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Follicle stimulating hormone (FSH) is a pituitary glycoprotein that is 

essential for pubertal development, the aromatization of testosterone to estradiol, 

the maturation of the follicle in females, and spermatogenesis in males. It may 

also be involved in androgen production in men and women. With the critical role 

of FSH in normal reproductive function, it is conceivable that inactivating 

mutations in FSH~ might result in spermatogenic, ovulatory, and pubertal 

disorders in humans. The purpose of this research study was to determine the 

prevalence of FSH~ mutations among three patient populations with reproductive . 

dysfunction: oligo- and azoospermia, 46, XX ovarian failure, and idiopathic 

hypogonadotropic hypogonadism (IHH). In addition, the construction of an 

improved, more usable dual expression vector was necessary to analyze FSH~ 

' . 

mutations in vitro. When transfected ~into Chinese hamster ovary (CHO) cells, the 

newly constructed expression vector, pa.FSH~ resulted in the production of 

immunoreactive and bioactive FSH in vitro. To validate this construct, 

transfection of a previously described inactivating human FSH~ mutation, 

Cys82Arg, failed to produce immunoreactive and bioactive FSH, confirming its 

importance in normal FSH synthesis and function and its role in the phenotype of 

hypogonadism. Among the three patient populations studied, two different 

missense mutations were identified. A single patient with 46, XX ovarian failure 

was heterozygous for an Ala43Pro missense mutation in FSH~ exo~ three. In 

vitro analysis of the Ala43Pro demonstrated no loss of bioactivity or 
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immunoreactivity suggesting that Ala43Pro is most likely a polymorphism. Among 

patients with IHH, two were heterozygous for a Ser2011e missense mutation. 

Since affected individuals demonstrated heterozygosity for this missense 

mutation and because a sibling with hypergonadotropic hypogonadism was also 

heterozygous for Ser2011e, it is unlikely that Ser2011e is the sole cause of IHH in 

these patients. Men with oligospermia and azoospermia did not demonstrate any 

FSH~ mutations. In conclusion, we have described a new dual expression vector, 

which was validated for the functional analysis of human FSH~ mutat~ons in vitro. 

We demonstrate that the Cys82Arg mutation causes impaired function in vitro~ 

Although FSH assumes paramount importance in normal reproduction, mutatio~s 

in humans with reproductive disorders studied are extremely rare. 
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Introduction 

Follicle stimulating hormone (FSH) was first isolated by Jenson and 

coworkers from the anterior pituitary of sheep and was characterized by its ability 

to stimulate follicular growth in hypophysectomized rats (1 ). It is a member of the 
J 

dimeric glycoprotein hormone family which includes pituitary luteinizing ho"rmone 

(LH) and thyroid stimulating hormone {TSH), and placental chorionic : 
, , I 

gonadotropin (CG). All of the member~ of this family require the dimerization of a 

common a subunit to a unique f3 subunit, which confers biological activity. The 

encoded FSHf3 peptid~ undergoes· post-tra·nslational addition of two N-linked . . 

.. . ' ' ', ,' 

glycosylations to Asn7 and Asn24
, along with glycosylation·ottwo sites on the a 

' .; ' 

subunit, which are all required for full biological activity (2). 

The gene for FSHf3 has been localized to the short arm of chromosome 11 . 

in humans (3) and ~onsists of three e~ons encoding a mature peptide of 111 

amino acids in length (4). The first exon is entirely untranslated and the coding 

regions are contained in the second and third exons. FSHf3 has an alternative 

splice site at base pair 563 within exon one which has no impact on the mature 

peptide but does alter the 5' UTR of the transcript from 63 to 33 bases: in length. 

In addition to the alternative splice site, two polyadenylation signals are present 

· in exon three which, when combined with the exon one alternative splice site, 
I 
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allows the transcription ~f four distinct FSH~ mRNAs. The first polyad,enylation 

site coincides· with the stop. codon and is present in. 20o/o. of the mRNAs 

transcribed.while-the second site is about 1 kb downstrec,~m· ~nd accounts for the 

rema.ining mRNA transcripts (4). · 

The receptor for FSH is ~- m·emher of the seven transmembrane domain 

·family of receptors .. Upon binding with the FSH ligand, the G protein pathway is 

activated, ca-using a G -P~~-tein coupled stimulation of adenlyl cyclase, thereby 

increasing intracellular cAMP (5). This increase in cAMP concentrations 

activates protein kinase A which serves to phosphorylate other proteins including 

transcription factors that activate transcription of serum- and glucocorticoid

inducible kinase (6) and phosphorylation of Protein kinase B (7), thereby initiating 

the cellular effects of FSH. These multiple pathway mechanisms mediate the 

accepted roles of FSH including selection and maturation of the dominant follicle 

in the female, estradiol production, and spermatogenesis in males (8). 

Regulation of Follicle Stimulating Hormone 

It is generally thought that the pulsatility of gonadotropin releasing 

hormone (GnRH) is what determines the relative ratio of LH to FSH rel:eased 

from the pituitary and thus, it is the hypothalamus that directly regulates FSH 

secretion. The ratio of LH to FSH secreted depends on the frequency 0f GnRH 

pulses where slow, low amplitude pulses favor FSH and large, frequent pulses 

favor a higher ratio of LH released (9). LH and FSH act upon the gonaas to 

increase estradiol and testosterone production which indirectly feedba¢k upon 
! 
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the hypothalamus to regulate GnRH release and subseq~ently, LH a~d FSH 

release. This is demonstrated in vivo in castrated male rats which show a rapid 

rise in LH and FSH secretion. This response can be abolished with testosterone 

pellets which release a slightly higher ttian physiological level of testosterone 

which cause LH to drop to undetectable .levels and FSH to return to normal 

circulating levels (1 0). 

Steroids are capable of regulating pituitary cell function directly through 

two mechanisms. Estradiol, but not testosterone, can act upon the pituitary 

gonadotrope in female rats to increase GnRH receptor number which increases 

the gonadotrope sensitivity to GnRH (11, 12) and mediates differential 

responsiveness of the gonadotropin subunits (13). Secondly, estradiol directly 

suppresses pituitary FSH~ gene transcription in males (14) while in contrast, 

testosterone and dihydrotestosterone treatment increase FSH secretion and 

FSH~ mRNA transcription in vitro in cultured pituitary cells (15) and in vivo in 

male rats treated with a GnRH antagonist (16). 

In addition to steroid regulation, several peptides have been isolated that 

·alter the transcription and/or secretion of FSH without affecting LH regulation. 

Two protein groups that are particularly important are the inhibins and activins, 

which share a common~ subunit (of no relation to the~ subunits of th~ pituitary 

. glycoproteins) but are opposed in their action. lnhibinA and inhibin8 re~ult from 
I 

: 

the dimerization of an a subu~it and either a ~A or ~s and selectively in~ibit GnRH 

stimulated FSH, but not LH, secretion (17). The activin proteins arise from the 

dimerizatiori of two ~ subunits (either ~A~A' ~s~s, or ~A~s) and act to markedly 
I 
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increase FSH secretion by induction of FSH~ transcription in vitro (18:). Follistatin, 

as the name suggests, has also been shown to act upon the pituitary to reduce 

the FSH synthesis and secretion (18). It should be noted that these peptides, in 

addition to having actions on the pituitary, also have autocrine and paracrine 

actions within the thecal and granulosa cells of the ovary, where they are 

produced (19). 

Role of FSH in Female Reproduction 

In contrast to the male, who produces sperm throughout adulthood, 
. : 

females are born with all the follicles they will ovulate throughout their 

reproductive lifespan. Of approximately two million primordial follicles present at 
( 

birth, only 400 are ovulated, and the rest degenerate by atresia (20). FSH plays 
I • 

an integral role in follicle development and female reproductive function and 

receptors for FSH have been localized to granulosa cells within the ov~ry (21 ). It 

is the selection of the dominant preovulatory follicle and maturation of the 

dominant follicle ,that is under direct control of FSH (Figure 1 ). · 

.·The first days of menses are marked by increasing lev~ Is of FSH with low 

levels of LH, E2, and P4 (22). This rise in FSH levels serves three functions. It 

directly stimulates mitotic activity causing the follicle to grow in size ten fold (23), 
I 

• • ! 

it activates transcription_of aromate1se Jn the granulosa cell to generate;estradiol 

(24 ), and induces LH receptor expression on the granulosa cell (25). i 

Androstenedione secreted by thecal cells crosses into the granulosa cell where it 

is converted to estradiol (26). It is thought that this localized surge of e~tradiol 
I 
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Figure 1. Schematic of ovarian follicle maturation. 
The stages of development and the hormones regulating the stages of follicle 
maturation are dependant upon the pituitary gonadotropins, FSH and LH. 
(Adapted from J. Richards. 1994 Hormonal control of gene expression in the 
ovary. Endroctine Reviews. 15:725-751) 
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suppresses FSH activity on surrounding follicles thereby designating bnly one to 
. . . I 

I 

be further differentiated and ovulated (27). If exogenous FSH is admi~istered 

during this time when the dominant follicle is determined, the number ·of dominant 

follicles can be increased from 1 to 3-4, presumably overcoming the localized 

estradiol mediateq inhibitory effect (28). 

FSH in spermatogenesis 

Receptors for FSH have been detected in the Sertoli cells (29) and its 

actions have been e~tensively studied and its. role in spermatogenesis is 

multifaceted. Proliferation of Sertoli cells in the testis occurs only during fetal 

development and is under the direct control of FSH. If Sertoli cells from prenatal 

rat testis are cultured in the presence of FSH, they show a dramatic increase in 

mitotic activity as evidenced by [3H]-thymidine incorporation (30). This mitogenic 

effect of FSH on the Sertoli cell is lost in the adult animal and the cell population 

is stable, being unresponsive to exogenous FSH. The initiation of 

spermatogenesis requires the presence of both FSH for Sertoli cell activity and 

LH for testosterone production (31 ). 

At puberty, the pulsatile secretion of these hormones dramatically 

increase from low, prepubertal concentrations to a higher baseline level that 

promotes secondary sexual characteristics and the production and capacitation 

of sperm. The essential role of FSH for spermatogenesis has been ca,led into 

question with the observation in hypogonadotropic mice that testosterone alone 

is sufficient to cause spermatogenesis although at reduced output compared to 

6 
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i 
. controls (32). This reduced output may be related to the loss of FSH stimulated 

I 
i 
I 

mitosis during the prenatal period. While these studies did not address the 
• . I 

fertility of the mice, a later study, in which investigators immunized monkeys 
. ' 

against FSH, showed that the number of sperm/ejaculate and the mo~ility of 

sperm were dramatically decreased as compared to controls (33). Furthermore, 

studies in rats showed that while testosterone alone was sufficient for 

spermatogenesis, such effects were short term lasting only 13 weeks before 

spermatogenesis could no longer be maintained (34 ). The authors suggested 

the presence of FSH was needed for long-term maintenance of sperm 

production. Exactly how FSH maintains the Sertoli cell is complex and involves 

promoting the transport of glucose into the cell (35), increasing levels of pyruvate 

and inositol in the cytosol (36) and increasing iron transport by transfe:rrin 

synthesis (37). 

Human FSH.~ mutations and the FSH~ knockout mouse 

· Several described human FSH~ mutations and knockout mouse 

phenotypes have provided valuable insight into the role of FSH in reproduction. 

To date, 3 different human mutations .in FSH~ have been ideptified, all having 

slightly differing phenotypes. The first .case was that of a 27 ye.ar old female With 

primary amenorrhea and infertility described by Mathews et al. (38). At age 13, 

she was of normal height and weight with normal axillary and pubic hair but 
. i 

lacked breast development. Laboratory values showed low inhibin, progesterone, . 

and estradiol, undetectable FSH with elevated LH, and otherwise normal pituitary 
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hormone values. DNA sequencing of FSHp exons showed a frame sh,ift mutation 

in FSHp exon three that alters the primary protein sequence and introduces a . 
• "< 

premature stop codon (Vai61X). A second patient was identified by Layman and 

coworkers who was a compound heterozygote for the Vai61X mutation and a 

Cys51Giy mutation with a similar phenotype as the Vai61X homozygote (39). 

This Val 61X mutation has also been identified in a male that was 

azoospermic, had small testes and lacked any signs of puberty (40). This male 

had elevated LH an~ undet~ctable FSH levels, just as the females did, with low 

testosterone levels. A second azoospermic male has been identified with a 

C~s82Arg FSHp mutation that differed phenotypically from the Vai61X in that he 

underwent normal puberty and had normal testosterone levels with no detectable 

FSH and increased LH levels (41 ). This different level of pubertal development 

between the Vai61X and Cys82Arg may be explained by the hypothesis that the 

Vai61X nonsense mutation renders the protein totally inactive while the 

Cys82Arg missense mutation alters binding of the protein to its receptor but is 

still able to minimally activate the signaling cascade .. 

The male and female FSHp knockout mouse models have provided 

important information for the physiological effects of FSH in vivo but have also 
I 

yielded conflicting results as compared to described human mutations. 
1 

The 

female homozygous FSHp knockout ~i~_ics the phenotype of the hum~n FSHp 

mutation with sterility as a result of low FSH, elevated LH, primordial a~d antral 
I 

' I 

follicles in the ovary, and an underdeveloped uterus but differs in that estradiol 

levels are normal_in the mouse (42). Strangely, the male homozygous knockout 

I 

i' 
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m·ouse is fertile with normal LH and testosterone levels although it does exhibit 

decre~sed testis size, sperm motility, and sperm concentration (42). These 

findings differ from the human in that all described human males with FSH~ 

mutations, azoospermia results; whereas the FSH~ knockout mouse exhibits 

oligospermia. It is possible that while the male mouse is considered fertile, there 

is a decreased fertility although no data on litter sizes are described in the 
' . 

literature. Since it-is common for the female mouse to·ovulate 8-12 follicles each 

cycle, even with a decreased sperm number, it is likely that the sperm that are 

present can easily fertilize these oocytes. Furthermore, Dierich et al. have 

described a 35-50% reduction in litter sizes when a FSH receptor knockout 

mouse is mated with wild type female (43) alt~ough other investigators reported 

no change in litter sizes with their male FSHR knockout mice (44). An outline of 

human FSH ~ mutations and knockout mouse phenotypes is given in Figure 2. 

Even though the FSH deficient phenotypes vary between mice and man, a 

few aspects are apparent from the described mutations. The observation that 

when FSH is absent, LH levels rise shows that while previously each of these 

hormones were thought to have functions and regulation independent of one 

another, FSH does hav·e an indirect negative regulatory role in LH secr(3tion. It 

also reiterates the previously described classical role of FSH in follicle 

maturation, sperm production, and pubertal development. 

9 



Table 1. Outline of previously identified FSH(3 mutations in humans and 
FSH(3 knockout mice. (Adapted from L. Layman. 2001 Mutations in the ;follicle
stimulating hormone-beta (FSH~ and FSH receptor genes in mice and humans. 
Seminars in Reproductive Medicine. 18:5-10) 



Ovarian 
1 follicles Estradiol FSH LH Testosterone seerm/testis size Fertilit~ 

Human Females 
I 

Primary 
Vai61X I Primordial Low Low High amenorrhea, 

Infertile 
Primary 

· Vai61X/Cys51 Gly I Antral Low Low High amenorrhea, 
Infertile 

Mainly 
Female FSH~ primordial 
knockout with a few Normal Low High Infertile 
mouse antral 
Human Males 

I 

Small testis/ No puberty, 
Vai61X I Low. ·High Low· azoos~ermic Infertile 

Small testis/ Normal puberty, 
Cys82Arg -I Low· High Normal azoos~ermic Infertile 

Small testis/ 
Male FSH~ decreased sperm 
knockout LOW·. Normal Normal motility and Fertile 
mouse concentration 



Premature Ovarian Failure 

Cessation of menstruation for one year prior to age 40 accompanied by 

·elevated gonadotropin levels is defined as premature menopause, also referred 

to as premature ovarian failure (POF). Several causes have been postulated, 

but 58o/o of diagnosed cases are of unknown etiology- (45). Since the causes of 

POF can stem from any environmental, genetic, or embryologic event that 

depletes the follicular stores, it is understandable why such a large number of 

cases are considered idiopathic. Several known physical causes of POF include 

injury to the-ovaries in the case of ovarian torsion or radiation exposure (46), and 

prolonged treatment with cytotoxic or chemotherapeutic drugs (47). Several 

cases have been described where viral infection also resulted in loss of ovarian 

function. Studies by Van et al. showed that in some patie~ts with POF, a high 

level of autoantibodies directed at ovarian specific components 'were found in the 

blood (48)~ Several autoimmune disorders have been associated with POF 

including hypothyroidism, diabetes mellitus, and Addison's disease (45, 49). In 

addition, females with polyglandular autoimmune endocrinopathy type 1 and 2 

develop POF in addition to thyroid failure, diabetes, and hypoparathydoidism 

(50). 

