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Abstract
The gonadotropin follicle-stimulating hormone (FSH) is required for initiation and maintenance of
normal gametogenesis and acts through a specific, cell-surface receptor (Fshr) present only on Sertoli
and granulosa cells in the gonads. Despite extensive examination of the transcriptional mechanisms
regulating Fshr, the sequences directing its expression to these cells remain unidentified. To establish
the minimal region necessary for Fshr expression, we generated transgenic mice carrying a yeast
artificial chromosome (YAC) that contained 413 kilobases (kb) of the rat Fshr locus (YAC60).
Transgene expression, as determined by RT-PCR, was absent from immature testis and Sertoli cells,
limited to germ cells of the adult testis, and never observed in the ovary. While the data is limited to
only one transgenic line, it suggests that the 413kb region does not specify the normal spatiotemporal
expression pattern of Fshr. Comparative genomics was used to identify potential distal regulatory
elements, revealing seven regions of high evolutionary conservation (≥80% identity over 100bp or
more), six of which were absent from the transgene. Functional examination of the evolutionary
conserved regions (ECRs) by transient transfection revealed that all of the ECRs had modest
transcriptional activity in Sertoli or myoid cells with two, ECR4 and ECR5, showing differential
effects in expressing and non-expressing cells. These data reveal that distal regulatory regions
(outside the 413kb in YAC60) are required for appropriate temporal and spatial Fshr expression and
implicate the identified ECRs in transcriptional regulation of Fshr.
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Introduction
Mammalian gonad function is regulated by a hierarchical axis of hormones that modulate
gametogenesis and steroidogenesis. Pulsatile secretion of gonadotropin releasing hormone by
a population of neurons in the hypothalamus dominates control of the reproductive endocrine
axis. This hormone stimulates anterior pituitary gonadotropes to produce the gonadotropin
hormones, LH (lutenizing hormone) and FSH, which, in turn, stimulate somatic cells in the
gonads via their specific G-protein coupled receptors. Both FSH and LH, along with their
receptors, are requisite for normal gonad function and fertility in males and females (reviewed
in Themmen and Huhtaniemi, 2000). The receptor for FSH, Fshr, is found only on testicular
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Sertoli cells and ovarian granulosa cells, and therefore restricts FSH action to these two cell
types and defines the specificity of the hormone (Camp et al., 1991; Tilly et al., 1992; Rannikki
et al., 1995; Tisdall et al., 1995). In the rodent testis and ovary, Fshr is expressed late in
embryonic development and remains restricted to Sertoli and granulosa cells throughout
postnatal life (reviewed in Simoni et al., 1997). Thus, transcriptional activation of the gene
encoding Fshr is exquisitely controlled to limit its expression to only two cell types, providing
an excellent model for examining cell-specific gene regulation in granulosa and Sertoli cells
and the underlying control of FSH signaling.

The transcriptional mechanisms regulating Fshr expression have been examined in a number
of species, including human, mouse, rat, and sheep, with the majority of these studies utilizing
transient transfection and protein-DNA binding experiments to identify regulatory elements
within the promoter region (Huhtaniemi et al., 1992; Gromoll et al., 1994; Sairam and
Subbarayan, 1997; Heckert et al., 1998; Heckert and Griswold, 2002). Importantly, these
studies highlighted several conserved features of the Fshr promoter. In particular, the minimal
region required for maximal promoter activity generally resides within the first few hundred
base pairs of 5’ flanking sequence (Gromoll et al., 1994; Linder et al., 1994; Heckert et al.,
1998; Xing and Sairam, 2001). This promoter region contains a conserved E-box (5’-
CACRTG-3’) in all four species, AP-1 (5’-TTARTCA-3’) and inverted GATA elements in the
rodent promoters, and an E2F site (5’-TTTTCGCTGC-3’) in the mouse, rat and human
promoters (reviewed in Heckert, 2005). Principle among these elements is the E-box, which
is responsible for the majority of Fshr promoter activity and is required for binding and
transcriptional induction of Fshr by the ubiquitous basic helix-loop-helix transcription factors
Usf1 and Usf2 (Goetz et al., 1996; Heckert et al., 1998; Heckert et al., 2000). Additionally, the
orphan nuclear receptor steroidogenic factor 1 (SF-1) activates the Fshr promoters from mouse,
rat, and sheep (Heckert, 2001; Levallet et al., 2001; Xing et al., 2002). Since Sertoli and
granulosa cells are a subset of SF-1 expressing cells, SF-1 may participate in activating cell-
specific Fshr expression (Val et al., 2003). In the rat, Fshr activation by SF-1 requires active
Usf1 and Usf2 proteins as well as an intact E-box, suggesting that the E-box coordinates
transcriptional regulation of the gene (Heckert, 2001). While informative, data from the above
studies were largely generated by in vitro and cell culture analyses, and thus, a significant
limitation of these studies was their inability to accurately evaluate transcriptional features
associated with cell-specific gene expression. Therefore, to examine the promoter’s ability to
direct transcription to Sertoli and granulosa cells, animal models were employed.

