential regulatory elements in the FSHf gene tions between-4000 and—350 and throughout the remainder
of the transcriptional unit. Interestingly, an additional distal 3

A multicontig comparison of mammalian F8Hene loci  area of sequence conservation lying between positions +2138
was performed with the Ensembl web server to align regionand +3142 of hFSH was present among human, dog, and rat
of phylogenetically conserved DNA sequences and comparbut absent from the mouse F8idene.
their location within the 10 kb cloned hF®Hyene and to the Currently only the human FSHgene is annotated in the
functional expression data obtained from the series of trandPACdb and the limited EST-genomic comparison identified only
gene constructions. This analysis revealed five highly conserveatie proximal polyA signal sequence that is coincident with the
islands of sequence among human, dog, rat, and mouse tf@TOP codon in exon 3 and results in the minor proportion
correspond precisely to thé proximal promoter region, exon of 700 nt FSH mRNA transcripts in human pituitary. How-
2, the 5 translated end of exon 3, the distdl 3TR of exon  ever, using the CHAOS/DIALIGN program, >90% nucleotide
3, and the most proximal portion of thé §enomic flanking sequence identity was found among nine mammalian species of
sequence just downstream of exonBg( 4). The latter two  FSH3 3' UTRs for a 40 bp A/T rich region from positions +1192
sequence islands encompass the most distal putative polyadenyg-+1231 surrounding the AAUAAA signal (data not shown).
lation signal (AAUAAA) and transcriptional termination sig- This small region of the’3UTRs was clearly the most highly
nals. In addition, there was a sixth highly conserved sequenagonserved phylogenetically and is consistent with an assign-
island towards the’#nd of intron 2 that was shared only betweenment of the most distal AAUAAA sequence as the preferential
human and rat FSBigenes. Less highly conserved regions ofpolyadenylation and transcriptional termination signal for mam-
DNA sequence among the four mammalian BSgenes were malian FSHB genes.
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Fig. 4. Multicontig alignment of mammalian FgHjenomic sequences. Genomic sequences from dog chromosome 21 (+strand), rat chromessmaad®),(

and mouse chromosome 2gtrand) were aligned to human chromosome 11 (+strand) using the multicontig feature of the Ensembl genome web server. The bla
double-headed arrow indicates the location of the 10 kb cloned human genomic fragment used to generate transgene constructions. The thrateedonssepa
introns and long 3untranslated sequence of exon 3 for each species’ primargE3Hscript are depicted by dark red solid boxes and open red boxes, respectively.
The alignments of conserved sequences (light pink boxes) and highly conserved sequences (dark pink boxes) betwepairspetigsnomic sequences are
indicated by light green and dark green bands, respectively. Repetitive DNA sequences of all classes for each species are depicted by granteopestatieor

of the references to color in this figure legend, the reader is referred to the web version of this article.)

A more comprehensive sequence alignment and analysis abr (CBF, or NF-Y). Notably absent are consensus binding sites
potential transcription factor binding sites among seven mamfor Egr-1, Lim-2 or CArG, required elements for [Hranscrip-
malian species was performed for the highly conserv880 bp  tional activation or any other factors (besides SF-1, LHX3 and
of proximal B flanking genomic DNA containing the basal pro- Ptx1) required for basal or GnRH stimulated expression of the
moter and functionally important enhancer region for BSH «-subunit.
gene transcription in pituitary gonadotropisd. 5). Consen-
sus binding sites for a number of transcription factors werey, piscussion
identified in —350bp of FSHS promoter region of human

as well as in various other species using a combination of The jdentification of genetic elements involved in the molec-
TRANSFAC analysis and manual inspection based on publisheglar mechanism of the regulation of the gonadotrg@esubunits
sequencesTable J). Multiple sex steroid hormone binding sites has been significantly hampered by the paucity of homologous
are conserved, as are sites for tissue-specific transcription factqfg vitro expression systems. Although th@T2 cell line has
including NF-1 and GATA-1, and more ubiquitously expressedrecently emerged as an extremely useful model system, rigor-
factors including AP-1, SMADs, SP-1 and CCAAT-binding fac- ous analysis of the promoters aridl&nking regulatory elements
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(SF-1) NF-1 PR pji_3 LHX3