Approximately 30o/o of diagnosed POF patients have affected family 

members indicating that a genetic component may account for a significant 
' ' 

number of unexplained POF cases (51). Several ge·netic causes hav.e been 

postulated which can be divided. into two groups; those consisting of abnormal 

11 



sex chromosome karyotypes, an·d those with normal sex chromosome; 
I 

composition and an apparent defect in one or more autosomal genes. :A -wide 
. ' ~ ' 

spectrum of g~netic variations of sex chromos.ome abnormalities resulting in 

ovarian failure have been identified including mosaic genotypes of 45,XJ46,XX or 

45X/46,XY to non mosaic karyotypes of 45,X (Turner's Syndrome) or 46X,i (Xq) 

and less commonly, Xp and Xq deletions, and X-autosome translocations(52). 

Several genes and loci have beeri id~ntified on the X chromosome that are linked 

to familial POF including FMR1 (53), POF1 (54), DIAPH2 (55), and XPNPEP2 

(56). The FMR1 gene is particularly interesting because in order to cause the 

POF phenotype, a triplet repeat expansion must take place in its 5' promoter 

region. The normal population has an average of 30 repeats in this re9ion which, 

if it is expanded to 43-200 repeats it is designated a "premutation" ·which is seen 

in 3-4o/o of those with sporadic POF and 12-15o/o of women with familial POF 

(57). Further expansion in this region in a subsequent generation results in a 

"full mutation" resulting in familial mental retardation in males (57). 

Several autosomal genes have been linked to 46,XX POF including the 

steroidogenic enzyme CYP17 (58), a galactose metabolism gene GALT (59), and 

a gene associated with autoimmune polyglandular endocrinopathy type 1 

described above called AIRE (60). In addition, inactivating mutations in the 

receptors for LH (61, 62) and FSH (63, 64) have also been found in patients 

with ovarian resistance or failure. 
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Idiopathic Hypogonadotropic Hypogonadism 

Idiopathic Hypogonadotropic Hypogonadism (IHH) is defined as 

hypogonadism accompanied by low or undetectable gonadotropins. If is 

considered a disorder of the hypothalamic-pituitary axis where GnRH 'pulsatility 

ceases, or is unable to adequately stimulate the pituitary gonadotropes (65). The 

condition is usually diagnosed at adolescence as delayed puberty since this is 

when the first effects of GnRH are evident as it coordinates the major sexual 

development that takes place at this time (66) .. External causes of IHH include 

head trauma (67), history of cranial tumors and/or subsequent radiation therapies 

(68), or excessive dieting or exercise·(69) . 

. ·Approximately 34% of reported IHH. cases are accounted for by some 

' 
appare.nt genetic component (66). The best characterized genetic cause is 

Kallmann syndrome whereby .the GriRH neurons and the olfactory placode fail to 

migrate correctly to the hypothalamus resulting in hypogonadism anq anosmia. A 

gene on the X chromosome, designated KAL 1 , encodes the anosmin protein and 

mutations have been shown to cause Kallmann syndrome (70). Approximately 

5o/o of males with sporadic Kallmann syndrome are explained by mutations in the 

gene indicating that other unidentified genes are probably responsibl:e in the 

majority of cases (71 ). AHC is the only other X linked gene that has been 

associated with the IHH phenotype (72). The AHC (Adrenal Hypoplasia 

congentia) gene encodes the orphan nuclear receptor DAX1, where ·patients with 
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mutations 'in this protein usually present in·. infancy with severe· s~lt walsting due to 
I 

primary· adrenal failure and if recognized and treated, IHH at the time of puberty 

(73). 

Several autosomal ge·nes hav·e been implicated for 9ausing IHH. While no 

mutations have been identified in GnRH (7 4, 75), mutations have been found in 

the GnRH receptor ((76, 77). In addition to the GnRH receptor, other autosomal 

genes that have been shown to cause the IHH phenotype include leptin and the 

leptin receptor (78, 79), PROP1 (80), and the proconvertase gene.PC1 (81 ). 

While numerous genes have been identified that result in IHH, they only account 

for 1 Oo/o of reported cases (82). 
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Specific aims 

. i 
I 

~ 
I 
I 

i 

With the critical role of FSH in the production of sperm and maintenance 

of the ovarian follicle, it is ·quite probable that mutations in FSH~ could be the 

cause of several reproductive disorders where spermatogenesis and ovarian 

function are affected .. We therefore set out to analyze three patient populations 

whose phenotype was consistent with a mutation of FSH~ and develop an 

expression construct to test in vitro activity of identified FSH~ mutations'. 

1) Determine if mutations in.the FSH~ gene in males cause oligo- ~nd 

azoospermia. 

2) Determine if mutations in the coding region· of FSH~ cause premature 

ovarian failure. 

3) Determine if FSH~ gene mutations cause idiopathic hypogonadotropic 

hypogonadism (IHH). 

4) Develop an FSH~ expression construct for in vitro testing of ider)tified 

mutations in FSH ~ to charact~rize whether bioactivity is affected in the 

synthesized protein. 
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Rationale 

To date, three different mutations in FSH~ have been identifi"ed in 

humans. In all cases, there was a concomitant rise in LH and hypogonadism 

from the loss of FSH action. Males with FSH~ mutations are azoospermic and 

have pubertal development ranging from absent to complete with testosterone 

levels ranging from low to normal. The male FSH~ knockout mouse is similar in 

that it also is hypogonadal, yet has normal LH and is oligospermic, rather than 

azoospermic. Based on these findings, FSH~ mutations would likely be present 

. . 

in azoo- and oligospermic males with pubertal. development ranging from absent 

to complete. 

Previously identified female FSH~.m~tations have all resulted in primary 

amenorrhea, and follicular dev~lopment that is arrested at the primordial stage. A 

patient with a mutation in FSH~ which preserved immunoreactivity, yet was 

I 

biologically inactive could present clinically with ovarian failure, characterized by 

absence of menstruation or cessation of menses prior to age 40 acco~p.anied by 

elevated gonadotropins .. If a FSH~.mutation resulted in the translation of a 

nonfunctioning protein yet was still detectable by immunoassay, serum LH 

should be elevated as is the case in all other FSH~ mutations. FSH could also be 

elevated since the nonfunctional protein would not stimulate estradiol production, 
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I· 

! 
which in turn, would not provide negative feedback on FSH secretion. A similar 

mutation in a male with hypergonadotropic hypogonadism has already oeen 

identified in LH~, which was not functional yet could be detected by 

immunoassay (83). 

IHH is characterized by low serum LH and FSH and hypogonadism and is 

considered a disorder of the hypothalamic-pituitary axis. This phenotype is 

similar to patients who have FSH~ mutations, yet in contrast, IHH patients exhibit 

low LH levels while patients with FSH~ mutations exhibit elevated LH. It is 

conceivable that a mutation in FSH~ could result in loss of FSH function without 

the associated LH rise. In the FSH~ knockout mouse, the male has normal LH 

levels in the absence of detectable FSH indicating that the rise in LH is not 

always present in the absence of FSH (42). 

Currently, a single expression vector has been described in the _Uterature 

to test whether biological function of FSH is affected in patients identified with an 
. . 

FSH~ gene mutation (84). The synthesis· of the cons~ruct is a complex process 
• . ! - . •• . 

that involv~s several·restriction enzyme reactions and subseq_~ent ligatio~s 
. ' 

followed by multiple DNA sequencing reactions to confirm the· proper orientation 
. ' 

of resulting constructs. The entire process takes about two weeks to cpmplete 

and generates a plasmid of 20 kb that is difficult to transform due to its· large size. 
' . : . : . . ' . . .' . ~ ..J ' 

However, this expression· vector has ·been used ·successfully to study FSH~ 

mutations in vitro (39) and is useful to study mutations that may affect $plicing 

since the entire FSH~ coding region is present in the plasmid. A unique 
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approach was undertaken using a different vector system and cDNAs o:f the FSH 
I 

a and ~ subunits to more e,~iciently assay mutations in vitro as they are; 

identified. This. vector takes ~bouttw6 days to .introduce a mutation and, due to 

its size, can be transfected easily into 'bacterial cells for plasmid replication and 

into CHO cells for in vitro analysis. 
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Analysis of FSH~ mutations in azoospermic and oligospermic males 
I 

.Clark AD, Tho SPT,Layma .. n LC 

Abstract 

Follicle stimulating hormone (FSH) is a pituitary glycoprotein that plays a 

critical role in normal reproductive function ... It is essential for pubertal_ 

development, the aromatization o(testosterone to estradi~l, the maturation of the 
I 

follicle in females, and spermatogenesis in males. These functions are ·supported 

by the characterization of the FSH~ and FSHR knockout rnice and human · 

mutations. To date, two· FSH~ mutations have been identified in males with 

azoospermia, both of whom had isolated FSH deficiency. One mutatio'n was in a 

patient with azoospermia accompanied by normal pubertal development and 

small testes (Cys82Arg) while a second patient exhibited azoospermia with no 

pubertal development and small test~s (Vai61X). These findings suggest that 

FSH~ mutations might occur in men with normal pube.rty, who have decreased 

sperm concentrations (oligospermia) or no sperm (azoospermia). This laboratory 

undertook a screening of patients diagnosed with oligospermia and azoospermia 

to evaluate the prevalence of FSH~ mutations. DNA from 33 patients ~nd 20 

controls was extracted from peripheral leukocytes and the two exons from the 
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coding region of FSH~ gene were amplified by PCR. GC clamped PC~ products 
: 

were first run on agarose gels, then subjected to denaturing gradient gel 

electrophoresis for mutation detection. Initial mutation detection screen.ing has 

not identified causative mutations in the FSH~ gene in oligospermic patients, 

making it unlikely that this gene is a common cause of oligospermia in humans. · 

Introduction 

Infertility affects approximately 14% of couples (85) and is defined as the 

inability of a couple .to conceive after one year of unprotected intercourse (86). 

Common female factors include tubal disease (87), ovulation d,isorders (88), and 

endometriosis (89). Male factor disorders occur in approximately 17-S~o/o 

percent of infertile couples (90, 91 ). Identifiable causes of male factor infertility 

include anatomic obstruction, such as CBAVD (congenital bilateral absence of 

the vas deferens), hypogonadism, and chromosomal abnormalities (92). 

Previous studies have postulated that 10-15%, of men with severe oligespermia 

have deletions in spermatogenesis regions denoted AZFa, AZFb, and AZFc on 

Yq11 (93). These data indicate that a large number of sperm .abnormalities are 
. ',··· 

of unknown etiology. 

Most causes of male infertility occur in· men with normal puberty and are 

due to decreased sperm concentration and motility. Normal semen p~rameters 

set forth by. the World Health'.Organization are sperm concentration> ~0 million, 

motility > 50%, and normal morphology·> 30o/o (86). A decreased sperm number 
.I 
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of less than 20 million is classified as oligospermia and the lack of any 'detectable 

sperm is termed azoospermia. Other abnormalities include_ asthenospermia 

(sperm motility< 50'%) ·and terato~permia (decrease in the number of normal 

forms) (86). 

The phenotypes of previously identified human FSH ~ mutations and the 

FSH~ knockout mouse are slightly different and thus, make the precise role of 

FSH in spermatogenesis unclear. The male FSH~ knockout mouse exhibits a 

75o/o decrease in sperm concentration, a 40% deqrease in motility, and a 50% 

reduction in testis size, yet is c;onsidered fertile, although it is unknown if litter 

size is affected (42). The FSH receptor knockout mo.use is similar to the FSH~ 

knockout mouse in that it also exhibits a decrease in sperm count and testis size, 

but a decreased litter size has also been documented (43). The two 

azoospermic males described previously with homozygous FSH~ mut'i:ttions also 

exhibited decreased testis s.ize but differ in that one male had low serum 

testosterone and no pubertal development (40), while the other had normal 

testosterone levels, and showed normal signs of puberty (41 ). 

We are not aware of any studies documenting the presence or absence of 

FSH~ mutations in human infertile males. The purpose of the present study is to 
. . . 

determine if FSI-i~ mutations occur in men with normal puberty, who are infertile 

due to oligo- or azoospermia. 

'•.t• I 

21 



Materials And Methods 

Samples 

This study was reviewed and approved by the Human Ass·urance 

Committee at the Medical College of Georgia. Thirty-three infertile males, who 

underwent normal pubertal development, were studied. Infertility was defined as 

the inability of a couple to conceive after one year of unprotected intercourse. A 

total of 29 patients' with oligospermia and 4 patients with azoo~permia with a 

po'sitive seminal fru~tose were recruited for the study. Oligospermia was defined 

as two sperm counts < 20 x 106 i c~. ·venous blood from 33 patients and 20 

controls was collected and leukocytes s~parated and lysed in a cell lysis solution 

(1 OmM ·Tris-HCI, 320 mM sucrose, 5 mM MgCb, 1% Triton X-1 00). Samples 

were centrifuged at 3100 rpm for 15 min, supernatant was discarded and the 

nuclear pellet suspended in a nuclear lysis buffer (75 mM NaCI, 24 mM EDTA). 

The lysed nuclei were incubated at 55°C in the presence ·of 500 f.lg proteinase K 

and 0.5% SDS. Nuclear lysates were extracted twice with 1:1 buffered phenol: 

chloroform and DNA was precipitated with isopropanol and sodium acetate. DNA 

was pelleted by centrifugation and washed with 70o/o ethanol followed by 

centrifugation and removal of ethanol supernatant. The remaining ethanol was 

removed by evaporation at room temperature for 30 minutes or vacuum 

centrifugation for 5 minutes. Samples were suspended in TE buffer and 

quantified by fluoroscopy with concentrations ranging from 1 OOng- 2 f.lg/1 f.ll TE. 
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Aliquots were prepared at a concentration of 1 00 ng/ f.ll and stored at 4 oc for 
I 

PCR. 

DNA Amplification 

.FSHB exons two and three, which encode the open reading frame of the 

FSHp gene, were amplified by polymerase chain reaction (PCR) using ·a primer 

pair, .whereby one primer had a GC clamp (94 ). Primer sequences and 

. corresponding location in the FSHB gene are given in Figure 1. PCR reactions 

contained .50 ~M KCI, 1 OmM Tris-HCI (pH 9.0 at 25C), 0.1% Triton X-1 00, 0.2 

mM of each dNTP, 25 pmoles each primer, and 200 ng DNA template. Samples. 

for exon two contained 2 mM MgCI2 while exon three contained a final· 

concentration of 2.5 mM. Reactions were heat denatured for 3 minutes at 94°C, 

followed by 30 cycles of 94°C (1 min): 55°C (45 sec): 72°C (45 sec) an,d a final 

extension at 72°C for 7 min. The resulting amplicons were subjected along with 

123 base pair molecular weight marker (Promega Corp. Madison, Wl),to 1.2% 

agarose electrophoresis containing ethidium bromide and viewed under UV light 

to confirm amplification. In addition, a negative control was included that 

contained all necessary reagents but lacked DNA template to rule out DNA 

contamination. 
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Figure 1. Schematic of the FSH~ gene with primer sequences for PCR 
amplification. D = untranslated, • =translated. The gene for FSH~ spans 
three exons with only exons two and three encoding the mature protein of 111 
amino acids. GC clamps (underlined) were added to primers for F3 and F6 for 
improved mutation detection by DGGE. 
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Primer Pairs F3 F4 F5 F6 
--+ ..__ --+ ..__ ---o--1 .85kb t-1-/l.lkb/ -....----------.1--1 -

Ex on 

Amino Acid. 