To evaluate Fshr promoter function, in vivo, studies employed transgenic mice using promoter
sequences to drive expression of marker genes (Linder et al., 1994; Heckert et al., 2000;
Nordhoff etal., 2003). Two of these studies concluded that sequences outside the promoter
region were needed to properly direct cell-specific expression (Heckert et al., 2000; Nordhoff
et al., 2003). One examined 16 lines of transgenic mice that contained transgenes with either
5000bp or 198bp of promoter sequence, and found that cell-specific expression is not controlled
through these promoter regions (Heckert et al., 2000). While each promoter fragment directed
some transgene expression in the testis and ovary, there was also extensive expression in
Fshr-negative tissues, demonstrating inappropriate or ectopic activation of the transgenes
(Heckert et al., 2000). Most importantly, transgene expression in the testis originated primarily
from the germ cell population, suggesting that the promoters did not recapitulate Fshr
expression. Similar findings with respect to inaccurate temporal and germ cell expression were
observed in a study employing a transgene with 1500bp of the human FSHR promoter
(Nordhoff et al., 2003). Thus, the evidence indicates that regulatory elements located outside
of the promoter region (5000bp and 1500bp of 5’flanking sequence in the rat and human genes,
respectively) must play a key role in establishing proper cell-specific and temporal regulation
of Fshr.
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In support of the above conclusion, studies evaluating sequence conservation and DNase I
hypersensitivity, two hallmarks of transcriptional regulatory regions, also revealed that
important elements for Fshr expression are located outside its promoter region (Hermann and
Heckert, 2005). Numerous highly conserved, non-coding sequences, which serve as candidate
regulatory elements, were shown to extend across Fshr and some of these colocalized with
DNase I hypersensitive sites (Hermann and Heckert, 2005). However, given the large number
of these conserved sites and the potential for them to act at large distances from the gene’s
coding region, it is clear that additional criteria are needed to help select those sites most likely
to be functional. In the current study, we examined expression of a 413kb yeast artificial
chromosome in one line of transgenic mice in order to help define the sequences required for
appropriate Fshr expression, and thus, restrict analyses of potential regulatory elements to those
residing within a transcriptionally competent region. We also employed more advanced
comparative sequence analysis to refine our search to only the most highly conserved sequences
and thus ones most likely to be functional. The findings indicate that regulatory elements
required for proper Fshr expression are located at a significant distance from the coding region
and point to seven highly conserved regions as important factors in Fshr cell-specificity.

Materials and Methods
Yeast strain and propagation.

Original YACs purchased from Invitrogen Life Technologies, Inc (Carlsbad, CA) were
propagated in the host Saccharomyces cerevisiae strain J57D (MATa, ψ+, ura3-52 trp1
ade2-101 his3-2,15 can1-100 leu2-3, 112) (Zhong et al., 1998) and grown in complete medium
lacking uracil and tryptophan. Modified YACs containing the rat Fshr gene were grown in
complete media lacking at least one selective nutrient required for YAC maintenance. All
media were prepared as described elsewhere and all yeast cell cultures were carried out
overnight at 30°C under vigorous agitation (Green et al., 1997; Riethman et al., 1997).
Transformation of spheroplasted yeast cells was performed as described except yeast cells were
treated with lyticase for approximately 15 min at 37°C (Riethman et al., 1997; Karpova et al.,
2005).

Rat Fshr YAC isolation and manipulation.
DNA pools of a rat YAC library (constructed by the Whitehead Institute for Biomedical
Research and MIT Center for Genome Research; average insert size of 830 kb) were purchased
from Invitrogen Life Technologies and screened for rat Fshr using the polymerase chain
reaction (PCR) and oligodeoxynucleotide primers directed against exon 1 (5’Fshr, Table 1)
and exon 10 (5’Fshr, Table 1). Six Fshr-containing YACs, 124A9, 135C2, 197B11, 341C7,
368E4 and 392G6 were identified and purchased from Invitrogen. Rat Fshr YAC clone 135C2
was used for all further manipulation. High-molecular weight DNA was analyzed and mapped
by pulsed-field gel electrophoresis (PFGE) and Southern blot analysis as described (Riethman
et al., 1997;Karpova et al., 2005). Hybridization probes for Southern blot analysis were as
follows: 5’Fshr (Fshr exon 1), 3’Fshr (Fshr exon 10), HIS3 (to detect the acentric arm of YAC
rFshr-HIS3), TRP1 (to detect the centric pRML1 vector arm), and URA3 (to detect the acentric
pRML2 vector arm of the original YACs). DNA for Southern blot probes were PCR-amplified
from yeast chromosomal or rat genomic DNA using the primers noted in Table 1 and
radiolabeled with a random primer labeling system according to the vendor’s recommendations
(New England Nuclear, Boston, MA).