Human  -350 ile AACAGAGINCARAGCAATACTTGGAAAGGAMTCTGAATTICCILEA

Mouse  -343 CCTHdeleA AN GAGCCAAAGCAATEMT, -GAAAGGATTCTGAETTC'FCCMGTT
Rat -343 CleTyy P Al ps GAGCCAAAGCAR lcC AAAGGATTCEGA.:TTCECAAGTT
Cow -349 CAGAGCC}\.AEGCMTACTT A JATTCTGAATTCCCCAAGTTA
Buffalo -349 CATAGCCAALGEAATACTTG, ARAG  ATTCTGAATTCCCCAAGTTA

Sheep -349 "CAGAGCCRBAGCAATACTTG&AAAGEATTCTGBATTCCCCAAGTT‘

Pig -344 AACAGIGCCAAAGCAATACTTGGARAGGATTCTAATTCCCCAASTTE
Human -291 AR ; AARAR A
Mouse  -283 AR J AGAGTCASATTTAATTTRACAAGGTEALGGA
Rat -283 AR : 2 AGAGECASATETAATTT,ECAAGGTCAAGHEA
Cow -292 AR 2 AARA ACECCALIAGTCAATTTAATTTGACAAGGTAAAGGA!
Buffalo -292 AR : AARA aclccafaeTcal ATTTAATTTGACARGGTARAGGA:
Sheep  -292 AR A AARR ] A
Pig -287
Human  -239 G ASAAR 2
Mouse  -225 EATATCAEATTETTTGTAC AT »CTGJ'-‘TAECATT
Rat ¥ BT GGGTGTECT C@ATATCACATT Mec TTTGTACAEAAR -TC*CTEﬁE&sCATT--
Cow 1 BT GGGTGTTCTACTATATCARATTTAATETGTACASAAA e TCTGGTAACATTAT)
O R PRV I . G TGTTCTACTATATCARATTTAAT STGTACANAAS B TCTGGTAACATTAT,
Sheep  -240 TGGGTGTTCTACTATATCAABTTTAAT!TGTAC‘ AAR 1T GGTAACATTAT
Pig % T GGGTGT TCTACTATATCARATTTAATTTGTACASAAA B TCTGGTAACATTAT)
Pbx1l/Prepl
GATA-1
GATA-1
SBE AR SBE Pit-1
UL CL R SR I T T\ C T AT C TACTGCGTTTAGACTACTTTAGTAALIGCT TGATCTCCCTGTCTATCTAR
Mouse  -167  —--TeECHleNG GCHTTTAGACTECTTT?G EAGGCTTGATCTCCCTGTCRETCTAR
Rat -166  ———iT{sileCadelnG GCETTEAGACT;CTTTEG cAGGCTTGATCTCCCTGTCTE TCTAR
Cow -184 TT;TCCEGATCTACTGCGTTTAGACTACTTTAGTAAGGCTTGATCTCCCIGTCIATCW--
NS ORI R L M T T ¢ TCCTGATCTACTGCGTTTAGACTACTTTAGTAAGGCTTGATCTCCCTGTCTATC $#AA
LT SRS - R 1T € TCCTGATCTACTGCGT TTAGACTACT TTAGTAAGGCT TGATCTCCCTGTCTATC g
Pig L T T\ TCCTGRTCEACTGIGT TTAGACTACTTTAGTAAGGCTTGATCTCCCTGTCTATCTAA
Ap-1 NF-1
Pit-1_ Ap-1 NF:if%EFE Ptx1
i TR -1 B A C ACTGATTCACTTACAGCAAGCTTCAGGCTAE CATTGE TCLITAWTAATACCCAACAAAT)
Mouse  -110 CAF‘TGATTCECT:ECBGC FeCTTH -'GET%:TT Gigsl @Tﬂgccc@um
Rat -110 CAETGATTCgCT cngcmccmmﬁcgmee TTGe TCLYSeiT CCCAEgyARR
Cow S F-T S CACTGATTCACTTACAGCAAGCTTCALIGCTAACATTG S TCTTACTAATAREIAACAAAT
j: E S RN V- Y S A C ACTGATTCACTTACAGCAAGCTTCAGGCTAACATTG S TCTTACTAATACCCAACAAAT)
] ST IS -2 S A CACTGATTCACTTACAGCAAGCTTCAGGCTAACANEG S TCTTACTAATACCCAACAAAT
Pig S -~ C AR TGATTCACTTACAGCMAGCTTCAGGCTAACATTG, TCTTACTAATACCCARCAAAT
NF-1
Ptx1 TFIID/TBP
Human -1 N CCACAAGGT R T TAGTT AjvcA
Mouse -50 [CGGT TR TT . AETTTGTATARAAGTGAETGH:
Rat -50 —G-TTGTATAAAAGET‘ TGIAG
Cow TS CCACAAGGT TN TTAGTTTCACA S ATTTTGTATAARAGGTGAACTGAGACTAGACTC
YT IS PP - 5 C 5 A GG TS e TTAGT T TCACA S ATTTTGTATAAAAGGTGAACTGAGACTAGACTC
Sheep -64 N T TAGTTTCACA JATTTTGTATAAAAGGTGAACTGAGACTAGACTC
Pig -1 CCACAAGTERE T TAGT TTCACA ¥
Human -4
Mouse -4
Rat -4
Cow -4
Buffalo -4
Sheep ~4
Pig -4