Primer Sequences 

1 2 

1-3.5 

3 

36-111 

GC-F3 CGC CCG CCG CGC CCC GCG CCC GTC CCG CCG CCC CCG CCC CAG T TT CTA GTG 
GGC TTC ATT GTT TG 

F4 TGG CTA AAG GAC TCA TGG CTG 

F5 GCT AAA TAG GAA CTT CCA C 

GC-F6 CGC CCG CCG CGC CCC GCG CCC GTC CCG CCG CCC CCG CCC CTA TGT GGC CTG 
AAA TGTCC 



Analysis by Denaturing Gradient Gel Electrophoresis (DGGE) 

Polyacrylamide· gel stock s~l~ti9ns .of o'% and 1 OOo/o denaturant .yvere 

. prepared as described previously with the 100% stock solution containing 7M 

urea and 40o/o formam ide (95). A 20 em vertical denaturing gradient gel was 

poured with BOo/a denaturant on the bottom decreasing in concentration. to 20°/o 

denaturant at the top. Between 5-8 J..LI of PCR sample and a final concentration 

of 1 X lo?ding dye were loaded and electrophoresed at predetermined 

parameters. PCR products for FSHp exon two were run for 1200 Volt-hours and 

. samples for FSHp exon three were run for 1100 Volt-hours. Samples were 

stained in ethidium bromide solution for 10 minutes and destained in water for 10 

minutes. The gel was transferred to a UV transilluminator and photographed. To 

detect homozygous mutations in FSHp exons two and three that might not 

migrate differently enough to be detected, control PCR products and oligo- or 

azoospermic PCR products were combined in equal concentrations, heated to 

95°, and cooled over a 20 min. period to room temperature. This combined 

sample was subjected to DGGE and the heteroduplexes compared to control 

samples for any differences. 

DNA Sequencing 

The BigDye Terminator kit (Perkin Elmer, Foster City, CA) was used to 

sequence PCR products for FSHp exon two. Patient DNA was re~mplified with 

primers lacking the GC clamp and purified with PCR Prep spin columns (Qiagen; 
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Valencia, CA) for sequencing. A total of 20 ng purified PCR product wa!s used as 

template in combination with 41-!1 of Big Dye master mix, and 10 pmoles 'of either 

sense or antisense primer in a total reaction volume of 20 I-ll. Primers and 

unincorporated nucleotides were removed after the PCR with Centri-sep spin 

columns (Princeton Separations; Trenton NJ) and the purified sample dried in a 

vacuum centrifuge. Template Suppression Reagent (Perkin Elmer, Foster City 

CA) was added to each sample, vortexed briefly, and heated to 95°C for two 

minutes. After denaturation, the samples were immediately cooled to 4°C for two 

minutes and vortexed again to mix~ Samples were stored at 4°C until being 

loaded onto_ an ABI Prism 310 Automated Genetic analyzer .. ro rule out 

sequence differences generated in the PCR reaction, PCR of the patient DNA 

. " 

was done in triplicate and each PCR product was sequenced in sense and 

antisense direct.ions~ 

Statistics 

To test whether the distribution of FSH~ alleles differed from the control 

subjects,. chi square analysis (x2
) was utilized with p<O.OS considered significant. 

Results 

To study whether mutations in the coding region of FSH~ could ~ccount 
• I 

I : 

for some cases of oligospermia or azoospermia, 33 North American affected 

males and 20 controls were analyzed for sequence differences in the c:oding 
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region of FSH~. A previously described TAT/TAC polymorphism. with np effect on 

protein sequence (Tyr58Tyr) (39) was found in exon three (Figure 2) th)at was 

equally distributed among all patients and controls {Table 1 ). In addition, the 

primers used for exon two also detected a second allele in patients and controls 

that has not been previously identified (Figure 2,Table 1 ). 

In order to discern the exact sequences responsible for the two bands 

observed on DGGE analysis for FSH~ exon two, patients homozygous:for the 

upper band, homozygous for the ·lower band, and those who were heterozygous 

were reamplified with primers tha.t lacked the GC clamp. These products were 

sequenced and compared for nucleotide differences .. Thirty-three base pairs 

downstream of exon two, ~ TIC nucl~otide difference exists which accounts for 

the two bands (159+33 C~ T){Figure 3). Comparison of,:.these sequences to the 

deposited gene sequence for h·uman FSH~ (gi 182764) shows tWo ~as,es are 

present in the deposited sequence that" are not present in our DNA samples from 

patients and controls (Figure 4 ). Alignment of our sequencing results with the 

sequence in the human genome database (gi 1531 0696) shows an exact match 

with the exception of the TIC polymorphism (Figure 4 ). 

The frequencies of the polymorph isms in FSH~ exon two and exon three 

were analyzed to see if one allele was more prevalent in the oligospermic and 

azoospermic patients than in control individuals. Chi square analysis showed no 

statistical difference between the frequencies of FSH~ polymorphism iQ the 

patient population as compared to the control population tested. 
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Figure 2. DGGE analysis of FSHJ3 exon 2 and exon 3 showing two alleles 
are present within the population. GC clamped PCR products for FSHJ3 exon 
two and exon three from patients as well as controls were subjected to DGGE 
analysis. Two alleles were detected for exon. two, as evidenced by two bands on 
DGGE analysis, in both the patient and control populations~ Individuals were 
eithe-r homozygous for the upper allele ( Hmz upper), homozygous forth~ ·lower 
allele (Hmz lower), or were heterozygous. for both .alleles (Htz upper/lower). The 
Tyr58Tyr polymorphism, which has been described previously·(39), was :
observed in both controls and patients- and accounts for the upper and lower 
bands observed. The upper band results when a TAT allele is present and a TAC 
allele accounts· for the lower band. 



FSH~ Exon2 

FSH~ Exon 3 

---==::;r==-:~-~~i~ 

T 

Hmz Hmz Htz 
Lower Upper 
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Figure 3. Typical electropherogram from DNA sequencing of FSHP exon 
showing the C/T polymorphism 33 bp,downstream of FSHflexon 2. , 
Individuals who were either homozygous or hete-rozygous for the polymorphism 
in exon two by DGGE analysis were sequenced and each was compared for 
differences. The exon two polymorphism is shaded and represents a CIT 
nucleotide polymorphism which is 33 base pairs downstream of FSH~ exon two. 



Upper Band 
TGTTG 

Upper/Lower 
Band 

TG (C/T) TG 

Lower Band 
TGCTG 

GG AAGCAA GGG G I GA GG CT GTATl 
90 700 710 

GG MGCAA GGG G TGAAGG C G Af 
0 700 2 0 

GG AGC AGG GC GAAGGT C T GT AT. 
0 7.00 2 0 
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Figure 4. Comparison of the FSH(3 exon two polymorphism to ~en bank 
sequences. DNA sequences obtained for FSH(3 exon two were· comp·ared to the 
gene sequence for human FSH(3 (gi 182764) and the draft sequence for : 
chromosome 11 in the human genome database (gi 15310696). · 

.'·'· . 



Sequenced FSH~ exon 2 data:1 ggaagcaagggt-gct-gaaggtctgtatt 28 

111111111111 I I 1111111111111 

FSH~ Genbank sequence: 331 ggaagcaagggttgttcgaaggtctgtatt 360 

Sequenced FSH~ exon 2 data:1 ggaagcaagggtgctgaaggtctgtatt 28 
1111111111111 11111111111111 

Chromosome 11: 3130529 ggaagcaagggtgttgaaggtctgtatt 3130502 
working draft 
sequence 

30 



Table 1. Allelic frequencies of FSH~ polymorphisms in oligo- and 
azoospermic males. To ascertain if a specific FSH~ allele is associated with 
oligo- or azoospermia, DGGE analysis was performed with control subjects and 

· patients classified as homozygous for either an upper or lower band, or 
heterozygous for both bands. For both FSH~ exon two and exon three, an 
upper band results when a "T" polymorphism is present and the lower band 
results when the "C"' polymorphism is present. 



·Controls 

Exon 2 
Sequence 34 bp downstream of FSH exon 2 

(159+33 C~ T polymorphism) 

Number of patients 

Exon 3 
Sequence at bp 115 in FSH exon 3 

(Tyr58Tyr polymorphism) 

Number of patients 

Oligo- and azoospermic 
males 

Exon 2 
Sequence 33 bp downstream of FSH exon 2 

(159+33 C~T polymorphism) 

Number of patients 

Exon 3 
. Sequence at bp 115 in FSH exon 3 

(Tyr58Tyr polymorphism) · 

Number of patients 

31-

T 

5 

T 

5 

T 

12 

T 

11 

CIT c Total 

10 . 5 20 

CIT c Total 

10 5 20 

C/T c Total 

18 3 33 

CIT c Total 
I 

19 3 33 



Discussion 

It has been generallY accepted that FSH is critical for the production of 
i 

functional sperm in mice and humans. The FSH~ knockout mouse hbs 

challenged this notion since the male knockout mouse is still considered fertile 

(42). However, the homozygous male FSH~ knockout mouse does exhibit a 

50o/o reduction in testis size, a 75°/o decrease in sperm concentration,, and a 40o/o 

decrease in sperm motility. This mouse does have normal circulating, levels of 

testosterone and while it was observed that the male knockout mouse is fertile, 

its litter sizes are not given (42). Therefore, it is possible that overall fertility may 

be impaired by the lack of FSH~. 

The male FSH receptor knockout (FS~RKO) is similar t~ the male FSH~ 

knockout in that it also has decreased testis· weight, sperm concentration, and 

motility (43). It is considered fertile, although i.t is unCI~ar if fertility is r~duced 
I 

since twp groups, who independently created FSHRKO mice, have report~d 

conflicting results (43, 44 ). Dierich et al. ·reported a 35-50% decrease-:in litter 
I 
I 

sizes when heterozygqus FSHRKO mice were_ mated together but d.id not report 

whether litter size was decreased when male homozygous FSHRKO mice were·· 

mated with control female mice (43). In contrast, Abel and coworkers reported 

no change in litter sizes when homozygous or heterozygous FSHRKO mice were 

mated with control females (44). In both FSHR knockout mice, there is a three 

I 

fold increase in FSH, most likely caused by a loss of steroid feedbacK regulation 
i 

due to the lack of a normally functioning FSH receptor, as well as deqreased , 
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testosterone levels which is contrary to what is observed in the FSH~ knockout 

mouse. 

To date, two human males have been described with mutations in the 

FSH~ gene (40, 41 ). A male with a Cys82Arg mutation in FSH~ underwent 

normal puberty and had normal testosterone levels, although his testis size was 

decreased and he was azoospermic (41 ). The second male with a FSH~ 

mutation had a two base pair deletion at valine 61 (Vai61X) which re~ulted in a 

premature stop codon and truncation of the encoded' protein (40). Like the 

Cys82Arg mutation, this male also had a decrease in testis size and . 

azoospermia, but in contrast, the male with the Vai61X mutation had low 

testosterone levels and showed no signs· of pubertal development. It is 

interesting that while both of these mutations presumably abolish FSH activity, 
. ~ 

the patients exhibit different levels of pubertal development. .However, both male 

patients with FSH~ mutatrons share ~he common feature of decreased testis size 

and azoospermia ... M-ales with- FSH receptor mutatipns may have normal fertility. 
. - ' .·· . 
- . . 

or -infertility, although most mutations· do-not demonstrate ·a .. complete 'lack of 

functio·n in vitro (96). 

Due to its apparent importance in sperm production, we hypothesized that 

• -' .- '· i· 

·amon·g a patie_nt population of oligq- and az~ospermic males, some cases may 

be explained by mutations in FSH~. FSH~ consists of a total of three exons of 

which only the second and third actually encode the mature peptide. 'These two 

exons were amplified with GC clamped primers followed by DGGE analysis. The 
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addition of the GC clamp to the 5' end of one of the primers of the primer pairs 

allows detectio~ of approximately·95% or·more of sequence differences on 

DGGE ana!ysis (97); Two FSH~ pblymorphisms were detec~ed (one· 

downstream of exon two and one in exon three) that were presenfin both control 

subjects and oligo- and azoospermic men.·" Statistical analysis of the frequency 
i 

of FSH~ polym?rphisms in exons two .and thre~ failed to ~~ow an increased 
. . - ' 

prevalence of ohe (allele among the patients as compared to control values. . 

To detect homozygous mutations in FSH~ exons 2 and 3 that might be 

missed by DGGE, patient and control PCR products were combined, denatured, 

annealed, and subjected to heteroduplex analysis by DGGE. W~en these 

samples are run on a gel, heteroduplex bands are formed which migrate 

differently from control sampl~s. This method allows the detection of a 

homozygous mutation which may have a sim.ilar migration pattern to a control 
\ . ' 

sample, which thereby increases the detection of any nucleotide differences that 

. are present. We did not find any causative FSH~ mutations among the azoo- or 

oligospermic men analyzed in this study. 

In conclusion, the phenotypes of the previously described FSHI~ mutations 

in human m~les and in the FSH~ knockout mouse illustrate the importance of 

FSH in spermatogenesis and fertility in males. Both humans with FSH~ 

mutations were azoospermic, while the. FSH~ knockout mouse is oligospermic. 

We therefore screened oligospermic and azoospermic males for mutqtions in the 

coding region ·of FSH~. We found no mutations in any of the patients: tested and 
. I 
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no differences in allelic frequencies among patients versus controls .. :This 
l 

! 

suggests that FSHp mutations do not account for a significant proportion of 

diagnosed oligo- and azoospermia cases. However, only a small proportion of 

the study subjects had azoospermia, so it is possible that FSHp mutations might 
. . l. •, • 

be detected in. a larger sample of a~oosp~rmic men ... It is al$0 possible that 
I 

mutati~ns in other regions of the ~SHp gene, such as the promoter. and 

untranslated regions, could exist which could affect the transcription or 

translation of the FSHp gene. It is al~o poss~ble that other single mutations or 

multiple genes and/o~ environmental factors could cause oligo- and/or 

azoospermia. 
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Construction of a FSH expression plasmid for in vitro bioactivity analysis 

· of identified mutations in follicle stimulating hormone 

Clark AD, Layman LC 

Abstract 

FSH is a pituitary glycoprotein that serves as an important regulator of 

mammalian reproductive physiology. Its release into the peripheral circulation is 

under the regulation of pulsatile GnRH stimulation and it acts upon the granulosa 

cells in the female and the Sertoli cells within the male. The widely accepted 

roles of FSH include maintenance of spermatogenesis, stimulation of estradiol 

production, and follicle development within the ovary. Human mutations in the 

FSH receptor as well as the ligand itself have been identified in males and 

females which all result in infertility in those affected. In order to confirm that the 

mutation is indeed responsible for the loss of reproductive function, it is 

necessary to complete bioactivity assays· where the mutant FSH~ allele is 

introduced into a cell and its ability ~o .. activate the FSH receptor is as~essed as 

compared to the normal allele. The pre.viously described vector, pM2aFSH~, is 

large and a numberoof ligations are necessary to complete the mutagenesis and 

· transformation. We therefore constructed a smaller expression vector, pa.FSH~, 

that utilizes cDNAs for the a. and~ subunit of FSH. We demonstrate that 
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paFSH~ produces immunologic and bioactive FSH in stably transfected!CHO 
I 

cells. Furthermore, ~e utilized this vector.to create a FSH~ allele cont~ining a 

previously described human Cys82Arg mutation (41) and found that it resulted in 

a drastic reduction in bioactivity and immunoreactivity, confirming the importance 

of Cys82 in FSH function. 

Introduction 

Follicle stimulating hormone (FSHJ is a dimeric protein consisting of an a· 

subunit common to thyroid stimulating hormone (TSH), luteinizing hormone (LH), 

and chorionic gonadotropin (CG ), and a unique ~ subunit that confers biological 

specificity (98). Both subunits are glycosylated, and the association of the two 

subunits is required for biological activity. The cellular action of FSH is mediated 

through a heptihelical domain receptor that is coupled with a G protein, which 

upon activation increases intracellular cAMP. FSH is required for the maturation 

of the ovarian follicle past the antral stage, the aromatization of testosterone to 

estradiol and is therefore essential for normal puberty and fertility in females(8). It 

also is necessary for puberty and fertility in males by activating prenatal Sertoli 

cell m.itogenesis, a~ well as the maintaining··spermatogenesis in adulthood (8) . 
. , : ' ,_ ' . : 

' . : •• ' ..• -· i 

Several FSH~ mutations in humans as well as the creation of FSH~ 

knockout mice have helped establish its role in male reproduction. Human males 

with FSH~ mutations exhibit low immunoreactive FSH, elevatea LH level:s, 
! 

azoospermia, and low to normal ser,um testosterone concentrations ( 40, :41 ). In 
•' • • , ' I 
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the case where testosterone was low, no pubertal development was observed 

I 

and the patient was found to have a 2 bp deletion corresponding to valine 61 

which encodes a premature stop codon resulting in a truncated protein (Vai61X) 

(40). A second male has been identified that had normal testosterone and 

pubertal development who was found to have a missense r:nutation which altered 

the resulting encoded amino acid cysteine at position 82 to an arginine 

(Cys82Arg) (41 ). The male homozygous FSH~ knockout mouse differs slightly 

from the previously described. human mutations in that it exhibits normal 

testosterone and LH levels and is fertile ( 42). It does however, have a 50% 
. . . ' 

reduction in testis size,· a 75o/o decrease in sperm concentration, and a 40°/o 

· decrease in sperm motility, raising the question that while the mouse may be 

fertile, perhaps fertility is reduced as compared to the normal mouse. 