YAC rFshr-HIS3 was generated by retrofitting 135C2 with a pRML2-HIS3 vector, resulting
in the replacement of the URA3 marker with a HIS3 marker. pRML2-HIS3 was generated by
removing the URA3 cassette from pRML2 by Hind III restriction digestion, blunting the
overhangs with Klenow fragment (Roche Diagnostics Corporation, Indianapolis, IN), and
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inserting a 1.2kb blunt-end HIS3 cassette generated by PCR (Table 1). All restriction enzymes
were purchased from either Roche Diagnostics Corporation, New England Biolabs (Ipswich,
MA) or Invitrogen Life Technologies. Yeast containing the 135C2 YAC were transformed
with a 4.5-kb Sca I fragment of pRLM2-HIS3 and selection for growth on minimal medium
lacking histidine and tryptophan. Positive colonies were screened by PFGE and Southern blot
analysis utilizing a HIS3 probe (described above). Insertion of the bacteriophage P1 Cre
recombinase gene was performed by two-step replacement using a yeast integration plasmid
(YIP), pRS406-Fshr-Cre, which was generated by insertion of a 0.9kb Bam HI-EcoRI fragment
from a Fshr-Cre transgene (Heckert et al., 2000) into the BamHI-EcoRI sites of the phagemid
YIP pRS406, followed by insertion of a 2kb Hind III fragment from the Fshr-Cre transgene
into the pRS406 HindIII site (Fig. 1A). The pRS406-Fshr-Cre YIP was linearized by restriction
digestion with San DI and transformed into yeast containing the YAC rat Fshr-His3. YIP
integration by homologous recombination was screened by selection for growth on minimal
medium lacking histidine, uracil and tryptophan (Fig. 1A). Positive “pop-in” clones were
screened for correct YIP integration by PCR using primers spanning the insertion site (details
available from authors upon request) and with PFGE and Southern blot analysis (URA3 probe).
Excision of the vector and wildtype Fshr sequence from “pop-in” YACs was selected for by
growth on media lacking histidine and tryptophan and containing both 5-fluororotic acid
(Sigma-Aldrich Corp., St. Louis, MO) and uracil (Fig. 1B). Positive clones were screened for
correct excision using primers spanning the entire Fshr- Cre mutation (5’-
GTCTGGGCAGGTAATAAGTTG-3’ and 5’-GAACAATCAAAGAGCCCATG-3’), PCR
products were sequenced, and integrity of positive YACs was confirmed by PFGE and southern
blot using the 5’Fshr probe. One clone was obtained that contained Cre recombinase correctly
inserted at the ATG of rat Fshr in the YAC (YAC60). Limited restriction endonuclease
mapping of YAC60 and the parent clone 135C2 with pulsed field gel electrophoresis (PFGE)
and Southern blot analysis demonstrated that no gross rearrangements or deletions occurred
during the retrofitting and two-step replacement modifications (Fig. 1C).

YAC purification and screening of transgenic mice.
For the generation of transgenic mice, YAC60 DNA was purified as reported, with minor
modifications noted below (Peterson et al., 1995; Karpova et al., 2005). Initial fractionation
by PFGE was performed using the following conditions; 0.5X TBE (44.5 mM Tris, 44.5 mM
boric acid, 1 mM EDTA), 6 V/cm, 40 sec switch time, 24 hours, at 14°C. Excess carbohydrates
were removed from the β-Agarase I treated YAC DNA by spot dialysis against injection buffer
for 2hr at room temperature on a 0.025 μm MF disc mixed cellulose esters hydrophilic
membrane filter (Millipore, Billerica, MA).

The genotypes of all founder transgenic mice and their offspring were determined by PCR and
Southern blot of mouse tail biopsy DNA, which was prepared as described (Karpova et al.,
2005). Transgene amplification was performed using a pair of primers specific for Cre
recombinase (Table 1). Tail DNA was also digested with Bgl II and analyzed by Southern blot
analysis using the 5’Fshr probe and the Pin AI - Cla I restriction fragment of Cre recombinase
(Cre probe). One positive founder animal was obtained (Line 92) and used for all subsequent
analysis. Animals were bred to the C57BL/6J mouse strain and manipulations were conducted
according to the National Academy of Sciences Guide for Care and Use of Experimental
Animals.

Integrated transgene mapping in Line 92.
Adult transgenic and control mice (C57BL/6J) were used to generate high molecular weight
genomic DNA as described (Navas et al., 2001; Karpova et al., 2005). Restriction endonuclease
digestion was performed by first equilibrating slices of agarose plugs in the appropriate
endonuclease buffer, followed by overnight incubation in the presence of the enzyme (0.375U/
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μl) at 4°C. Plugs were then digested at the optimal digestion temperature for each restriction
endonuclease for 8 hours. Additional enzyme (0.25U/μl) was added, incubated at 4°C
overnight, and digested for 24 hours at the optimal temperature. The digested DNA was
fractionated by PFGE using the following conditions; 0.5X TBE, 6V/cm, initial switching time
1 sec ramped to the final switching time of 35.5 sec, 20 hours, at 14°C. DNA fragments of
approximately 15kb to 400kb were resolved under these conditions. Southern blot analysis was
performed using various hybridization probes spanning YAC60 (Fig. 2A). Probe DNA was
PCR-amplified using rat genomic DNA and Bio-X-Act DNA polymerase (Bioline, Randolph,
MA) with primers shown in Table 1 and radiolabeled as described above.

RT-PCR Analysis of Transgene Expression.
Briefly, adult and 16 day transgenic and control littermates (C57BL/6J) were sacrificed and
total RNA was isolated from a panel of 21 tissues or from isolated Sertoli and germ cells, using
Trizol reagent according to manufacturer’s recommendations (Invitrogen). Complementary
DNA (cDNA) was synthesized as described in the presence and absence of reverse transcriptase
(Heckert et al., 2000). Oligodeoxynucleotide primers against either Cre recombinase or the
mouse Fshr 5’UTR were used together with a primer against mouse and rat Fshr exon 10 to
amplify the cDNA for either rat Fshr-Cre or endogenous mouse Fshr, respectively (Table 1).
The identity of PCR-amplified transgenic or endogenous Fshr was confirmed by sequencing.
Amplification of ribosomal protein L7 cDNA was used to control for cDNA synthesis as
described (Heckert et al., 2000). Mouse Sox9 and Androgen receptor cDNAs were detected by
PCR using the oligodeoxynucleotide primers shown in Table 1. PCR reactions were resolved
by agarose gel electrophoresis.