Fig. 5. Sequence alignment of the proximaFBH3 gene promoter from seven mammalian species and location of putative transcription factor binding sites. The
nucleotide sequence ATGCAT at thééhd of the human sequence (+1) corresponds tavitlerestriction endonuclease site at positie850 bp relative to the
transcriptional start site in the transgene constructions. The corresponding promoter regions of six additional species including moyd®ffalp celveep and

pig were downloaded from NCBI BLAST search of the human promoter sequence and used in a ClustalW multiple sequence alignment program as described in tt
Methods and Results section. The conserved nucleotides across species are indicated in shaded backgrounds.

of the FSHB subunits has only been partially achieved. In con-scription factor consensus sequences and areas of homology to
trast to its utility for evaluation of ovine, mouse and rat FSH sequences in other species that have been demonstrated in sev-
subunit genes, the pattern of transgenic expression of humaaral in vitro studies to be important for hormonally regulated
genomic FSH constructs has not been recapitulated by reporteexpression of the FSBisubunit gene in different species. Specif-
constructs in this cell line (our unpublished data). Thereforeically, although there were no Lim-2 sites (important for &.H

we report here transgenic mapping of the hiBSi¢ne which  expression), areas homologous to LHX3 (Lim-3) binding sites
reveals aminimum sequence requirement860 bp of 5flank-  inthe pFSHB gene West et al., 200yare present at295,—261

ing region and an unusual importance of +3142 bp followingand—221 in the hFSI8 promoter. LHX3 also induces expres-
the translational stop codon in exon 3 to confer gonadotrophsion of —5663 bp and-1622 bp hFSI8 reporter constructs and
specific, and sexually dimorphic transgene expression. Thighea-subunit gene in BT2 and heterologous cell8\est et al.,
—350 bp proximal 5promoter region contains numerous tran- 2004 and thus is poised along with SF-1 and Ptx1 to be one



Table 1

Potential transcription factor binding sites in th&50 bp promoter region of
the hFSHB gene that are also conserved across multiple mammalian species
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of transcription factors sufficient to allow a similar mechanism
of combinatorial transcriptional activation as that demonstrated
for the LHB gene.