To date, two human FSH~ mutations in females have been described in 

which one patient was homozygous for a Vai61X (38), while another was a 

compouno heterozygote for Vai61X/Cys51 Gly mutations (39). In both cases, 

they had absent breast development_, infertility, elevated serum LH, 

immeasurable estradiol and bioactive FSH levels, and exhibited follicle 

development t~at is arrested in the antral or primordial stages (99). The :female 

knockout mouse shows a similar phenotype to humans in that it is also infertile, 

has undetectable FSH, elevated LH, and follicles that are arrested at the 

primordial and antral stages (42). In contrast to the human female, the female 

FSH~ knockout mouse has normal estradiol levels. 
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As new mutations in FSH~ are identified, it is· important to assess whether 

the resulting protein is biologically active. In cases where homozygous nonsense 

mutations are identified (38), it is expected that bio- and immunoreactivity are 

affected, although in vitro analysis may provide confirmatory evidence of protein 

dysfunction. In mutations where amino acids are altered, further analysis is 

needed to ascertain whether the actual bioactivity of the resulting encoded 

protein is affected. Keene ~nd coworkers have constructed an expression vector 

consis~ing of an a subunit minigene and a 3.7 kb Hindiii-BamHI fragment 

containing the three exons and two introns of the FSH~ gene, :both of which are 

constitutively expressed by the Harvey murine sarcoma virus long terminal 

repeat promoter (84 ). This vector has proven useful for the study of human 

mutations in vitro previously (39). · · 

This expression vector does, however, pose significant challenges for site 

. directed mutagenesis and stable transformation because of its large size. 

Therefore, we sought to create a smaller, easier to manipulate, expression vector 

that produces biologically active dimeric FSH. In this report, we describe an 

alternative expression vector that utilizes the eDNA for .the a and ~ subunits and 

allows the more efficient introduction of mutations as they are identified. We 
. ' 

confirm that CHO cells stably transfected with this vector (paFSH~) produce 

immunoreactive and bioactive FSH. We also used this vector to determine 

whether a previously identified Cys82Arg FSH~ mutation in an azoospermic male 
1 
I 

(41) alters the in vitro bioactivity of the encoded peptide. 
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Materials and Methods 

Generation of the pa.FSH~ plasmid 

Insertion of the alpha subunit (aS) 

Two J.lg ~f total RNA from CHO pM2a/FSH~ (giftfrom J. Larry Jameson) 

were reverse tr~nscribed and 2 J.ll used in a PCR reaction to generate the aS 

eDNA. PCR reactions contained 50 mM KCI, 1 OmM Tris-HCI (pH 9.0 at 25C), 

0.1% Triton X-1 00, 0.2 mM of each dNTP, 2.0 mM MgCI2, 2.5 pmoles each 

primer, and 200 ng DNA template. Negative controls (1 tube without RNA and 1 

-
tube without reverse transcriptase enzyme) were included in each reaction. To 

facilitate ligation into Notl and Bglll sites of the plasmid, cut sites were a.dded to 

the 5' region of the primers along with 6-9 base pairs to protect the cut site 

(Figure 1, Table 1 ) .. Cycling parameters for the PCR reaction were: denaturation 

for 3 minutes at 94°C, followed by 94°C (1 min): 55°C (45 sec): 72°C (45 sec) for 

30 cycles, and a final extension at 72°C for 7 min. The samples were 

electrophoresed on a 1.2o/o agarose gel containing ethidium bromide with 123 bp 

ladder (Promega Corp.; Madison, WI) and viewed with UV transillumination. To 

ensure a lack of DNA contamination, a negative control was also included that 

contained all necessary reagents but lacked DNA template. 

The remaining PCR produ~t was purified 'with PCR Prep spin columns 

(Qiagen; V~lencia, CA) and double digested with Notl and Bglll overnight at 

37°C: A total of 2 J.l9 pBud 4.1 .dual expression vector (Invitrogen; Carls~ad, CA) 

was subjected to the same digestion conditions and both ~ere extracted .using 
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the PCR prep kit. Each:s~mple was quantified and combined in a 17°C overnight 

ligation reaction containing 300mM Tris-HCI, 100mM MgCI2, 100mM OTT, and 

1 OmM ATP, 4 units T 4 DNA ligase, 80 ng of the Notl-a.S-Bglll PCR product, and 

1 00 ng of the vector. Two J.ll of the ligation product were transfected into 

TOP1 OF' cells (Invitrogen; Carlsbad, CA) and cultured overnight on LB agar 

plates in the presence of 30 J.lg/ml Zeocin for selection. Colonies were further 

amplified by growing overnight in LB broth in the presence of 30 J.lg/ml Zeocin. 

To select cells with insert, 13 colonies on the LB plate were labeled and half of 

the colony was picked with a pipette tip and placed directly in a 25 J.tl PCR 

reaction with primers that flanked the insert site. 

For those samples that contained insert, as evidenced by a band of 600 

bp, the remainder of the colony was grown overnight, DNA extracted using a 

Quantum prep kit (BioRad, Hercules, CA) and sequenced using the identical 

primers LISed to test for the presence of insert to confirm the absence of 

exogenous mutations. 

Insertion of the FSHJ3 subunit 

The insertion of the ~ subunit of FSH was generated similarly to the aS 

using the Hind Ill and Sail sites of the pBud plasmid (Figure 1, Table 1 ). , Human 

pituitary eDNA (Life Technology; Carlsbad, California) was used as template in a 

PCR using conditions as above and'primerS. that contain~d Hindlll and Sail cut 

sites on either ends. The resulting PCR product was purified. and· both th~ PCR 
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Table 1. Nucleotide sequences of primers used for amplification of FSH a 
and ~ subunit cDNAs, sequencing of plasmid inserts, Cys82Arg 
mutagenesis, and RT -PCR. Primers to amplify both subunits of FSH contained 
restriction sites ( double underlined) to facilitate cloning into the pBUD4.1 
expression vector with 5-6 base pairs of random sequence added to the 5' end of 
the primer to facilitate enzyme digestion. To confirm insert orientation and 
sequence, primers which flank the two multiple cloning sites of the pBUD4.1 
expression vector were designed. Generation of the Cys82Arg mutant utilized 
internal primers that spanned the targeted base pair with the base pair change 
incorporated into the primer (underlined). Primers specific for the eDNA for the a 
and ~ subunits of FSH~ were utilized to confirm expression of both subunits by 
RT-PCR. 



Sense Primer Antisense Primer 
Noti-Aipha Subunit- ACG TTG CGG CCG CTC ACT CCA GAT CTG 
Bglll TTC GGA TCC ACA GTC AAG CGT "GTC AAA 

.AAC GTG GTATG 

Alpha subunit insert . GCC TCAGAC AGT GGT .· CGA GGA GAG GGT 
sequencing primers TCAAA TAG GGATAG 

Hindiii-FSH~·Sall AAA CAC TAG AAG CTT . CTG TCA GTC GAC 
CGA CCA CAG CCA GGA GAG TTC CCT CTG 
TGAA CCA GTA GAC CA 

FSH~ insert TCG AAA TTA ATA CGA CTC TTT GTT CGG ATC CTC 
·sequencing prime.rs , ACTA 

.. 
"TAGAAGT ... 

C82R Mutagenesis CCA CCC AGC GTC ACT CCA CAG TGA CGC -
primers GTGG TGG GTG: 

FSH~ RT-PCR Primers GGC AAG TGT GAC AGC TGC CAG TAG ACC 
GACAG AGG GATCAGT 

a subunit RT -PCR TCT TTC TGG TCA CAT TGT CCT TAG TGG AGT 
Primers CGGT GGG ATA TGC TC 
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Figure 1. Schematic diagram of the pa.F.SHf3 expression plasmid. The 
pa.FSHP is dual expression vector which constitutively expresses the a. .and p 
subunits of FSH. The a. subunit is inserted using Bglll and Notl restriction sites 
present in the cloning site of the· vector and is under the control of the human 
elongation factor 1 a. (EF-1 a) promoter. The p subunit is flanked by a Hind Ill and 
Sail site and is under the control of a human cytomegalovirus promoter -(CMV). 
In addition, the paFSHP expression construct includes a Zeocin resistance 
cassette for cell selection and a pUC origin to allow transfection and replication in 
bacterial cells. 
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product and 2 ~g ~I the pBud-a subunit plasmid were cut with 5 units Hind Ill for 

5-16 hours at 37°C. Samples were extracte~ and plac(3d_in new reactions to be 

digested overnight at 37°C in the presence of Sail. Each sample was extracted 

and ligated. at 17°C for 6 hours in a reaction containing 300mM Tris-HCI, 1 OOmM 

MgCI2, 100mM OTT, and 10mM ATP, 4 units T4 DNA ligase, 60 ng of the 

purified Hindiii-FSH-Sall PCR product, and 100 ng of the vector. Two ~I were 

transfected into TOP1 OF' cells, grown overnight, and confirmed by PCR 

amplification of the primers flanking the insert site and DNA sequencing as 

described above. This plasmid contains the aS driven by an EF-1 a promoter, 

the FSH~ subunit driven by a CMV promoter, and a Zeocin resistance 'gene. for 

selection (Figure 1 ). 

DNA Sequencing 

To sequence inserts, the protocol provided by Perkin-Elmer for the ABI 

BigDye Terminator kit was followed using 20 ng of DNA for PCR products and 

700 ng for plasmid sequencing. Each product was sequenced in both directions 

in a total reaction volume of 20 ~I followed by purific·ation with Centri-Sep spin 

columns (Princeton Separations; Trenton NJ). Samples were dried for. 20 

minutes under vacuum and 12 ~I template suppression reagent (Perkin Elmer 

Corp.; Foster City, CA) was added to each sample, vortexed briefly, and heat 

denatured for two minutes at 95°C. After denaturation·, sequencing products 
I 
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were placed on ice for two min and vortexed again to mix. Samples were kept on 

ice until. being loaded on an ABI Prism. 310 Genetic analyz~r for.c;:~naly~is. 

PCR Based Mutagenesis of FSH~ 

An overlap extension site-directed mutagenesis· protocol (1 00) was used 

to generate the mutant FSH~ eDNA subunit (Figure 2). Internal primers were 

designed which span the targeted m~tation site and include the TGT (Cys) to 

CGT (Arg) mutation incorporated in the middle of each internal primer .. These 

were combined with the primers used for the amplification of wild type FSH~ 

subunit eDNA ("Hindiii-FSH~-Sall") which contain restriction sites for Hindlll and 

Sail on the sense and antisense primers, respectively {Table 1 ). 

Stable CHO cell transfection 

The paFSH~ construct was transfected into a Chinese hamster ovary (CHO) 

cell line using the Lipofectamine Plus Reagent transfection kit (Life Technologies; 

Carlsbad, CA). A total of 2 Jlg of purified plasmid DNA with either the wild type 

FSH or mutant Cys82Arg construct, was transfected into 70°/o confluent CHO 

cells in media lacking antibiotic to improve transfection efficiency. Cells were 

allowed to grow at 37°C in 5% C02 for 48 hours before being trypsanized and 

plated in 100 mm cell culture plates with fresh media. Media contained 1 Oo/o 

FCS, 292 ng/ml glutamine, 100 U/ml penicillin G, 250 ng/ml amphtoteri~in 8, 100 

U/ml streptomycin, and 500J,Jg/ml Zeocin. Cells were selected with Zeocin for 

45 



Figure 2. Overlap extension site-directed mutagenesis used for· generation 
of the FSHf3 Cys82Arg mutation. In two separate PCR "half reactions" ("PCR 
#1" & "PCR #2"), the appropriate outer sense primer is matched with the inner 
mutagenesis antisense primer in one reaction and the. outer antisense primer is 
used in combination with the remaining sense mutagenesis primer to generate 
two separate PCR. products. The products correspond to either the upstream 
portion of the product with the mutation incorporated or the downstream portion 
of the PCR product containing the mutation. Small aliquots of these two PCR 
products are then combined in a third PCR reaction ("PCR #3") with only the 
outer primers included to amplify the entire intended product with the mutation 
incorporated into the sequence. To facilitate cloning the outer primers have a 
Hind Ill site on the 5' end of the upstream primer and a Sail site on the 5' portion 
of the downstream primer 
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two weeks before being trypsanized, and diluted into 60 mm plate to isolate 

single colonies. A kill curve for Zeocin using( untransfected CHO cells showed 

that 500 J.Lg/ml Zeocin was effective in killing cells after two weeks of exposure. 

After four days of cell growth, cells from an individual colony were again 

trypsanized and harvested using a sterile pipette tip and plated in a 60 mm plate 

with Zeocin. Once a cell colony reached 90% confluence, the colony was split 
( 

into three separate 60 mm cell culture dishes and Zeocin selection was 

'discontinued. 

Immunoreactivity and Bioassays · 

After 2-4 days in media identical to above, but not containing Zeocin, the 

media from the CHO cells was removed and spun for three minutes at 2500 rpm 

to remove residual cells. Two ml of the supernatant was removed and 

transferred to a sterile tube for storage at -80°C. The remaining cells in the 

culture dish were removed and total protein, RNA, and DNA was extracted using 
' ' 

· Tri-reagent (Molecular Research Center Inc., Cincinn.ati, OH). 

Frozen media from cells transfected with wild type FSH, media from 

Cys82Arg FSH transfected CHO cells, medi.a from untransfected CHO cells, and 

fresh cell culture media was sent to Massachusetts General Hospital for FSH 
: ' . ' . . . . . ~ ' 

immunoreactivity arid bioactivity studies. FSH :immun·oreactivity was ass~yed 

using a two site sandwich assay (Abbott Laboratories, A~bott Park, IL) where 

FSH is captured by a monoclonal antibody to the ~ subunit attached to latex 
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particles. The particles are washed, and then probed for dimeric FSH hprmone 

using a polyclonal antibody to the a subunit (lower limit of detection= 1.6 miU/ml, · 

interassay coefficient of variation = 3-6°/o, intraassay coefficient of variation = 4-

7o/o ). Relative protein concentrations were ascertained by comparison of 

samples to .a protein concentration curve using the WHO 71/223 FSH protein as 

the standard. 

Free alpha subunit (FAS) was measured in the cell media by 

radioimmunoassay (RIA) using a polyclonal antibody that is specific for the 

unbound conformation of the a subunit and 1251-alpha subunit as the competitor 

for the antibody (1 01) (lower limit of detection = 1.6 miU/ml, interassay coefficient 

of variation = 4-12°/o, intraassay coefficient of variation = 3-9%). Samples were 

. run in triplicate and normalized to total protein and total RNA extracted from 

trypsanized cells. 

A homologous in vitro bioassay .for FSH developed by Christin-Maitre et 

al. (1 02) was used (lower limit of detection = 1 miU/ml, interassay coefficient of 

variation <17 %, intraassay coefficient of variation <8o/o) to assess bioactivity of 

the various samples. Between 5-50 J..LI· of cell m.edia were diluted into 1 OOJ..LI assay 

medium and placed 'in ·a 96 well culture plate seed~d with 4 X ~ 04 CHO/FSH-R 

cells. These cells were stably transfected with· both the FSH re~eptor and a 

luciferase reporter gene under the control of a cAMP responsive promoter. As a 

reference standard, identical assays are run ·using increasing known 

concentrations of 'hFSH (WHO 71 /223). Activati6ri of the FSH-R present on the 
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cell surface of the CHO cell results in an increase in intracellular cAMP, thus 

activating the cAMP responsive promoter of the luciferase gene. The cell media 

containing the FSH reacted with the CHO/FSH~R cells for 4.5 hours before being. 

lysed, resuspended in a luciferase assay buffer, and combined with ludferin 

(Sigma Chemical Co., St. Louis, MO) for light detection. The relative light units 

were assessed for 10 minutes in a luminometer and the unknown FSH samples 

were determined by comparing the light units to a calibration curve determined 

by the samples with known FSH concentrations. 