Cell Culture and Transient Transfection.
Enriched populations of germ cells and Sertoli cells were prepared from adult transgenic mouse
testes as described and used to prepare RNA (Heckert et al., 2000). Preparation and transient
transfection of day 15 primary rat Sertoli cells and peritubular myoid cells as well as firefly
and Renilla luciferase reporter assays were performed as described elsewhere (Hermann and
Heckert, 2005). Data are presented as the firefly/Renilla luciferase activity ratio of chimeric
Fshr constructs relative to the firefly/Renilla luciferase activity ratio of the Fshr (-220/+123)
Luc minimal promoter. Statistical significance was determined using a two-tailed
heteroscedastic student’s T-Test comparing the relative data.

Evolutionary conservation analysis of the Fshr locus.
Pre-computed whole genome alignments of the human, rat and chicken assemblies available
through ECR Browser(http://ecrbrowser.dcode.org/) were used to visualize the windowed-
average sequence identity score for alignment of the Fshr locus between Lhcgr and Nrxn1
using 80% identity over 100bp as minimal conservation parameters (Ovcharenko et al.,
2004). The sequence of the rat Fshr gene was extracted from the NCBI database as described
(Hermann and Heckert, 2005). Sequences for each rat ECR were identified through the ECR
browser and annotated on the rat Fshr gene using Discovery Studio Gene v1.5 software
(Accelrys, Inc, San Diego, CA).

Reporter clone construction.
Fragments corresponding to ECRs 1-7 were PCR-amplified (primers shown in Table 2) using
rat genomic DNA and Bio-X-Act DNA polymerase (Bioline). Each amplified ECR was
digested with the restriction endonuclease EcoRV. The Fshr(-220/+123)Luc (Heckert et al.,
1998) reporter was linearized by digestion with Kpn I, located 5’ to the promoter, and the
overhangs blunted with Klenow fragment (Roche Diagnostics Corp) and dephosphorylated by
treatment with Calf Intestinal Phosphatase (New England Biolabs) according to each
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manufacturers’ recommendations. Fshr/ECR clones were generated by ligating the ECR PCR
products into the Kpn I-blunted reporter using Quick Stick Ligase (Bioline).

Results
Characterization of a rat Fshr-Cre yeast artificial chromosome in transgenic mice.

Previous studies demonstrated that 5000bp of sequence 5’ to the Fshr transcriptional start site
was insufficient to direct appropriate expression of the gene, presumably due to a lack of key
regulatory elements located outside this region (Heckert et al., 2000). In order to understand
the mechanisms controlling Fshr expression, the requisite sequences must first be defined,
requiring the use of an in vivo model, such as transgenic mice, that can accurately evaluate
cell-specific gene regulation. Transgenic analysis of larger genomic regions in mice was
employed to delineate the extent of sequence required for Fshr expression and serve as a
reference to effectively identify cis-acting regulatory elements. Several features of Fshr,
including its significant size and its shared characteristics with a class of genes that reside in
gene deserts, suggested that the amount of DNA required for appropriate Fshr expression
would be large (Nobrega et al., 2003; Hermann and Heckert, 2005; Ovcharenko et al., 2005).
Furthermore, the presence of numerous highly conserved, non-coding sequences associated
with Fshr, but located at large distances from the promoter, implicated distal cis-acting
elements in its regulation (Hermann and Heckert, 2005). In an attempt to accommodate all
required regulatory sequences, we generated transgenic mice with a yeast artificial
chromosome (YAC) that contained 413kb of the rat Fshr locus modified to contain
bacteriophage P1 Cre recombinase gene inserted at the initiation ATG of Fshr, which served
as a reporter for transgene expression (YAC60; see Materials and Methods for a detailed
description of transgene generation; Figs 1A, B and C).

Pronuclear injection of YAC60 produced 101 potential founder pups, from which a single line
(line 92) carrying YAC60 was identified by Southern blot analysis (Fig. 1D). PCR-based
mapping of 10 regions spanning the transgene (HIS3, ECR1, HS8, site7, i1A, site139, i1B,
i1C, 11b12b, TRP1) and extensive restriction endonuclease mapping indicate that the
integrated transgene consists of an intact fragment spanning from 98kb upstream of the first
transcriptional start site to 80kb downstream of exon 10 (Fig. 2A, black bar below the genomic
segment). More specifically, each of the ten regions examined by PCR was present in line 92
and Southern blot analysis of high molecular weight DNA digested with Sbf I revealed similar
digestion patterns between YAC60 isolated from yeast and that which integrated into line 92
(Fig. 2A, 2B-E, and data not shown). The slight migration differences were attributed to
differences in DNA concentration. Additional restriction endonuclease mapping with Pme I
revealed similar digestion patterns for DNA prepared from either yeast or transgenic line 92
(Fig. 2F-I). These data strongly suggested that the transgene is intact in line 92. Importantly,
the identity of approximately 195kb of sequence present in YAC60 beginning 80kb
downstream of exon 10 (beyond probe 11b12b) is not known and suspected to be chimeric
sequence unrelated to Fshr, and thus, could not be mapped in line 92 (Figure 2 and data not
shown).