Transcription factor Location Strand ~ Sequence Consistent with the involvement of these factors in BSH
Pit-1 350 () GATGCAT regulation are the differential effects on FSH and LH observed
-307 () AATTCAG in mice with SF-1 and Egr-1 gene deletions. Specifically, the
-219 () TAAAT FTZ-F1 mouse, in which SF-1 was deleted, demonstrates a
—123  (*)  TAAACAC lack of both pituitary LH and FSH, due to failure of pituitary
SF-1 -253 () TTACCTTCT gonadotrophs to developngraham et al., 1994Evaluation of
NF-1 318 () TCCA the Egr-1 knockout mouse revealed male and female sterility due
—61 (4 TCCA to specific failure to synthesize pituitary I3Hand ovarian LH
PR 315 () AGTCCTTT receptor, but normal FSH expressidreé et al., 1996; Topilko
~191 () TGTTACT et al., 1998. The lack of consensus paired Egr-1 sites in the
LHX3 (LIM-3, -295  (+) A-TTAAAGATA functionally relevant and conserved inter-species B3jgne
p-LIM) sequences analyzed here suggests that this transcriptional regu-
—261  (¥)  TTAATTT latory pathway is one of the key differences between the molec-
—221  (+) AAATTTAAT . S i .
ular mechanisms resulting in gonadotroph-specific expression
Pitx2c —247 (Exact bindi.ng. of the LHB and FSH genes.
zi%upeggte within Another significant difference between the regulation of the
established) two gonadotropirB-subunits is the critical importance of the
SMAD2/4, SMAD3/4 -159 () AGAC activin system in FSH regulation Bailey et al., 2004; Graham
(SBE) et al., 1999; Pernasetti et al., 2001; Weiss et al., 1993,)1995
-130 (¥ GTCT One of the major transcriptional mediators of the activin system
Pbx1/Prepl -132  (+) CTGTCTATCTAA is the Smad signaling pathway, with Smad-2/Smad-3 or Smad-
AR 244 (%) AGGAGTGGGTG  3/Smad-4 complexes binding at Smad-binding elements (SBES),
—227 (¥) TGTATCAAATTT which contain the short 4 bp sequence CAGA or GTCT. This
-149 (%) AGTAAAGCTTGA  sequenceis commonly found, estimated to occur randomly every
GATA-1 129 () TCTATC 256 bp, and binding is generally low affinity, requiring transcrip-
-129 () GATAGA tion factor partners for full activity. Therefore, demonstrating
-128  (4) CTATCT functionality of each identified putative element is critical. An
-128 () AGATAG elegant mapping of functional Smad sites in the oB$leine was
AP-1 -116 () TGAATCA recently done byBailey et al. (2004)and evaluated in rFSBi
—85(L2site)  (+) TTGGTCA by Gregory et al. (2005)They identified multiple pairs of SBEs
CCAAT-hinding -86  (+) ATTGG including three within the proximal 300bp of ¥SH3 pro-
factor (CBF, NF-Y) moters. Of those, the site at268 in the rat promoter binds
zz‘_ll :gg E:; ﬁé’gACCCA Smad-3 Gregory et al., 2005that interacts with the bicoid-
TFID/TBP 31 () TATAAA related homeodomain factor Pitx2c, but this SBE is notably

missing from all species except rat and mouSaszko et al.,
2003. The Pitx2c site appears conserved-a#7 in the hFSIg