RNA expression of the WT and Cys82Arg FSH subunits 

In order to doc~ment t~e expression of the a and FSHJ3 subunits, RT-PCR · 

was performed using RNA extracted from the transfected CHO cells. Two 

micrograms of total RNA was used in duplicate reactions where one tube 

contained reverse transcriptase ( +RT) and the other lacked reverse 

transcriptase ( -RT). Three f.LI of eDNA was amplified by PCR with primers specific 

for the a and J3 subunits of FSH (Table 1 ). To rule out DNA contamination in the 

PCR reaction, an additional negative control tube was included that contained the 

same concentrations of reagents as other tubes, with deionized water added in 

place of DNA template. 
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Statistics 

To compare the bioactivity and immunoreactivity of FSH, and the RIA of 

FAS for each of the individual samples, the relative value was express~d as 

activity/~g total protein extracted .from the cell. The relative values was also 

expressed as activity/~g total RNA, but since similar results were obtained as 

activity/J.lg protein, they are not included. The relative amounts of FSH and FAS . 

were riot normally distributed· and were c~mpared u~ing a non parametric Mann 
. . 

. . . . . ~ ~ ' . . ' 

Whitney test, with p<0.05 being considered significant. For graphical expression, 

the data was graphed as the mean ofthe·raw data (without normalization) since 

the total protein extracted was not significantly differ~nt between· samples. 

Results 

In order to investigate if insertion of eDNA for the a and ~ subunits was 

sufficient for transcription of bioactive FSH, a construct was made containing two 

separate cloning sites under the activation of two separate promoters and a 

Zeocin resistance cassette for cell !:?election. The aS was under the control of an 

EF-1 a promoter while the transcription of the FSH~ subunit eDNA was regulated 

by CMV promoter. The eDNA for the aS was obtained from reverse transcription 

of RNA extracted from a CHOpM2a./FSH~ cell line that has been previously 

described, which contains the entire FSH~ coding region and a minigen~ for the 

aS (84 ). To facilitate cloning later, the aS eDNA was amplified with primers· 

containing restriction sites for Notl on the 5' end of the upstream primer and Bglll 
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on the 5' region of the downstream primer with 6-9 bp of random sequence 

added to allow Cleavage by a restriction enzyme. These cut sites were also 

present in the multiple cloning site of the p8ud4.1 dual expression vector (Figure 

1) that is under the direction of the EF-1a promoter. 

We were unable to achieve successful RT -PCR step for amplification of 

the FSH~ subunit from the CHO pM2a/FSH~cellline, so a human pituitary eDNA 

library was used as template to amplify the FSH~ eDNA. The upstream primer. 

included a Hind Ill site added to the 5' region, and the downstream primer 

included a Sail restriction site added to the 5' end of the primer, both of which 

were also present in the ·multiple cloning site regulated by the CMV promoter. 

Each of the :cDNAs was inserted separately into the pBUD4.1 expression 

vector and confir~ed with amplification using_primers targeted to the vector 

adjacent to the insert region. Those colonies with no insert yielded a product size 

of 50-100bp and those with insert present amplified a product of about 600 bp. 

Those colonies with insert were sequenced to ensure no exogenous mutations 

had been introduced during PCR amplification. We found a very large 

percentage of colonies tested (85-90o/o) contained the insert and were the proper 

sequence. 

The FSH secreted from the CHO cells stably transfected with the wild type 

paFSHp construct was detectable by immunoassay which only recognizes the 

. dimerized FSH molecule (Figure 3). Wild type FSH was also found to be capable 

of binding, and activating the FSH receptor in the bioassay (Figure 3). 

,, 
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Figure 3. Bio- and immunoassay of the Cys82Arg mutant. Biological activity 
of the Cys82Arg construct was compared to wild type FSH transfected CHO cells 
(Wild Type),CHO cells not transfected with any expression construct (Untrans), 
as well as fresh media (Media). In addition, the ability of the wild type and the 
mutant C82R to be detected by immunoassay was also determined. Values are 
expressed as the raw data of immune~ or bioactivity when compared to identical 
tests run with known concentrations of WHO 71/223 hFSH protein standard. 
Normalization of the raw data to total protein extracted gave similar results. Each 
sample bar represents the mean of 3 separate cell colonies with +/- 95o/o 
confidence intervals error bars. Values for Cys82Arg, Untrans, and media only 
gave undetectable levels so no confidence intervals could be calculated. 
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As expected, RT-PCR confirmed the expression of both the a and FSH~ subunits 

(Figure 4). 

To determine whether this expression vector would be useful in testing the 

immunoreactivity and bioactivity of human FSH~ mutations, a previously 

described (but not studied in vitro) Cys82Arg missense mutation identified by 

Lindstedt and coworkers (41 ), was created in the FSH~ subunit of the expression 

vector. This mutation was identified in a 28 year old Serbian man who sought 

medical attention for infertility in each of two marriages (clinical findings are 

summarized in Table 2). Subsequent DNA sequencing of FSH~ exon 3 showed 

a homozygous substitution of a T to C which changed the primary amino acid 

sequence from a cysteine to an arginine at amino acid 82 ( 41 ). It was 

hypothesized by the authors that such a mutation would alter the tertiary 

structure, dimerization, and glycosylation of the mature peptide although no in 

vitro analysis was performed. 

Using a PCR based mutagenesis protocol described above, this mutation 

was introduced into the FSH~ eDNA, ligated into the paFSH~ plasmid, and stably 

transfected into CHO cells for in vitro analysis. Our studies demonstrate that 

both immune- and bioactive FSH levels of Cys82Arg were not detectable in the 

media and were statistically different from CHO cells transfected with the wild 

type FSH construct (Figure 3). These data serve to confirm the hypothesis of the 

authors that the Cys82Arg mutation alters the ability of the mature peptide to 
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Figure 4. RT -PCR of wild type and Cys82Arg constructs. To confirm 
expression of both subunits in transfected CHO cells, RNA was extracted, 
DNAse treated, and reverse transcribed with MMLV reverse transcriptase. To 
confirm the absence of DNA contamination of the RNA samples, identical RT 
reactions were· done which lacked RT enzyme ( -RT). The resulting eDNA was 
amplified by PCR with primers specific for both the a and ~ subunits of FSH and 
electrophoresed on a 1.2% agarose gel. In addition, a negative control (PCR 
negative control) was included in the PCR which contained all necessary 
reagents, yet lacked .Taq Polymerase. 
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Figure 5. Radioimmunoassay for FAS of the Cys82Arg mutant. Media from 
CHO cells transfected with the Cys82Arg mutant (Cys82Arg), from wild type FSH 
transfected CHO cells (Wild Type), untransfected CHO cells (Untrans ), and fresh 
cell media (Media) were assayed for FAS. FAS was detected using a polyclonal 
antibody specific for the conformation of FA$, ·Which is slightly a.ltered in its 
unbound state. Data are expressed as the mean of the 'raw data from three 
separate cell colonies. Cell col()nies for· Cys82Arg and wild type inc.lude error 
bars with+/- 95% C. I. Untransfected cells and fresh culture media had no. 
detectable FAS so no confidence intervals could be calculated. (statistical 
analysis to compare samples was done with raw values normalized to total 
protein extracted while only the raw data are presented in this graph) 
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Table 2. Phenotype of the azoospermic male with a Cys82Arg FSH~ 
mutation described by Lindstedt and coworkers(41 ). 



Physical ~xam 

La.bvalues 
(reference values in parentheses) 

Family History 

Semen Analysis 

Genetic Analysis 

Height: 171 em 
Weight: 62 kg 
Normal Puberty.and virilization 
Norrt:lal libido and potency 
No gynecoma~tia 

· Testis size: R-6 ml, L-3 ml (15-25 ml) 

LH 12 IU/L (1.5-9.2) increase to 41 
IU/L after 1 OOIJ.g GnRH 

FSH undetectable (3-20) before and 
. \ after 1 OOIJ.g GnRH 
FAS 0.26miU/mL (<0.9) increase to 

1.4miU.mL after 1 OOIJ.g GnRH. 
Testosterone 11 nmoi/L (8-30) 
lnhibin 8 6ng/L (150-400) 

One sister had primary amenorrhea 
One sister had no apparent 
reproductive disorders and was able to 
conceive 

Azoospermia 

Homozygous Cys (TGT) 82 Arg (CGT) 
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activate the signaling cascade. As compared to the wild type construct, 

Cys82Arg showed no significant difference in the levels of FAS measured in the 

wild type transfected cells (Figure 5). RT-PCR demonstrated that both the a and 

FSH~ subunits of the wild type and ~ys82Arg constructs were expressed in vitro 

(Figure 4). 

Discussion 

Keene et al. have created an expression vector of approximately 20 kb 

(pM2~FSH~) for the study of mutant and wild type FSH (84 ). This construct 

contained a minigene for the a subunit and t~e complete FSH~ coding region 

driven by a s~parate.long terminal repeat promoter. This pM2aFSH~ vector has 

been used previously to study human FSH~ mutations in vitro (77). This 

~xpressioli vector is optimal for mutations that may alter the splicing of FSH~ 

since the coding region and splice sites are present, however there are some 

aspects of the plasmid that make its Ljse. ch~llenglng .· Its large size of 20 kb limits 

the cell types it can be efficiently transfected into, and it requires ultracompetent 

bacterial strains for large scale replication of the plasmid. The presence of the 

entire FSH~ coding region makes it difficult to. confirm the insert since it requires 

sequencing of the entire 3.4·kb of FSH insert which, requires multiple overlapping 

sequencing reactions. Furthermore, mutagenesis of the plasmid is difficult since 

it requires multiple enzyme cuts and subcloning steps to introduce a mutant into 

the expression vector(39). 
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This laboratory investigated whether a more manageable expression 

vector could be constructed where .mut'?tions ·can be efficiently introduced and 

transfected for immuho- and bioactivity analysis. A dual expression vector, 

designated "paFSH~" was constructed that utilized the cDNAs for the a and~ 

subunits of FSH under the transcriptional regulation of the EF1 a and CMV 

promoters, respectively. We demonstrate that this vector produces immuno- and 

bioactive FSH when stably transfected into CHO cells, thereby validating its 

function. 

In order to determine that this plasmid would serve as a valuable tool for 

mutation analysis, we constructed plasmids with either a·wild type FSH~ subunit 

. or a FSH~ containing a Cys82Arg mutation, previously postulated to affect FSH 

activity, and tested each for- immunoreactivity and bioactivity( 41 ). The Cys82Arg 

expression vector resulted in absent immune- and bioactive FSH in vitro. This 

male had normal testosterone leveis, but had small testes and azoospermia (41 ). 

These findings suggest that FSH is necessary for normal testicular size and 

normal spermatogenesis, as has been suggested. by the phenotypes of the FSH~ 

and FSHR knockout mice (42). It is interesting that this Cys82Arg mutation was 

associated with the phenotype of partial pubertal development and a normal 

testosterone. A· male described by Phillip et aL (40) with a Vai61X mutation had 

absent puberty, a low serum testosterone, and azoospermia. This mutation was 

also shown to result in absent immune- and bioactive FSH in vitro, suggesting 
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that these .assays cannot distinguish between milder (Cys82Atg) and more 
r, •, ,, , 

·severe (Vai61X) mutations. 

The wild type FSH produced by this plasmid was found to react with a 

FSH antibody_ that requires the dimerization of the a and ~ subunit for detection, 

and furthermore, was able to activate a FSH receptor mediated signaling 

cascade. This data suggests that insertion of only the cDNAs of the a and~ 

subunits of FSH into this dual expression system is sufficient for the translation of 

a mature, biologically functional peptide. Assays for the FAS levels in the media 

showed a large amount of aS in both the wild type and Cys82Arg transfected 

cells in similar concentrations. This agrees with the clinical findings when the 

Cys82Arg mutation was originally described where FAS was within a normal 

range (41 ). Free alpha subunits ih humans range from 85-370 pg/mL, while in 

our system the FAS concentration was about 105 times higher. This could be in 

part due to constitutive expression of the a subunit in vitro, as well as the lack of 

degradation, clearance mechanisms, and feedback regulation in our system. 

In conclusion, we have constructed a FSH expression vector that makes 

biologically active FSH when stably transfected into CHO cells. Furthermore, this 

construct is _useful to analyze the immunoreactivity and bioactivity of human 

FSH ~ mutations. The process qf introducing a mutation utilizes two separate 

PCR steps, a simultaneous restriction enzyme digestion of the plasmid and PCR 

· product, followed by a ligation step that can be completed in less than 12 hours. 

Furthermore, our immune- and bioactivity studies confirm that the previously 
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described Cys82Arg indeed causes the translation of a nonfunctional protein that 

is undetectable by immunoassay and unable to activate the FSH. receptor in vitro 

(41 ). The Cys82 residue has been shown to be important in .FSH dimer formation 

and may contribute to the cysteine knot of the FSH~ formation(1 03) as well as 

being critical for the stability of,the ~subunit (104). While we have utilized this 

expression vector solely for analysis of the ~ subunit of FSH, it should also prove 

useful for the introduction of cDNAs for the other pituitary glycoprotein subunits 

or for analysis of mutations compromising the function of the common aS. 
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Analysis of FSH~ mutations in patients with 46,XX ovarian failure 

Clark AD, Cheng L, Chorich LP, L~yman LC 

Abstract 

Premature ovarian failure (POF) is characterized by the cessation of 

menstruation prior to age 40 accompanied by elevated gonadotropins. This 

phenotype is similar to previously described females with isolated follicle 

stimulating hormone (FSH) who exhibit amenorrhea, arrested follicular 

development, and elevated serum LH levels. However, women with isolated 

FSH deficiency have low serum FSH levels, while women with POF have 

elevated FSH level~ .. Since the phenotype~· are similar, 51 POF patients and 20 

controls were studied for mutations in FSH~. Of the subjects studied, a single · 

patient showed a mutation in FSH~ which altered the sequence of the encoded 

peptide. Here we describe a 16·y.o.femal'e with primary amenorrhea, 

.underdeveloped ovaries, and elevated immunoreactive FSH and LH. 
. ' - . 

Sequencing analysis of the patient and her ~other revealed both were 

heterozygous for a FSH~ mutation in exon three that changes amino acid 43 

from an alanine to a proline. (Aia43Pro ). The Ala43Pro was not identified in DNA 

samples from 100 controls. Although this mutation is predicted to affect protein 
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folding, in vitro analysis demonstrate,d that the mutant Ala43Pro increased both 

immunoreactive and bioactive FSH, as well as elevated free a suqunit when 

compared to FSH~ wild type. If is uncertain if this missense mutation is a 

polymorphism or could potentially· represent a dominant-neg~tive FSH~ mutation. 

Introduction 

Follicle stimulating hormone (FSH) is an essential regulator of human 

reproductive function in males and females. Its release from the anterior pituitary 

is under the control of GnRH and is known to increase the aromatization of 

testosterone to estradiol, be necessary for normal spermatogenesis, and 

promote follicle production and maturation in the female (8). Functional FSH 

requires the dimerization of a FSHr1 subunit, which confers specificity, with an a , 

subunit that is common to the other glycoproteins, thyroid stimulating harmon~ 

(TSH), luteinizing hormone (LH), and chorionic gonadotropin (CG). 

Two different inactivating mutations in FSH~ have been previously 

. described in females that resulted in loss of immunoreactivity and bioactivity (38, 

39}. Females with mutations in FSH~ have absent breast development, 

. experience infertility, have elevated serum LH, immeasurable estradiol, and 

exhibit follicle development that is arrested in the antral to primordial stages (99). 

This phenotype is very similar to patients diagnosed as with 46,XX 

premature ovarian failure (POF). This syndrome, that affects 1 in 100 females, is 

characterized by cessation of menstruation prior to age 40 accompanied by 
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elevated gonadotropins (45). Several causes have been identified including 

autoimmune disorders, physical insult (irradiation, chemotherapy), and vascular 

insufficiency (1 05). In additi~n, approximately 30% of.POF patients have affected 

family members suggesting a genetic component (51.). A variety of gene 
. . . 

mutations .have been identified in .women ·with hypergonadotropic hypogonadism. 

These include the FSH.and LH receptors (61-64), the steroidogenic enzyme 

gene CYP17, the X chromosome gene FMR1, the POF1 locus on the X 

chromosome, a galactose. metabolism· gene GALT, the drosophila homologue 

DAIPH2, and the AIRE gene have all been implicated in POF (105). 