YAC60 is inappropriately expressed in transgenic mice.
To determine if the transgene sequence in line 92 contained the necessary regulatory
information for Fshr expression, we used RT-PCR to evaluate 21 different tissues for
expression of both the Fshr transgene and the endogenous gene. Testes from adult transgenic
mice strongly expressed transgenic and endogenous Fshr mRNAs, indicating that YAC60
directed testis expression (Fig. 3A). Notably, transgene expression was not observed in the
ovary, despite the presence of endogenous Fshr and ribosomal protein L7 transcripts (Fig. 3A).
To determine if YAC60 was expressed in a temporally appropriate manner in the testis, we
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similarly examined transgenic and endogenous Fshr mRNAs in younger animals, when Fshr
is expressed and germ cell numbers are minimal. Transgene expression was absent from the
testis of 16-day-old animals, while the signal for endogenous Fshr mRNA was significant in
the testis and ovary (Fig. 3B). The lack of transgene expression in the gonads of immature mice
revealed that YAC60 expression did not follow the normal temporal pattern for Fshr. To
determine if expression of the transgene in the adult testis reflected its presence in Sertoli cells,
we examined its expression in Sertoli cells and germ cells isolated from testes of adult
transgenic mice. Robust transgene expression was observed in adult testis and isolated germ
cells, but not in Sertoli cells, while endogenous Fshr mRNA was present in all samples,
including germ cells (Fig. 3C). The latter was attributed to contamination of the germ cells
with Sertoli cells, which was confirmed by the presence of Sertoli-specific mRNAs for Sox9
and Androgen receptor within the germ cell preparation (Fig. 3C). The lack of transgene
expression in Sertoli cells and ovaries of line 92, as well as the ectopic expression in male germ
cells, revealed that 413kb of the rat Fshr locus lacks the ability to appropriately regulate the
gene, and therefore cis-acting elements required for Fshr expression must reside outside this
region. Although modest expression signals were observed in the hypothalamus (transgenic
Fshr-Cre) and in brain and eyes (endogenous Fshr), the inconsistency of these findings
suggested they were artifactual (Fig. 3A).

Evolutionarily conserved regions implicated in Fshr regulation.
To assist in identifying novel Fshr regulatory sequences, we employed a comparative genomics
approach to locate non-coding sequences that are highly conserved throughout evolution,
which represent those most likely to be functional and house important cis-acting elements.
Evolutionary conserved regions (ECRs) of at least 80% identity over 100bp or more were
identified in the human, rat and chicken Fshr genes using an internet-based genome navigation
tool (ECR browser; http://ecrbrowser.dcode.org/; (Ovcharenko etal., 2004). Seven ECRs
(ECR1-7) were identified in the vicinity of Fshr, and notably only ECR1 was present in YAC60
(Fig. 4A and Table 2). Thus, if one or more of these ECRs have associated transcriptional
activity obligatory for normal Fshr transcriptional regulation, their absence from YAC60 likely
accounts for the lack of appropriate transgene expression.

To determine if ECRs 1-7 have associated transcriptional activity, regions containing each
were tested for their ability to affect Fshr promoter activity. PCR-amplified fragments
containing the ECRs were cloned upstream of the core -220bp Fshr promoter to produce
chimeric reporter plasmids that were examined by transient transfection analysis in 15d primary
rat Sertoli cells and peritubular myoid cells, a cell type that does not express Fshr (Fig. 4A,
Table 2). Clones containing ECRs 1, 2, 3, 6 or 7 were more active than the basal Fshr promoter
in both Sertoli cells and myoid cells, suggesting they house elements that activate transcription
(Figs. 4B and 4C). Interestingly, ECR5 repressed Fshr promoter activity to 70% of wildtype
in myoid cells but activated the promoter in Sertoli cells (1.7-fold), suggesting it functions to
both activate and silence Fshr in order to help restrict expression to the appropriate cells (Figs.
4B and 4C). Similarly, ECR4 activated the Fshr promoter in Sertoli cells, but did not alter
promoter activity in myoid cells, suggesting its activity is limited to specific cell types,
including Sertoli cells (Figs. 4B and 4C).

Discussion
To date, little attention has been paid to regulatory elements located outside the promoter region
in transcriptional control of Fshr. Numerous protein-DNA binding and transient transfection
experiments have examined the promoter and elucidated the basal transcriptional mechanisms
for Fshr promoter activity, but failed to identify a mechanism controlling the gene’s
spatiotemporal expression (Heckert and Griswold, 2002). Earlier transgenic analyses suggest
that this results from a lack of critical sequence information within the promoter, as neither
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5000bp of rat Fshr nor 1500bp of human FSHR 5’ flanking sequence correctly directed cell-
specific expression in transgenic mice (Heckert et al., 2000; Nordhoff et al., 2003). The current
study provides additional and more compelling evidence that long-range transcriptional
regulation is crucial to establishing Fshr expression in Sertoli and granulosa cells, while
prohibiting ectopic expression in germ cells.