of the mediators of coordinated I3Hand FSH8 gonadotropin  promoter, however, leading to the possibility of interaction of
subunit expression. Pitx2c with Smads bound at other SBEs. There is conservation
LHB expression involves combinatorial transcriptional acti-of the SBE at—159, however Bailey and coworkers demon-
vation by the zinc finger proteins Egr-1 and SF-1, as well as thetrated that the ovine sequence does not bind Snizalkey et
homeodomain Ptx1Tgemblay and Drouin, 1999Also absent al., 2004. The site at-130 is conserved across multiple species,
from the minimal % proximal promoter region of hFS$are  binds Smads and confers activin responsiveness to the ovine and
any sites for Egr-1 binding. However, in the mHSKene, mouse promoters in association with the TALE homeodomain
SF-1 interacts with NF-Y (CCAAT binding factor, CBF) and proteins Pbx1 and Prepl which bind an adjacent region that is
has been proposed to be a component of a similar combinataiso conserved. This body of evidence confirms activin respon-
rial mechanism of transcriptional activation. The second of thesiveness as a second major difference betwee aiti FSHs
two functional SF-1 sites is conserved across species, includgegulation. The sequence homology observed in the fH3bt
ing hFSHB at —253 (the distal site at-348 is conserved only moter suggests that the activin system is a critical regulator for
in mouse and rat) and the NF-Y site is also conserved88  this gene as well.
(Jacobs et al., 2003Further, Ptx1 is involved in basal and In addition to gonadal peptides, gonadal steroids are known
GnRH stimulated expression of the rFSigene and the DNA to regulate the FSBl gene Burger et al., 2004 Estrogen
sequences involved in that binding are also conservedétin  is thought to mediate its repressive effects indirectly via
the hFSHB promoter Zakaria etal., 2002 Thus, there is conser- modulation of GnRH secretion. Androgen administration
vation of binding sites for the full spectrum of appropriate typesresults in species-specific effects on direct pituitary regulation
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of FSHB transcription. Consistent with this model, no ERE pituitary expression in transgenic micalifanese et al., 1996;
was identified in the-350 bp proximal promoter, despite this Keri et al., 1994 In addition, pituitary-specific expression
region conferring sexually dimorphic expression. In contrasthas been obtained witH Sequences alone for both the bovine
conserved androgen response elements were identified, aR@H3 (Markkula et al., 1998Band ovine FSIg (Webster et
those corresponding te244 and—149 are functional in the al., 1995 genes in transgenic mice. Further, the importance
OoFSH3 promoter Epady et al., 2004 of 3 elements may be specific to transgenic expression of
Equally complex is the role of AP-1 sites in the regulation ofthe hFSH8 gene, as we and others have found tHatESH3
FSHB genes. Multiple AP-1 sites have been reported in variouseporter constructs expressed iBT2 cells {Vest et al., 2004
species, and have been evaluated extensively in the ovin@ FSHbut did not recapitulate the same pattern of expression found in
gene Huang et al., 2001a, 2001b; Strahl et al., 1997, 1998 our transgenic experiments (unpublished data).
Of the four sites present within 200 bp of proximal oHSpto- The hFSH8 gene has an unusually long BTR. In addi-
moter, only those at 120 and—83 demonstrate binding and are tion, the gene contains multiple polyadenylation signals with
functional in activating the promoter in vitro. Thel 20 site dif-  the location of the preferred site utilized in human pituitary
fers by one nucleotide in the mF8Hjene and is nonfunctional, gonadotrophs at nucleotide positions +1218 to +1223 in this
however is conserved identically atl16 in the hFSI8 gene. 3 UTR based on analyses of mRNA specidanjeson et al.,
The —83 site is not conserved in the hFBHiromoter. Addi-  1988. This assignmentis also supported by the >90% nucleotide
tionally, the hFSH, promoter shows conservation of an AP-1 sequence identity among 9 mammalian species of g=SH
half-site at—76 (distinct from the—83 ovine site) correspond- UTRs for a 40 bp region from +1192 to +1231 surrounding
ing to a site in the mFSB promoter that was demonstrated to the AAUAAA signal (data not shown). Therefore, a potential
be functional and to interact with NF-Y (CBF) in binding the role of mMRNA instability or inefficient transcription termination
adjacent CCAAT box. Thus, it is difficult to predict whether the as a reason for the lack of expression of thér@ncated con-
hFSH3 gene will mimic the ovine or mouse model, buttranscrip-structs was intriguing. Evaluation of an hFS1$V40 polyA
tional activation by AP-1 binding is likely to be a contributing transgene, which contains the strong termination sequence and
factor to high-level expression. polyadenylation signals of SV40 early mRNAs, also revealed
Several promoter elements were identified that are of lowepoor expression and argues against deficient mRNA processing
likelihood to represent true functional elements, despite the highs an explanation for the lack of transgene expression. How-