We have hypothesized that a FSHp mutation which preserved 

immunoreactivity yet affected bioactivity could be causative of the 

hypergonadotropic hypogonadism that is observed in POF. Therefore, we set out 

to screen a large, diverse .population of patients, all diagnosed with premature 

ovarian failure, for DNA sequence differences in the open reading frame of the p 

subunit of follicle stimulating hormone as compared to control subjects. 

Materials And Methods 

Samples 

All protocols anq consent ~orms were all approved by the Human Assurance 

Committee at the Medical College of Georgia. All patients had ovarian failure 

prior to age 40 with at least two measurements of FSH above 40 miU/mL and a 

46,XX karyotypes in which 50 cells were counted. Twelve females had primary 
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amenorrhea while 39 had secondary amenorrhea. Venous blood from 51 

patients and 20 controls was colle,<?ted and leukocytes separated and lysed in a 

cell lysis solution (10mM Tris-HCI, 320 mM sucrose, 5 mM MgCI2, 1°/o,Triton X-

1 00) (95). After centrifugation at 3100 rpm for 15 min, supernatant was 

discarded and the nuclear pellet suspended in a nuclear lysis buffer (75 mM 

NaCI, 24 mM EDTA). The lysed nuclei were incubated at 55°C in the presence of 

. 500 g proteinase K and 0.5°/o SDS. DNA was extracted twice with 1:1 buffered 

phenol: chloroform and DNA precipitated with isopropanol and sodium acetate. 

DNA was pelleted by centrifugation and washed with 70o/o ethanol followed by 

centrifugation and removal of ethanol supernatant. Remaining ethanol was 

removed by evaporation at room temperature for 30 minutes or vacuum. 

centrifugation for five minutes. Samples were suspended in 1 ml TE buffer and 

quantified by DNA fluorometry with concentrations ranging from 1 OOng- 2 Jlg/1 J.LI 

TE. Aliquots were prepared at a ·concentration of 100 ng/J.LI and stored at 4°C for 

PCR. 

DNA Amplification 

Two exons that encode the entire open reading frame of FSH~ were amplified 

_by Polymerase Chain reaction (PCR) using a GC clamp (5' CGC CCG CCG CGC 

CCC GCG CCC GTC CCG CCG CCC CCG CCC C) on either the forward or . ' 

reverse primer (94 ). The sequences of the primers for exon two and exon three 

are listed in Table 1. PCR reactions contained 50 mM KCI, 1 OmM Tris-HCI (pH 
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Table 1. Nucleotide sequences of PCR primers. Primers which amplify the 
entire open reading frames of FSH~ exon two and FSH~ exon three were used 
for mutation analysis. To increase the detection of mutations by DGGE, a GC 
clamp (5' CGC CCG CCG CGC CCC GCG CCC GTC CCG ·ccG CCC CCG 
CCC C) was added to the upper primer for exori' two and the lower primer of 
exon three. The Ala43Pro mutation was introduced using internal primers that 
included the G to C sequence difference (underlined). Expression of both 
subunits of FSH was confirmed by RT -PCR using primers specific for a and ~ 
subunit eDNA. 



s ense Af n 1sense b )p 
FSH exon 2 AGT TTC TAG TGG GCT TCA TTG TTT TGG CTA MG GAC TCA TG.G 319 

G CTG 
FSH exon 3 GCT AM TAG GM CTT CCA C TAT GTG GCC TGAMT GTC 312 

c 
Hindiii-FSH~- . AAA CAC TAG MG CTT CGA CCA CTG TCA GTC GAC GAG TIC 577 
Sail CAG CCA GGA TGA A CCT CTG CCA GTA GAC CA 
Ala43Pro GGA CCC ACC CAG GCC CAA AAT GGA TTT TGG GCC TGG GTG -
mutagenesis CCAGMAAC GGT CCT TAT ACA C 
primers 
FSH~ RT-PCR GGC MG TGT GAC AGC GAC AG TGC CAG TAG ACC AGG GAT 224 
Primers CAGT 
a subunit RT- TCT TTC TGG TCA CAT TGT CGG T CCT TAG TGG AGT GGG ATA 170 
PCR Primers TGCTC 
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9.0 at 25C), 0.1o/o Triton X-100, 0.2 mM of each dNTP, 25 pmoles ea?h pi"ime,r, 

and 200 ng DNA template. Samples for exon two contained 2 mM MgCI2 while 

those for exon three contained a final concentration of 2.5 mM. Reactions were 

heat den~tured for three minutes at 94°C, followed by 30 cycles of 94°C (1 min): 

55°C (45 sec): 72°C (45 sec) and a final extension at 72°C for 7 min. The 

resulting am pi icons were subjected along with 123 base pair molecular weight 

marker (Promega Corp.; Madison, WI) to 1.2o/o agarose electrophoresis 

containing ethidium bromide and viewed under UV light to confirm amplification. 

In addition, a negative control was inCluded in all PCRs that contained all 

necessary reagents but lacked DNA template to rule out DNA contamination. 

DGGE gel analysis 

A 20 em vertical denaturing gradient gel ranging from 80o/o to 20o/o was 

poured using polyacrylamide gel stock solutions of 0% and 100% denaturant as 

described previously with the 1 OOo/o stock solution containing 7M urea and 40°/o 

formamide (39). Between 5-8 J..LI of PCR sample was combined with 6X loading 

dye to a final concentration of 1 X and was loaded and electrophoresed on the 

DGGE gel. PCR products for FSH~ exon two were run for 1200 Volt-hours and 

FSH~ exon three samples were run for 1100 Volt-hours. Samples were stained 

in ethidium bromide solution for 10 minutes and destained in water for 10 

minutes before being visualized by UV transillumination. In the event of a variant 

fragment, the DGGE gel was repeated to confirm the difference. After 
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confirmation, the genomic DNA·was reamplified by PCR with primers ·lacking the 

GC clamp, ethanol precipitated, and sequenced in triplicate. 

DNA Sequencing 

Sequencing reactions were done following the protocol provided by 

Perkin-Elmer for the ABI BigDye Terminator kit. Briefly, duplicate reactions of 20 

ng template. for PCR products or 700n~ of plasmid DNA template using either a 

forward or reverse primer were amplified in a total reaction volume of 20 J.LI. After 

the sequencing amplification, unincorporated nucleotides and primers were 

removed by Centri-Sep spin column chromatography (Princeton Separations; 

Trenton NJ) and dried in a vacuum centrifuge. Template suppression reagent 

was added to each sample, vortexed briefly, followed by denaturation at 95°C for 

two minutes. Samples were immediately placed on ice for two minutes and 

vortexed again to mix. Sequencing reactions were analyzed using the ABI Prism 

310 Genetic analyzer. 

PCR Based Mutagenesis of FSH~ 

Previously, the construction of a dual expression vector (paFSH~) has 

been described by this laboratory that contains the eDNA for the a and ~ 

subunits of FSH each driven by a separate promoter and also containing a 

Zeocin resistance gene for cell selection (1 06). To create the Ala43Pro mutant, 

an overlap extension site-directed mutagenesis protocol was utilized (100). This 
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procedure involves three PCRs where the first step utilizes outside primers in 

conjunction with inside primers that span the mutation and incl.ude the base pair 

change of wild type (alanine) GCC to (proline) CCC. Two PCR products are 

· formed where one product contains the upstream region and the A43P mutation 

while the other product contains downstream portion of the gene and the A43P 

mutation. These two products are then combined in equimolar amounts in a third 

PCR using only the outer primers with unique restriction sites to generate a full 

length PCR product containing the mutation. The upstream primer for FSH~ 

included a Hi~dlll cut site on the 5' region and the downstream primer contained 

a Sail restriction site on the 5' region to facilitate cloning into the p<:x.FSH~ 

expression construct. The outside primers for FSH~ eDNA with cut sites and the 

mutagenesis primers are given in Table 1. 

Stable CHO cell transfection 

In order to produce cells that synthesize and secrete wild type FSH or mutant 

Ala43Pro FSH, two ~g purified plasmid DNA was transfected into Chinese 

hamster ovary (CHO) cells using the Lipofectamine Plus Reagent transfection kit 

(Life Technologies; Carlsbad~ California). Cells were transformed at 70°/o 

confluence in 60mm dishes without antibiotic according to -the protocol. Forty-
-.. . . ' 

eight hpurs. after transformation, cells were trypsanized and. plated in 100 mm 

plates with fresh media containing 1 0°/o FCS, 292 ng/ml glutamine; 100 U/ml 

penicillin G, 250 ng/ml amphtoteridn B, 100 U/ml streptomycin, and 500 ~g/ml 
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Zeocin. Cells were allowed to grow in the presence of Zeocin for two weeks 

before a dilution of trypsanized cells was plated in a 60 mm plate for four days to 

isolate colonies. Cells from an individual colony were harvested using a sterile 

pipette tip and plated in a 60 mm plate with Zeocin. 

Immunoreactivity and Bioassays 

Stably transfected CHO cells were grown for 2-4 days until 95% confluent 

in 60 mm plates with media identicaL to above, with the exception of the absence 

of Zeocin. Media pi petted from the cells was placed in a _centrifuge tube an,d 

spun for three minutes at 2000; rpm to pellet any- residual cells·. -Two mLs of 

media were aliquotted into a cryovial ahd stored at -80°C for later assay. The 

cells were trypsanized and pipetted iF:lto a separate tube for DNA, RNA and 

protein Trizol extraction (Life technologies; Carl~bad, California). 

Frozen media from cells transfected -with wild type FSH, media from 

Ala43Pro FSH transfected CHO cells, media from untransfected CHO cells, and 

fresh culture media only were sent to Massachusetts General Hospital for FSH 

immunoreactivity and bioactivity studies. For analysis of immunoreactivity, 100 !JI 

of media samples were assayed using a two site sandwich assay -(lower limit of 

detection= 1.6 miU/ml) for FSH~ and free a subunit (FAS). The intra- and 

interassay coefficient of variation for the immunoreactivity is 2.7-7.3o/o and 2.8-

13.40/o respectively. Samples were run in triplicate and normalized to total 

protein extracted from trypsanized cells. 
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For analysis of bioactivity, the homologous in vitro bioassay for FSH 

developed by Christin-Maitre et al(1 02) was used (lower limit of detection = 1 

miU/ml). Briefly, 5-50 J.ll cell media or FSH standard (WHO 71/223) in increasing 

concentrations, is diluted in.to 1 OOJ.ll assay medium and placed in a 96 well 

culture plate seeded with 4 x 1 04 CHO cells cotransfected .with the FSH receptor 

·' 

and a luciferase gene under control of a cAMP responsive promoter (CHO/FSH-

R). As the FSH from the cell media activates the FSH-R, it causes a concomitant 

rise in intracellular cAMP, thus activating the transcription of the luciferase gene. 

The FSH is allowed to react with the CHO/FSH-R-cells for 4.5 hours before 

being lysed and resuspended in a luciferase assay buffer, combined with luciferin 

(Sigma Chemical Co.; St. Louis, MO) and analyzed in a luminometer for relative 

luciferase activity. 

Statistics 

Chi square (x.2) analysis was used to determine whether the frequency of 

FSH~ alleles for exon two and exon three differed from the control population 

(p<0.05). To compare the FSH bioactivity, FSH immunoreactivity, and the free a 

subunit (FAS) of the individual samples, the relative value was expressed as 

activity/ J.lg total protein extracted from the cell. Since data were not normally 

distributed, the activities of the Ala43Pro mutant and the wild type were 

compared by the Wilcoxon rank sum test for non parametric data with a p value of 

less that 0.05 considered significant. For graphical expression of the data, the 
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bio- or immunoreactivity was averaged and expressed as the mean of three 

values. Since the amounts of protein extracted did not differ significantly 

between samples, the actual activities (without normalizing to amount of total 

protein extracted) was used in constructing the graph. 

Results 

A patient population consisting of 51 North American females diagnosed 

with POF were analyzed for mutations in the coding region of FSH~. A 

previously described TAT/TAC polymorphism with no effect on protein sequence 

{Tyr58Tyr) was found in exon three that was equally distributed among ail 

patients and controls (Table 2). In addition, the primers used for exon two also 

detected a second allele for FSHp that corresponds to a sequence difference 33 

bp downstream of exon two that changes a C to T 159 bp after the start codon 

(159+33 C~ T)(Table 2). This polymorphism has been described previously 

(1 07) and showed a similar distribution between all patients and controls. 

A single patient (Table 3) was identified with homozygosity for the wild ·type 

T AC allele and heterozygosity for a second allele that she shared with her 

mother that differed from all other patients and controls tested (Figure 1 ). To 

discern the precise nucleotide difference present in the proband and the mother, 

DNA sequencing for FSH~ exon t\Jvo and exon three was completed on the 

proband (Figure 2) as well as both parents (data not shown). The newly 

identified DNA sequence difference was determined by DNA sequencing to be a, 
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Table 2. Alellic frequencies of FSHJ3 exon two and three in controls and 
patients with 46,XX ovarian failure. ro determine if ov~rian failure was 
associated with the presence of a certain FSHJ3 allele, DNA from patients and 
control subjects was amplified and subjected to DGGE analysis. Two bands are 
observed for both FSHJ3 exon two and exon three, where an upper band results 
when a "T" polymorphism is present and a lower band results when the "C"' 
polymorphism is present. 



Controls 

Exon 2 
Sequence 33 bp downstream of FSH.exon 2 

T CIT c Total (159+33 C~ T polymorphism 

Number of patients 5 10 5 20 

Exon 3 
Sequence at bp 115 in FSH exon 3 

T CIT c Total . (T_yr58Tyr __Qolymorphism) 

Number of patients 5 10 5 20 

46, XX ovarian failure 

Exon 2 
Sequence 33 bp downstream of FSH exon 2 

T CIT c Total 
(159+33 C~T polymorphism 

Number of patients 17 23 11 51 

Exon 3 
Sequence at bp 115 in FSH exon 3 

T CIT c Total 
(T_yr58Tyr ~olymorJlhism) 

Number of patients 12 26 13 51 
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· Table 3. Clinical findings from a patient with 46, XX ovarian failure patient 
with an Ala43Pro sequence difference. 



Exam 
History 
Age 
Weight 
Height 
Physical 
exam 

Lab values 

Primary ar:nenorrh_ea 
16 
61.8 kg 
170cm 
-Absent breast development 
-Sparse pubic and axillary 

hair 
Ovaries by ultrasound 

LH 
FSH 
TSH 
FAS 
Cortisol 
Prolactin 
Chromosomal analysis 
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R-1.2x1.4 em; L- 1.1x1.7 em. 
(2.5-5x2 em) 

26 miU/ml (2-15 miU/ml) 
76 miU/ml (3-20 miU/ml) 
1.81 miU/ml (0.4 to 6 miU/ml) 
0.9 ng/ml (0.04-0.38 ng/ml) 
22.9 mcg/dl (4-24 mcg/dl) 
14.9 ng/ml (2.7-26 ng/ml) 
46,XX (50 cells counted) 



Figure 1. DGGE analysis of FSH~ exon three alleles in the population and 
in the proband with 46,XX ovarian failure. Lanes a-c represent alleles equally 
distributed among the population as being either heterozygotes (Htz) or 
homozygotes (Hmz) for the Tyr58Tyr polymorphism. The upper band results 
when a TAT alleles is present and a TAC allele accounts for the lower band. 
Lane d represents the proband with a normal lower allele inherited from the 
father (lane c) and an abnormal lower allele inherited from the mother (lane e). 
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Figure 2. DNA sequencing of proband. The resulting amino acid sequence of 
the encoded protein is given above with the Ala43Pro mutation denoted by a * 
above the peak. 
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missense mutation, in which a CCC (Ala) w~s changed to a GCC (Pro) at 

position 43 (Aia43Pro ). The proband was heterozygous for the Ala43Pro 

mutation and homozygous for the Tyr58Tyr polymorphism. Her father was 

homozygous for the Tyr58Tyr polymorphism, but did not carry the Ala43Pro 

mutation, while her mother was heterozygous for the Tyr58Tyr polymorphism and 

heterozygous for the Ala43Pro mutation. Analysis of 100 additional control 

samples demonstrated that no other sample had the Ala43Pro mutation. 