In an effort to uncover novel regulatory elements, we sought to define a region that would
express Fshr appropriately in transgenic mice and employed a large genomic segment, which
included the entire Fshr coding sequence plus substantial flanking sequence, as a transgene.
In the transgene design, the 413kb YAC was engineered to include the bacteriophage P1 Cre
recombinase gene inserted at the ATG of Fshr to facilitate evaluation of cellular transgene
expression and for use in future experiments to evaluate the genetics of Sertoli cell and
granulosa cell function. Reporter mouse lines such as GtRosa26tm1sor and Z/EG robustly
express β-galactosidase or green fluorescent protein in cells expressing Cre recombinase, thus,
when crossed to Cre-transgenic lines, cells expressing Cre are robustly marked, even if Cre
expression is low, as with weakly expressing genes such as Fshr (Soriano, 1999; Novak et al.,
2000). Further, the addition of Cre recombinase to a transgene that mimics Fshr expression
would provide a valuable research tool that allows specific gene ablations in Sertoli and
granulosa cells through Cre-lox recombination (Sauer and Henderson, 1988; Sauer, 1998). The
Fshr-Cre YAC construct was used to generate transgenic mice and analysis of its expression
revealed incorrect tissue and cellular profiles, suggesting critical elements were absent from
the transgene. However, in considering such a conclusion, one must weigh an important caveat
of the study, in that only a single transgene was analyzed. Thus, despite evidence that large
transgenes, such as the Fshr-Cre YAC, are known to minimize position effects, they cannot
be eliminated from the potential mechanisms directing transgene expression (Giraldo and
Montoliu, 2001). Furthermore, while the most likely explanation holds that important
regulatory elements are missing from the transgene, until additional experiments confirm this,
consideration must be given to the possibility that neighboring chromatin provides
transcriptional cues that both redirect Fshr expression to germ cells and extinguish it within
granulosa and Sertoli cells. Importantly, the results indicated that inappropriate transgene
expression was not due to truncation of the transgene, as extensive PCR and restriction mapping
of the integrated transgene in line 92 demonstrated it was intact (Fig. 2). This was also supported
by our ability to amplify a transcript between Cre recombinase (inserted in exon 1) and Fshr
exon 10 (Fig. 3). Notably, we were unable to identify the sequence of a 195kb segment of
YAC60 (beginning 80kb downstream of exon 10) based on PCR-mapping to amplify known
genomic sequences between the Fshr and Lhcgr coding sequences (data not shown). YAC60
may therefore be chimeric (i.e. contain unrelated sequence) at the far 3’ end. And while we
have no direct evidence to support this conclusion, nor does it provide a likely explanation for
the results, it is important to note that chimeric sequence may have influenced transgene
expression. However, our favored hypothesis, and the one best supported by the data and
published scientific studies, is one in which sequences outside the region defined by the
transgene are needed for Fshr expression.

The absence of transgene expression in either Sertoli or granulosa cells, incorrect temporal
regulation, and ectopic expression in germ cells of the testis was similar to previously reported
transgenic studies (Heckert et al., 2000; Nordhoff et al., 2003). In those cases, 5000bp and
198bp of the rat Fshr promoter and 1500bp of the human FSHR promoter were also insufficient
for appropriate Fshr expression (Heckert et al., 2000; Nordhoff et al., 2003). Unlike the
promoter transgenic studies, however, ectopic expression of the YAC60 transgene was limited
to male germ cells, indicating YAC60 largely prevented ectopic expression and contained
sufficient sequence to shield it from integration site effects (Heckert et al., 2000). The inclusion
of a recently identified OCT-1/GATA silencing element in the YAC60 transgene, that was
absent from previous transgenes, is one factor that may account for the diminished ectopic
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expression (Hermann and Heckert, 2005). On the surface, these transgenic studies appear to
contrast with a similar study that observed restricted expression of a β-galactosidase reporter
in both testis and ovary using the 5000bp rat Fshr promoter (Linder et al., 1994). However,
the limited number of tissues examined (6) and lack of cellular expression data obscured
evaluation of the promoter’s true ability to drive cell-specificity (Linder et al., 1994). Thus,
the majority of evidence indicates that distal regulatory elements are essential for correct
expression of Fshr.