level of conservation of DNA sequence observed. Pit-1 is &ver, it is a formal possibility that an inefficient utilization of
POU homeodomain protein important in the development ofSV40 pA signals in the gonadotrophs may also result in lack
the thyrotroph, somatotroph and lactotroph lineages with tranef expression of the above transgene. For example, studies in
scriptional activity at the growth hormone, prolactin, TlSahd  gene targeted mutant mice with intronic insertions of aneomycin
Pit-1 genesZhu et al., 200k Actions of Pit-1 atthe gonadotroph selection marker followed by SV40 pA showed that in some cell
have not been described. In the tripartite model offLattiva-  populations of the mouse, the SV40 pA is not used efficiently
tion, paired Sp-1 sites in the distal promoter facilitate interactior(Kakoki et al., 2004; Liang et al., 2004; Riviere et al., 1998
of tissue-specific transcription factors in the proximal promoterSimilarly, in some cases, transgene constructs in which the SV40
(Kaiser et al., 200D The presence of a single Sp-1 site in polyA replaced the polyA of the endogenous gene gave rise to
the proximal FSH promoter is of questionable significancevariable expression when expressed in migad et al., 1998
Although GATA-2 and GATA-3 transcription factors are known Nevertheless, we and others have demonstrated that SV40 pA
to be involved ina-subunit expressionSteger et al., 1994  sequences are sufficient for transgene expression in the pituitary
GATA-1 is not known to be involved in other gonadotropin sub- (Low et al., 1993 and specifically in gonadotroph&lérid et al.,
unit expression, and is typically expressed solely in hematopoit996; Turgeon et al., 1996; Windle et al., 1990; Pernasetti et al.,
etic tissues. Further, this short sequence has high frequency 2003.
random appearance in the genome; a similar caveat exists for The need of the 'SUTR in the hFSH expressed in TG
NF-1 sequences. For all of these potential promoter elementmice might not exactly recapitulate what occurs in human
functional characterization will be even more critical. cells. This might be due lack or gain of different transcription
The requirement of a small portion of proximédlfianking  factors in either organism. An alternate explanation for the
sequences for high-level expression of S not surprising, lack of expression of the’ 3runcated hFSH transgenes could
as critical promoter and enhancer elements are typically presebhe mRNA instability. In a recent systematic study, it has been
in this location. Further, our phylogenetic analysis revealedlemonstrated that the expression of genes can be altered in ES
areas of high homology only in the proximal portion of tHe 5 cells or in mice by modifying their 3UTRs while retaining
flanking region, suggesting that the other areas of moderatehromosomal location, promoters and introk&Koki et al.,
homology in the 5flanking region betweer4000 and-350bp  2004). To distinguish between transcriptional regulation and
might contain modifying but not critical regulatory elements. mRNA stability, additional transgenic mice will need to be
However, the importance of elements in tHdlanking region  produced in the future that express constructs containriBis0
demonstrated by our transgenic mapping is more unusual, araf 5 flanking region followed by exon 1-SV40 TAg-SV40
may be unique to hFSH among the gonadotropin subunit polyA and +3142 of 3flanking sequences and/er350 of 8
genes. Reporter constructs for both éheubunit and LH8 sub-  flanking region followed by exons I, Il and Ill and SV40 polyA
unit genes, containing only promoter elements, demonstrate +3142 of 3 flanking sequences.
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The 3 flanking region in various genes has been shown to benoter sequences until the unusual relationship of the distal 3
important for efficient expression in several cell types. Humarflanking sequences to hF8Hransgene expression in vivo is
activinf§ A subunit gene requires’ 3lanking sequences for better understood.
its expression in HT 1080 fibrosarcoma cellaifimoto et al.,
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to be absent from the mouse, but moderately conserved in rat
and cow FSI8 genes (data not shown). These observations sugteferences
gest that there are SpECIES-SpeCIfIC differences in regLIIatlon Qjarid, E.T., Windle, J.J., Whyte, D.B., Mellon, P.L., 1996. Immortalization
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lines was not soIer dependent on transgene copy number. We Activin regulation of the follicle-stimulating hormone beta-subunit gene
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the LHB gene. The finding of high sequence conservation across 1603-1610.

multiple species strongly support the recent analyses off=SHcoss, b., Jacobs, S.B., Bender, C.E., Mellon, P.L., 2004. A novel AP-1 site
gene transcription in transfected cell lines by other laboratories is critical for maximal induction of the follicle-stimulating hormone beta
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