The proband was initially evaluated for primary amenorrhea at age 18 and 

found to have Tanner stage I breast development, sparse pubic and axillary hair, 

and normal appearing vagina and uterus. Laboratory values showed elevation of 

FSH and LH, a normal 46,XX karyotype, and prolactin, TSH, and cortisol all 

within normal limits (Table 3). She was diagnosed with 46,XX ovarian failure and 

started on oral contraceptive therapy which resulted in development of secondary 

sexual characteristics and the initiation of monthly menses. The mother, who 

shares the Ala43Pro sequence difference, underwent nqrmal adrenarche and 

menarche, and had an unremarkable reproductive history, but underwent a 

hysterectomy (without oophorectomy) at age 40 for uterine bleeding. A random 

serum FSH level was elevated at 25 miU/mL at age 43. 

To test the hypothesis that Ala43Pro FSH bioactivity is low compared to 

wild type FSH, we utilized a homologous in vitro FSH bioactivity assay to assess 

the ability of this mutant FSH to activate the FSH receptor as compared to the 

wild type FSH. In order to compare samples, relative activities were normalized 
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to total protein extracted. Relative activities expressed per J.lg total RNA gave 

similar results (data not shown). The mutant FSH showed increased 

immunoreactivity and bioactivity as compared to the wild type cells (Figure 3). In 

addition, immunodetection showed elevated FAS when compared to the wild type 

FAS (Figure 4). Qualitative RT-PCR showed that both the a and p subunits 

wyre expressed in the wild type and Ala43Pro transfected cells. (Figure 5) 

Discussion 

Follicle stimulating hormone is an essential component of normal 

reproductive function yet its precise scope of a.ction is difficult to pinpoint since 

inactivating mutations in FSHp as well as the FSH receptor give varying 

phenotypes. In all FSHp mutations described to date, serum FSH levels are 

reduced and LH levels are elevated. In males, pubertal development has ranged 

from normal puberty (41) to the total absence of puberty (40). In all described 

female cases, amenorrhea and infertility results due to impairment of follicular 

development whereby follicles do not develop past the primordial or antral stages 

(38, 39). With the exception of decreased FSH immunoreactivity in these 

patients, the phenotype is very similar to POF patients who also exhibit low 

estradiol, are infertile, and have elevated serum LH and FSH levels. It is 

possible that a FSHp mutation which preserves immunoreactivity, yet is not 

bioactive, would result in 46,XX ovarian failure., A similar inactivating mutation in 

LHp has been identified in a male with hypergonadotropic hypogonadism that 
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Figure 3. Bio and immunoassay of the Ala43Pro and wild type constructs. 
Media from CHO cells transfected with the wild type FSH construct (WT), the 
Ala43Pro construct (Aia43Pro ), untransfected CHO cells (Untrans ), and fresh 
media (Media) were assayed for biological activity and immunoreactivity (n=3). 
For statistical analysis, values were normalized to total protein extracted from 
cells, although only the raw data is expressed graphically. Ninety-five percent 
confidence intervals are denoted with error bars for the Ala43Pro and WT 
constructs, but since the Untransfected and Media only samples gave 
undetectable values, no confidence intervals could be included. 

•. ·. 
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Figure 4. FAS radioimmunoassay of the Ala43Pro and wild type constructs. 
Media from wild type (WT) and Ala43Pro (Aia43Pro) transfected CHO cells was 
assayed for FAS by radioimmunoassay. Data is expressed as the mean of the 
raw data from three separate cell colonies +/- 95% C. I. 



Free Alpha Subunit 

80000 .-----~------~------~----------~--------~ 

70000 

-..J 60000 

~ .s 50000 

> -:~ 40000 -u 
tO e soooo 
0 
c:: 
:::::s E 2oooo 

.5 
10000 

0 

WT A43P 

79 



Figure 5. RT -PCR of wild type and Ala43Pro transfected CHO cells. Reverse 
transcribed RNA from transfected CHO cells was amplified by PCR with primers 
for the a and J3 subunits of FSH. Absence of DNA contamination was confirmed 
by including duplicate RT reactions which lacked RT enzyme (-RT) in the PCR, 
as well as a negative control which contained water in place of Taq Polymerase 
(negative PCR control) Samples were electrophoresed on a 1.2o/o agarose_ gel 
containing ethidium bromide and photographed under UV light. 
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preserved the immunoreactivity of LH in the proband (83). This patient exhibited 

hypogonadism, a normal response to hCG stimulus, elevations in serum FSH 

and LH Jevels, and reduced LH binding to the LH receptor. 

We sought to investigate whether mutations in the open reading frame of 

FSH~ are involved in the pathogenesis of POF. Analysis of the allelic 

frequencies of FSH~ exon two and exon three polymorphisms did 'not reveal 

differences between control and patient populations, suggesting that they play no 

major role in the etiology of.POF. Among 51 POF patients, heterozygosity for a 

newly described Ala43Pro FSH~ mutation was identified in only one study 

subject but not in 100 controls. These. findings suggest that the Ala43Pro might 

have functional significance in this POF patient, rather than being a benign 

polymorphism. The female described here initially presented with primary 

amenorrhea, absent pubertal development, elevated gonadotropin levels and 

was subsequently diagnosed with POF. Her mother, who was also heterozygous 

for the Ala43Pro mutation had evidence of hypergonadotropic hypogonadism at 

age 43 

Both alanine and proline are classified as aliphatic amino acids but proline 

differs in structure from alanine by the presence of a 5 member ring involving its 

Ca amine group. This ring of proline is commonly known to introduce a "kink" in 

the polypeptide backbone of proteins, and it is therefore conceivable that it could 

alter the 3 dimensional conformation of the FSH~ protein as compared to the wild 

type protein (1 08). The location of the mutation at amino acid 43 also suggests it 
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would alter FSH activity since a previous study suggested that a peptide 

fragment of amino acids 33-53 of FSHp was sufficient for binding to the FSH 

receptor (1 09). In addition, an increased estrogen conversion from 

. androstenedione above basal levels in vitro (1 09) was demonstrated, suggesting 

that these amino acids play a role in receptor binding. 

Analysis of the Ala43Pro mutation in vitro showed an increase in FSH 

bioactivity of the resulting protein as well as a higher immunoreactivity compared 

to controls. These data do not support the hypothesis that Ala43Pro mutation 

renders the FSH protein inactive, suggesting that it might not be a causative 

mutation in our POF patient. Several possible explanations could account for 

the association of the Ala43Pro mutation in our patient with POF. It is possible 

that heterozygosity for the Ala43Pro mutation is an incidental finding and another 

gene (or genes) is the genetic cause of this patient's primary amenorrhea and 

elevated gonadotropins. This is supported by the fact that all gonadotropin 

subunit mutations to date are autosomal recessive (38-41 ). Other support that 

heterozygosity for the Ala43Pro does not cause POF in this patient is finding that 

both immunoreactivity and bioactivity were increased--in vitro. Even though this 

was observed in vitro, increased immunoreactive and bioactive FSH might not be 

important in vivo. · 

Another potential explanation is that the Ala43Pro allele does indeed 

change the normal activity of FSH, thereby decreasing the ability of FSH to 

dimerize with the a subunit and preventing its association with the receptor. A 
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large increase in the amount of FAS was detected in the media of CHO cells 

transfected with the Ala43Pro construct. Although nuclear run off studies to 

assess dimer formation were not performed, this would suggest that this 

Ala43Pro mutation could alter the ability of the a subunit to dimerize with its ~ 

subunit since such a large quantity of FAS is detected in the media. of the 

Ala43Pro mutant as compared to the wild type. 

The regulation of gonadotropin subunits is complex and there are a variety 

of transcriptional regulatory sites in each of the promoters which were not 

present in our system. Furthermore, in vivo this free a subunit is somewhat 

buffered in that a total of three hormones (FSH, LH, TSH) are competing for 

binding and altered binding of one may be partially masked by its binding with the 

other two glycoprotein hormones. In order to completely investigate this 

hypothesis, binding kinetic studi~s need to be pursued to determine if 

dimerization is affected with the Ala43Pro form of FSH~. It should, however be 

noted that FAS levels do increase ih postmenopausal women (110) although it is 

unknown if this rise in FAS contributes to-the development of menopause or if 

this rise is only secondary to the loss of ovarian function. It is known that the rise 

in FAS noted in castrated animals can be normalized with exogenous estradiol 

treatment ( 111) indicating that it is the loss of estradiol release that causes the 

increase in FAS levels. 

It is also certainly possible that the Ala43Pro sequence difference may 

disrupt FSH function by a dominant negative mechanism. It is generally 
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understood that the activity of the pituitary glycoprotein depends upon the 

heterodimerization of a common a subunit with a unique p subunit for activity. 

However, the homodimerization of p subunits has been previously reported in the 

case of hCG (112). Such a phenomenon may explain how the Ala43Pro may 

disrupt FSH acti~ity in vivo. If the Ala43Pro preferentially dimerized with the wild 

type FSHp in vivo, neither allele would be able to bind the a subunit for biological 

activity. We are currently testing this hypothesis by cotransfecting both the wild 

type and the Ala43Pro constructs into CHO cells for in vitro analysis .. 

In conclusion, we have identified a new FSHp mutation that alters FSH 

function in vitro. Bioactive FSH and immunoreactive FSH are moderately 

elevated and FAS is dramatically elevated in our in vitro system. This 

heterozygous Ala43Pro mutation is associated with 46, XX ovarian failure in one 

patient, although a causal effect cannot be determined with certainty. This 

mutation was not detected among 51 POF patients, 20 controls, and .100 other 

patient samples (even in the heterozygous state) making it unlikely that it is a 

polymorphism. It is possible that the proband has a second mutation inherited 

from the father that has not yet been identified. Findings from the present study 

suggest that FSH p mutations are uncommon in women with hypergonadotropic 

hypogonadism, although the true prevalence is unknown. 
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Analysis of FSH~ mutations among patients with hypogoiladotropic 

hypogonadism 

Clark AD, Chorich LP, Cheng L, Layman LC 

Abstract 

Idiopathic Hypogonadotropic Hypogonadism (IHH) encompasses a 

diverse group of etiologies all resulting in the loss of gonadotropin stimulation of 

the gonads. This disorder results from the alteration of normal pulsatile GnRH 

secretion which then impairs gonadotropin secretion. Inefficient production 

and/or secretion of follicle stimulating hormone (FSH) and luteinizing hormone 

(LH) result in reduced gonadal steroid production and gametogenesis. 

Hypogonadotropic hypogonadism can be coupled with anosmia in the case of 

Kallmann syndrome or combined with other pituitary anomalies in a variety of 

structural or functional lesions. Previously identified mutations in the FSH~ gene 

have resulted in hypogonadism, low FSH, elevated LH, and pubertal 

development ranging from absent to complete. Since the phenotype of patients 

with isolated FSH deficiency is similar to IHH, we sought to study whether 

mutations in FSH~ are present in patients with IHH. No definitive FSH~ gene 

mutations were identified in a large sample of IHH patients, however we did 

detect a heterozygous Ser2011e polymorphism in two IHH patients, but no 
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controls. These findings indicate that FSH~ gene mutations are not commonly 

found in humans with hypogonadotropic hypogonadism. 

Introduction 

Pulsatile secretion of GnRH is necessary to trigger secretion of LH and 

FSH secretion from the anterior pituitary gland. The inability of the 

hypothalamus to secrete GnRH results in low serum· gonadotropins, which then 

ca.use hypogonadism manifested by absent or ·deficient puberty and infertility. 

This clinical entity is commonly referred to as idiopathic hypogonadotropic 

hypogonadism (IHH) (66). The diagnosis of IHH is usually made in adolescents 

that have failed to undergo puberty, although it has also been found in individuals 

who have gone through p~rtial or normal puberty when the hypothalamic-pituitary 

axis ceases to function properly (65). Serial gonadotropin studies on these 

individuals demonstrates a loss of LH pulsatility and low serum steroid levels in 

most patients(113); although a decreased frequency and amplitude of GriRH 

pulses with nocturnal LH pulses are present in some patients. The majority of 

cases appear to be sporadic with only 34°/o accounted for by some apparent 

genetic component (66). 

The first characterized genetic cause of IHH was Kallmann syndrome, an 

X- linked recessive inherited form of IHH and anosmia. The gene for Kallmann 

syndrome, designated KAL 1, encodes a protein (anosmin) that appears to direct 

the GnRH neurons and olfactory neurons to migrate correctly to the 
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hypothalamus in normal embryological development. However, mutations in the 

KAL 1 gene only account for less that 5o/a of sporadic cases and only 11 o/o of 

familial cases are considered X-linked (71 ). In addition to the KAL 1 gene, the 

AHC gene is the only other X linked gene known to contribute to X linked IHH 

(72). This finding indicates that the majority of IHH cases result in the mutation 

of some gene present on one or more of the autosomal chromosomes. The two 

most likely autosomal candidate genes for mutations include the GnRH receptor 

and the GnRH genes. To date, no mutations have been found in the GnRH gene 

(7 4, 75, 114) however at least 9 mutations have been characterized in the GnRH 

receptor gene( 115-117). Several other autosomal genes have been implicated 

as a cause of IHH including leptin and its receptor (78, 79), PROP1 (80), and the 

proconvertase gene PC1 (81 ). 

The possibility that a mutation in FSH~ could mimic the IHH phenotype 

has not been investigated since all described FSH ~ mutations have resulted in a 

concomitant rise in LH levels while FSH levels are undetectable (41, 118). It is 

possible that FSH~ mutations could result in low FSH, and low to normal LH. The 

purpose of the present study is to screen a large population IHH patients to 

determine the prevalence of FSH~. 
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Materials And Methods 

Samples 
All consent forms and protocols were reviewed and approved by the 

Human Assurance committee at the Medical College of Georgia. Female IHH 

patients in the study were ~ 17 years of age, had irreversible amenorrhea, and 

low serum FSH and LH. Males in the study were ~ 18 years of age, testosterone 

< 100ng/dl, and low FSH and LH. Venous blood from 76 patients and 20 

controls was collected and lymphocytes separated and lysed in cell lysis solution 

(1 OmM Tris-HCI, 320 mM sucrose, 5 mM MgCI2, 1 o/o Triton X-1 00) (95). After 

centrifugation at 3100 rpm for 15 min, supernatant was discarded and the 

nuclear pellet suspended in a nuclear lysis buffer (75 mM NaCI, 24 mM EDTA). 

Proteinase K (500 f..lg) and 0.5o/o SDS was added to the lysed nuclei and 

incubated for 1 hour at 55°C. Nuclear lysates were extracted twice with 1:1 

buffered phenol: chloroform followed by precipitation of the DNA with isopropanol 

and sodium acetate. Samples were spun to pellet the DNA and the supernatant 

discarded and the pellet washed with 70o/o _ethanol followed by centrifugation and 

removal of ethanol. Residual ethanol was removed by evaporation at room 

temperature for 30 minutes or vacuum centrifugation for five minutes. The DNA 

pellet was resuspended in TE buffer and quantified by DNA fluorometry. Based 

on the DNA concentrations the samples were diluted to a concentration of 100 

ng/f..ll and stored at 4°C for subsequent PCR analysis. 
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DNA Amplification 

Exons two and three of FSH~ were amplified by Polymerase Chain 

reaction (PCR) using a GC clamp (5' CGC CCG CCG CGC CCC GCG CCC 

GTC CCG CCG CCC CCG CCC C) on either the forward or reverse primer 

(Table 1 ). Each PCR reactions contained 50 mM KCI, 1 OmM Tris-HCI (pH 9.0 at 

25C), 0.1 o/o Triton X-1 00, 0.2 mM of each dNTP, 25 pmoles each primer, and 200 

ng DNA template. Two milimolar MgCI2 was used in the amplification of . 

FSH~exon two and 2.5 mM was used to amplify FSH~ exon three. In addition, a 

negative control was included in all PCRs that contained all necessary reagents 

but lacked DNA template to rule out DNA contamination. Cycling parameters 

were 94°C for 3 minutes, followed by 30 cycles of 94°C (1 min): 55°C (45 sec): 

72°C (45 sec) and a final extension at 72°C for 7 min. The resulting PCR 

products were electrophoresed on a 1.2% agarose gel containing ethidium 

bromide and viewed under UV light o confirm amplification. A 123 base pair 

molecular w~ight marker (Promega Corp.; Madison, WI) was run in a separate 

lane with the samples to verify the right size fragment was present. 