These findings implicate a transcriptional mechanism for Fshr that places it among a growing
class of genes that employ distal elements in their transcriptional control. In some cases, such
as with Sox9 and Sonic hedgehog, distal regulatory elements were shown to act over genomic
distances as great as 1Mb, even extending into neighboring genes (Bishop et al., 2000; Gottgens
et al., 2000; Loots et al., 2000; Lettice et al., 2002; Qin et al., 2004; Zheng et al., 2004; Sagai
et al., 2005). Knowing this, it is clear that criteria are needed to help select functional sequences
from the massive amount of non-functional DNA. Comparative genomics is a powerful tool
used to identify functional sequences by virtue of their evolutionary conservation, and now,
with the availability of extensive genome sequence data can be applied to the identification of
elements located at significant distances from a gene’s promoter region (reviewed in Frazer et
al., 2003). Recent application of comparative genomics across the COUP-TFII and
Apolipoprotein E loci identified novel tissue-specific enhancers located 66kb and 46kb distal
to their genes’ promoters, respectively, demonstrating the potential of this approach (Zheng et
al., 2004; Baroukh et al., 2005). A similar approach was applied to Fshr and identified seven
highly conserved sequences (ECRs1-7) between the human, rat, and chicken Fshr loci, which
had associated transcriptional activity, suggesting they house distal cis-acting regulatory
sequences (Table 2, Figure 4). Notably, each ECR was defined in a previous, less stringent,
comparative study of the rat and human genes that revealed over 100 conserved sites (Table
2; Hermann and Heckert, 2005). That these seven ECRs all had transcriptional activity, and
all but ECR1 were absent from the YAC60 transgene, suggested they participate individually
or in different combinations to influence Fshr transcription. A combinatorial function may
explain the weak transcriptional activity associated with each ECR alone and testing their
combined activities may reveal such a mechanism. Alternatively, weak ECR activity may
reflect limitations of the cell culture system, which may not provide the appropriate cellular
environment for their function. Additional studies are underway to evaluate ECR function, in
vivo, to more clearly resolve their participation in Fshr regulation. It is also possible that
integration of ECR regulatory activity with promoter transcription may require additional
promoter sequences absent from the -220bp/+123bp construct used in these experiments, such
as the SF-1 binding sites located between -743bp and -2700bp (Heckert, 2001). Previous
studies postulated that SF-1 plays a combinatorial role in directing cell-specific Fshr expression
by interacting with other transcription factors that have overlapping limited expression profiles
(Heckert, 2001; Levallet et al., 2001; Xing et al., 2002). Thus, ECR regulation of Fshr
transcription may only be revealed in the presence of SF-1 and its responsive region, and
experiments are underway to explore the role of SF-1 in ECR transcriptional activity.

In summary, the vast majority of studies examining Fshr transcription have focused on the
promoter region, which we now know is incapable of directing accurate expression of the gene.
This information provides an important starting point for determining the precise cis- and
trans-acting components of Fshr cell-specific expression and a conceptual model for Fshr
transcription that, in Sertoli and granulosa cells, includes the combined actions of proteins
bound to distal elements with those already known to work through the gene’s promoter.
Together, this array of cis-acting DNA elements and trans-acting proteins form a highly
specialized transcriptional program that specifies gene expression in Sertoli and granulosa
cells. Future experiments designed to identify the distal regulatory elements and define their
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functional contribution is critical to elucidating the mechanism that directs Fshr transcription,
and evaluation of the ECRs represents an excellent starting point.
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Figure 1.
YAC60 was generated by a two-step replacement via homologous recombination to insert Cre-
recombinase at the Fshr translational start site in an Fshr-containing rat YAC. (A) Step one:
a yeast integrating plasmid (YIP) with Fshr sequence flanking Cre recombinase was
transformed into the YAC-containing yeast and selected for gain of the URA3 marker.
Restriction endonuclease sites used to generate the pRS406-Fshr-Cre YIP are noted. (B) Step
two: spontaneous revertants with excised YIP vector sequence (i.e.: retaining either the
wildtype Fshr or Fshr-Cre sequence in the YAC) were identified by growth in the presence of
5-FOA, which selects against YACs retaining URA3. (C) Limited restriction endonuclease
mapping of YAC60. YAC DNA was digested with the noted restriction endonuclease, resolved
by PFGE, and analyzed by Southern blot analysis by hybridization with a probe to exon 10.
Molecular weight marker migration is shown to the right of the autoradiogram. (D) Southern
blot analysis of tail DNA from potential transgenic founder mice was performed using Bgl II
restriction digestion and hybridization with probes against exon1 and Cre. Positive transgenic
mice were identified by the presence of a faster migrating band (noted in line 92).
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Figure 2.
Mapping of YAC60 in line 92. (A) Schematic representation of 750kb of rat genomic sequence
that spans the Fshr coding sequence (grey shading on top bar), including the neighboring gene,
LH receptor (Lhcgr, white). Arrows denote the positions of markers (HIS3, ECR1, HS8, Cre,
site7, site139, i1A, i1B, i1C, and 11b12b) used for PCR-based mapping of YAC60 in line 92
as well as probes used for restriction endonuclease mapping in Southern blot hybridization
analysis (ECR1 3’A, 5’Fshr, Cre, site141, site142, site144, site146, site148, site153, site154,
11b12b). The position of each Fshr exon is noted as a dark line on the grey bar and its number
indicated above the bar (note: exon sizes are not to scale). The region of the locus identified
within Line 92 is noted by the black bar below, beginning 98kb 5’ to the first transcriptional
start site and extending 80kb 3’ of exon 10. Shaded bars indicate restriction fragments used
for mapping. Mapping of the YAC60 transgene in line 92 was performed by digestion of high
molecular weight DNA with Sbf I or Pme I followed by Southern blot analysis using the
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indicated probes. In each experiment, digestion of YAC60, line 92, and wildtype mouse DNA
were compared. Sbf I digested DNA was analyzed with the following probes: (B) ECR1 3’A
probe, (C) 5’Fshr and Cre, (D) site153 and site154, and (E) 11b12b. Pme I digested DNA was
analyzed with the probes (F) 5’Fshr, (G) site141, (H) site144, and (I) site148. Restriction
endonucleases and hybridization probes are noted below each autoradiogram. Migration of
molecular weight standards is noted to the left of each autoradiogram.
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Figure 3.
Expression profile of YAC60 transgenic line 92. Tissues from YAC60+ mice were examined
for the presence of rat Fshr-Cre, endogenous Fshr, and ribosomal protein L7 mRNAs by
RTPCR in (A) adult mice, (B) 16 day old mice, and (C) testes, isolated Sertoli cells and isolated
germ cells from adult YAC60+ mice. Sox9 and Androgen receptor (AR) mRNAs were also
detected by RT-PCR in C. RT-PCR was performed in the presence or absence of reverse
transcriptase (RT) and is noted with + or - below the indicated tissue source of the evaluated
RNA, which is indicated above each lane.
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Figure 4.
Evolutionary conserved regions in the Fshr locus have associated transcriptional activity.
(A) The human, rat and chicken Fshr loci between Nrxn1 and Lhcgr were analyzed for
evolutionary conservation using the web-based genome navigation tool ECR browser
(http://ecrbrowser.dcode.org/; Ovcharenko et al., 2004). Seven evolutionarily conserved
regions (ECRs) were identified and annotated below the sequence (dark peaks marked 1-7).
Each ECR was cloned in front of the minimal Fshr (-220/+123) Luc promoter and transfected
together with phRL-TK into (B) primary rat Sertoli cells and (C) peritubular myoid cells, a
non-expressing cell type. The data are represented as the firefly/Renilla luciferase activity ratio
of each ECR-containing construct relative to the firefly/Renilla luciferase activity ratio of
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Fshr (-220/+123) Luc. Transfections were performed a minimum of three times. Error bars
represent the standard errors of the means. Statistically significant differences (p≤0.002) in
activity of ECR-containing promoters relative to that of the basal promoter (Fshr - 220bp/
+123bp) are noted by “a” above the bars. Statistical significance was determined by a student’s
T-Test.
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Table 1
Oligodeoxynucleotide primers used to generate DNA used as probes for Southern blot analysis of YAC60, for
PCR screening of YAC60 in line 92, and for RT-PCR analysis of line 92.

Primer 1 Primer 1 Use*

5’Fshr 5’- CTCTTTTCTGTCATTTTGGG-3’ 5’-GAAAGACCCTATTAGAGCAATG-3’ Southern blot
PCR screening

3’Fshr 5’- TTTGCCATTTCTGCCTCCCT-3’ 5’- ATTGGTGACTCTGGGAGCTG-3’ Southern blot
PCR screening

URA3 5’-GTACCACCAAGGAATTACTGG-3’ 5’-CGGGTGTATACAGAATAGCAG-3’ Southern blot
TRP1 5’-AAATAGTTCAGGCACTCCG-3’ 5’-TCTGTGAAGCTGCACTGAG-3’ Southern blot
HIS3 5’-TTCCCGTTTTAAGAGCTTGG-3’ 5’-TCCTGATGCGGTATTTTCTC-3’ Southern blot
Cre 5’-CTGGTCGAAATCAGTGCGTTC-3’ 5’- TTACCGGTCGATGCAACGAGT -3’ PCR screening
ECR1 3’A 5’-AACTGTAAAGAACTCACCCTGT-3’ 5’-ATGAGTTTTCAATGTCACCTTT-3’ Southern blot
site139 5’-GCAAGTCATCAAGATCAGGCAAG-3’ 5’-GCTAGTTGCTGGGAAATTCTCTTG-3’ Southern blot
i1A 5’-GCTAGTTGCTGGGAAATTCTCTTG-3’ 5’-

GTCATCTGGAATCCTGCCTGTAGTAG-3’
PCR screening

i1B 5’-
GTCATCTGGAATCCTGCCTGTAGTAG-3’

5’-
CAATGTTGTTCTTTTCTCTTCGGAATC-3’

PCR screening

i1C 5’-
CAATGTTGTTCTTTTCTCTTCGGAATC-3’

5’-CTGCGGCATAGGATAGAGGTTGTC-3’ PCR screening

Site141 5’-GAGACCCAAATGGAGGAACAAAC-3’ 5’-TATTGTCCATTCTTCTCCCCAGG-3’ Southern blot
Site146 5’-CACAGGGTGTCACTTCTGCCAAAC-3’ 5’-GGATCTGTGCCCTGTGCTTCAG-3’ Southern blot
Site148 5’-

CACAAAGCATATCAGAGAAATGAACC-3’
5’-GTGTTTTTGGCTTGTGTTATGTCC-3’ Southern blot

Site153 5’-CATCCCGCCACAGCCCAC-3’ 5’-CCTGACTTGAAGGACGGAAACC-3’ Southern blot
Site154 5’-CCTTGTGAGTCTTGACCCTGAGC-3′ 5’-GGACTGTGGGTACACTGGTAATGG-3′ Southern blot
11b12b 5’-GTTTTGTATCCGATGAACTGGTC-3’ 5’-

GTCTTGGTCTCACATGACAACTATAC-3’
Southern blot

rat Fshr-Cre 5’-GGATTTCCGTCTCTGGTGTAG-3’ 5’-GGCACAGTTAGTTTGTATTGGC-3’ RT-PCR
mouse Fshr 5’-AATCCGTGGAGGTTTTCGC-3’ 5’-GGCACAGTTAGTTTGTATTGGC-3’ RT-PCR
Sox9 5’-CGTGGACATCGGTGAACTGAGC-3’ 5’-CTGCTGCGGGGGTGCTTG-3’ RT-PCR
Androgen receptor 5’-AATGGGACCTTGGATGGAGAAC-3’ 5’-TCCCTGCTTCATAACATTTCCG-3’ RT-PCR

*
Template DNA for each is noted in the Materials and Methods section.
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