DGGE gel analysis 

For mutation detection, a 20 em vertical denaturing 20-80°/o gradient gel 

was poured as described previously (39) using Oo/o and 100% stock solutions 

with the 1 00°/o stock solution containing ?M urea and 40% formam ide. Between 

5-8 J.LI of PCR sample was combined with 6X loading dye to a final concentration 

89 



Table 1. Primer sequences used for PCR amplification. Primers which 
amplify the entire open reading frame of FSH~ were synthesized for mutation 
analysis. Primers GC clamps 5' CGC CCG CCG CGC CCC GCG CCC GTC 
CCG CCG CCC CCG CCC C) were added onto the upper primer for exon two 
and the lower primer for exon three to increase .the detection by DGGE. 



Sense Antisense bp 
FSH exon 2 AGT TTC TAG TGG GCT TCA TGG CTAAAG GAC 319 

TTG TTT G TCATGG CTG 

FSH exon 3 GCT AAA TAG GAA CTT CCA C TAT GTG GCC TGAAAT 312 
GTCC 
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of 1 X and was loaded and electrophoresed for 1200 Volt. hours for FSH~ exon 

two and 1100 Volt. hours for FSHp exon three. DGGE gels were stained in 

ethidium bromide solution for 10 minutes and destained for 10 minutes in 

deionized water prior viewing under UV light. If a band was detected that 

migrated differently from other samples on the gel, the DGGE gel wa~ repeated 

to confirm the difference. Those samples that showed a difference were 

reamplified by PCR with primers lacking the GC clamp, purified, and each PCR 

product was sequenced in both directions to determine the precise nucleotide 

difference. 

DNA Sequencing 

Sequencing was done a total of three times using PCR product from three 

different amplifications of the patient's DNA to rule out the possibility that the 

base pair change was an artifact of amplification. The Big Dye Terminator kit 

(Perkin Elmer; Foster City, CA) was used to sequence PCR products and 

plasmid constructs. A total of 20 ng PCR product or 700 ng plasmid DNA was 

used as template in combination with the Big Dye master mix, and either the 

forward or reverse primer in a total reaction volume of 20 J.ll. After the sequencing 

amplification, Centri-sep spin columns (Princeton Separations; Trenton NJ) were 

used to remove unincorporated nucleotides and primers and the purified sample 

dried in a vacuum centrifuge. Template Suppression Reagent (Perkin Elmer; 

Foster City CA) was added to each sample, vortexed briefly, and denatured for 
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two minutes at 95°. After denaturation, sequencing reactions were placed on ice 

for two minutes and vortexed again to mix. Sequencing reactions were analyzed 

using the ABI Prism 310 Automated Genetic analyzer. 

Statistics 

The genetic frequencies of the polymorph isms in FSH exon two and three 

were tested with chi square {x.2
) analysis to see if there was a statistical 

difference from the control population with p < 0.05 considered significant. 

Results 

To study whether mutations in the coding region of FSHp could account for 

some cases of IHH, 76 North American males and females diagnosed with ·IHH 

and 20 controls were analyzed for sequence differences in the coding region of 

FSHp. A previously described TAT/TAC polymorphism with no effect on protein 

sequence {Tyr58Tyr), ·was found in exon three that was equally distributed 

among all patients and controls (Table 2). In addition, a previously described 

exon two T to C polymorphism 33 base pairs downstream of exon two was 

identified (159+33 c~ T), and was found to be equally distributed among patients 

and controls (1 07){Table 2). 

In the course of screening for FSHJ3 mutations, two of 76 IH.H patients (one 

male and one female) were found to demonstrate heterozygosity for an exon two 

fragment that migrated differently than all controls tested on DGGE (Figure 1 ). To 
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Table 2. FSH~ allelic frequencies among control individuals and patients 
with IHH. DGGE analysis was performed on IHH patients and control individuals 
to investigate if there was a correlation between IHH and a specific FSH~ allele. 
Two bands are observed on a DGGE gel for FSH~ exon two and exon three 
which are accounted for by a C to T base pair change 33 bp downstream of 
exon two ( 1 07) and a C to T base p~ir change in exon three (39). For both 
exons, an upper band corresponds to the "T" polymorphism being present and a 
lower band results when the "C" polymorphism is present. 



Controls 

Exon 2 
Sequence 33 .bp downstream of FSH ex on 2 

T CIT c Total 
(159+33 C-)> T polymorphism) 

Number of patients 5 10 5 20 

Exon 3 
Sequence at bp 115 in FSH exon 3 

T CIT c Total 
(Tyr58Tyr polymorphism) 

Number of patients 5 10 5 20 

IHH Patients 

Exon 2 
Sequence 33 bp downstream of FS~ exon 2 

T CIT c Total 
(159+33 C-)> T polymorphism) · 

Number of patients 14 43 19 76 

Exon 3 
Sequence at bp 115 in FSH exon 3 

T CIT c Total 
(Tyr58Tyr polymorphism) 

Number of patients 18 35 23 76 
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ascertain the precise sequence difference, their DNA was reamplified with 

primers lacking the GC clamp and purified for PCR sequencing. The samples 

were sequenced and compared to sequences of four control individuals. Both 

patients were found to possess an identical nucleotide· substitution in the coding 

region of exon two (Figure 2). This substitution was a G to T 56 bases after the 

start codon that altered the translated peptide sequence at amino acid 20 from a 

serine to an isoleucine (Ser2011e) in one of the alleles. Comparison of this 

sequence to the human genome draft sequence showed that this base pair 

substitution was described in the deposited sequence as a single nucleotide 

polymorphism (SNP) (119). Both individuals were also homozygous for a single 

nucleotide substitution 33 base pairs downstream ofexon two that differed from 

the published gene sequence of TGC to TGT (Figure 1 ). This polymorphism is 

outside of the open reading frame and presumably does not affect the translated 

protein but does account for the upper band observed on DGGE analysis when 

the TGT nucleotide sequence is present. Analysis of the male's brother, who 

had testicular failure, showed that he was also heterozygous for the same 

Ser2011e allele found in the two IHH patients. All three individuals possessed 

normal alleles for FSH~ exon three as compared to the control population. 

The male IHH p~tient was initially evaluated between age 10-12 due to 

hypogonadism in his older siblings and was placed on testosterone replacement 

therapy. Re-evaluation at age 21 showed he was anosmic, with testicular 

volumes of 4 mL each (normal 15-25 mL), testosterone o~ 10 ng/dL (normal 300-
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Figure 1. DGGE analysis of FSH exon two all~les. Lanes a-c represent FSH~ 
exon two alleles which are equally distributed among the population as being 
either heterozygotes (Htz) or homozygotes (Hmz) for the 159 +33 C~ T 
polymorphism. The upper band results when a TAT allele is present and a TAG 
allele accounts for the lower band. Lane d-f are the female and male IHH 
patients described in this study (lanes .d & e) and the· brother of the male (lane f) 
who all share a normal allele and an abnormal .. allele which migrates slower than 
all other patients and controls tested. 



a b c d e f 
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Figure 2. DNA sequencing of proband. DNA from each of the three patients 
was sequenced with all three having the same sequence difference. A 
representative electropherogram is given with the sequence difference denoted 
by a * . The encoded amino acid sequence is given above the electropherogram 
with the Ser2011e in bold. 



Ser 
Cys Cys Asn lie Cys Glu Leu 

:T<r CfAATATCTGTCAGC TG 
60 70 
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1100 ng/dL), and undetectable LH and FSH. His older Qrother was not anosmic 

and initially was evaluated for hypogonadism and found to have FSH and LH 

levels at 40-60 miU/mL and 12-20 miU/mL indicating hypergonadotropic 

hypogonadism. Subsequent GnRH stimulation tests on the older brother with 

hypergonadotropic hypogonadism showed a baseline LH level of 6 miU/mL 

which increased to over 50 miU/mL after stimulation. Baseline FSH was 

elevated at 39 and rose to 81 miU/mL after GnRH administration. The males are 

two of seven brothers who, with the exception of one, all have infertility (although 

the specific details are not known) and three of the brothers are also anosmic. 

Neither of the parents reported any reproductive disorders yet the mother's 

maternal uncle was infertile, as were both of her brothers, and the son of her 

sister. DNA was not available for any other family members with the exception 

of the two brothers. DGGE analysis of the two brothers for KAL 1, GnRH, and 

GnRHR mutations showed alleles that were not different from the control 

population (data not shown). 

The female reported sought medical advice at age 24 for amenorrhea and 

anosmia. She reported an apparent normal pubertal progression with thelarche 

at 12, adrenarche at 13, and a period at age 15 and 17, and no periods since. 

Upon examination, she had Tanner stage V breast and pubic hair with LH and 

FSH concentrations were low, ranging from of 0.9.to 4 and 3.4 to 7.7 miU/mL, 

respectively. She later sought assistive reproductive services and was able to 

conceive and deliver a healthy child after treatment with FSH and LH. It is 
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unknown if other family member also exhibited forms of hypogonadism, however 

she did have a father and paternal grandfather who had anosmia. Analysis for 

KAL 1, GnRH, and GnRHR gene mutations in the female showed no abnormal 

alleles (data not shown). 

Discussion 

Hypogonadotropic Hypogonadism is responsible for 31 o/o of patients with 

pubertal delay (120) and 42o/o of women with secondary amenorrhea (121 ). 

Most patients with IHH present with pubertal delay, while stress, eating disorders, 

and functional hypothalamic amenorrhea constitute most cases of secondary 

amenorrhea. IHH is generally considered to be an irreversible form of 

hypogonadotropic hypogonadism due to hypothalamic or pituitary causes. 

Hypothalamic (KAL 1, AHC, LEP, LEPR) and pituitary (GNRHR, HESX1, PROP1) 

genes have been demonstrated to cause hypogonadotropic hypogonadism, but it 

is unknown if FSH~ mutations could result in a hypogonadal phenotype with low 

FSH and LH. Previously described mutations in FSH~ in males have been with or 

without hypogonadism and azoospermia and in females, primary amenorrhea 

and delayed puberty(122). In these patients, serum FSH was low, but serum LH 

was elevated. Since the degree of elevation of LH levels might vary with the 

severity of an FSH~ mutation (indirectly upon the degree of impairment of 

negative feedback), LH levels could vary from low or normal to elevated. In 

addition, the homozygous male FSH~ knockout mouse has normal LH levels. For 
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these reasons, it was hypothesized that FSH~ mutations could cause some 

cases of IHH. 

The coding region of FSH ~ was examined by amplification with GC 

clamped primers followed by DGGE analysis. This GC clamp allows detection of 

approximately 95o/o or more of sequence differences on DGGE analysis (97). A 

single polymorphism is present in each of the two exons that encode the protein 

· that do not affect the translated sequence; one T to C polymorphism 33 bp 

downstream of exon two and a T to C polymorphism at bp 115 in exon three with 

no effect on amino acid sequence. Neither of the polymorph isms in exon two or 

exon three are statistically different among patients and controls making it 

unlikely that either can be associated with IHH. However, two IHH patients were 

identified which were heterozygous for a FSH~ exon two Ser2011e allele not seen 

in the rest of the patient and control population. The identical mutation was 

found in the brother of one of the IHH patients who had hypergonadotropic 

hypogonadism. Currently no evidence is available that links Ser20 to receptor 

binding nor has it been shown to be critical for dimerization with the a subunit 

(44, 98). It is, however, possible that the substitution of a nonpolar from a polar 

amino acid could alter the 3 dimensional conformation of the translated protein. 

Several findings suggest that Ser2011e is actually a polymorphism, rather 

than a true mutation. The finding of the G toT substitution responsible for the 

Ser2011e listed as a SNP in the draft sequence of the human genome suggests 

that it may be present among the normal population and was just not detected in 
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the controls we tested( 119). Since no phenotypic data is known· on the 

sequences used for genome database, it is not possible to know the reproductive 

status of the people used for genome sequencing .. 

To date, all isolated FSH~ deficiencies are autosomal recessive and have 

resulted from homozygosity or compound heterozygosity for a mutation in FSH~. 

An autosomal dominant inactivating mutation in FSH~ would be unlikely to be 
\ 

transmitted since an affected person would be infertile and thus, not be able to 

pass it to their progeny. A possible exception is a person with an autosomal 

dominant allele who conceives through assisted reproduction technologies which 

includes exogenous FSH administration. The IHH female described here did 

conceive after exogenous gonadotropin treatment (including FSH administration), 

although this does not rule out the possibility of another unidentified gene defect 

involved in reproduction. 

The pedigree of the male with Ser2011e polymorphism could be consistent 

with X-I inked recessive, autosomal recessive, or sporadic inheritance. The 

presence of anosmia suggests Kallmann syndrome in this male, but mutations in 

the KAL 1 gene had not been previously identified although a study of patients 

diagnosed with Kallman syndrome showed that only 25% actually experience 

anosmia (123). It is unlikely that a mutation in FSH~ would affect development of 

the olfactory system which suggests the possibility that multiple genes are 

involved. 
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In conclusion, we have not identified definitive mutations in FSH~, which 

cause IHH, suggesting thatFSH~ mutations rarely, if ever, cause IHH. We have 

identified a heterozygous Ser2011e mutation in FSH~ exon two in a male and 

female with hypogonadotropic hypogonadism and the brother of the male who 

was diagnosed with hypergonadotropic hypogonadism. In all three patients, 

pubertal progression was not affected and both males reported were 

azoospermic and the female had secondary amenorrhea. Within 20 controls, 76 

IHH patients, and 89 patients from other studies, this sequence difference was 

only detected in the three individuals reported here. Three pieces of evidence 

suggest that this sequence difference is actually a polymorphism, rather than a 

true mutation. First, it is highly unlikely that this mutation causes IHH in a 

heterozygous state since all gonadotropin mutations described previously have 

been autosomal recessive (38-41 ). Secondly, it is improbable that the same 

mutation would result in the two opposing phenotypes of both hypo- or 

hypergonadotropic hypogonadism. Lastly, the sequence difference responsible 

for the Ser2011e has been deposited as a single nucleotide polymorphism in the 

human genome draft sequence. While this evidence does suggest that the 

Ser2011e is an incidental finding in these three individuals, we could not rule out 

the hypothesis that it may play a role in susceptibility to reproductive dysfunction 

with the possible involvement of a second, unidentified gene. Currently, we are 

testing the Ser2011e sequence difference in vitro to see if FSH activity is altered. 
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Summary 

Normal mammalian reproductive function depends upon complex 

interactions of the hypothalamus, pituitary, and gonads for sexual development 

and gametogenesis. The hypothalamus is the "organizer" of pituitary signaling, 

although it receives regulatory signals itself from galanin (124), NPY, (125) 

norepinephrine (126), and nitric oxide (127), among others. The pulsatile release 

of GnRH into the hypopheseal portal circulation triggers the release of two 

pituitary peptides, FSH and LH into the peripheral circulation which act upon the 

gonads. LH stimulates androgen production in both males and females, 

triggers ovulation, and stimulates progesterone production from the corpus 

luteum in females (62). FSH acts upon the Sertoli in males to ·activate cell 

proliferatio.n in fetal ,life and maintain spermatogenesis in the adult (30, 34 ). In 

the female, FSH acts upon the granulosa cell to aromatize androgens to 

estrogens and to stimulate follicular maturation. In addition, FSH also plays some 

role in androgen production in both men and women (39, 40, 128). 

With the critical role of FSH in normal reproductive function, it is 

conceivable that inactivating mutations in FSH~ might result in spermatogenic, 

ovulatory, and pubertal disorders in humans. The purpose of this research study 

was to screen for mutations in FSH~ among three patient populations with 
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reproductive dysfunction: oligo- and azoospermia, premature ovarian failure 

(POF), and idiopathic hypogonadotropic hypogonadism (IHH). In addition, to 

assay whether FSH~ mutations alter protein function, an expression vector was 

constructed which allows the efficient introduction of mutations for in vitro 

analysis of FSH bio- and immunoreactivity. 

To date, three mutations in humans have been identified in which 

reproductive function was hindered. Females with FSH~ mutations have primary 

amenorrhea, are infertile, and exhibit follicular development arrested at the antral 

or primordial stages. FSH and estradiol levels are low, as expected, and LH is 

elevated supporting the negative regulatory effect of estradiol on LH secretion 

(38, 39). The female FSH~ knockout mouse exhibits a similar phenotype to the 

human females with the exception of estradiol, which is normal in the FSH~ 

knockout mouse (42). 

Two males with FSH~ mutations have been described in which both were 

azoospermic, had elevated LH, and decreased FSH. Interestingly, the two males 

differed in the circulating levels of testosterone, where one male had normal 

testosterone and underwent normal puberty ( 41 ), while the other male had 

decreased testosterone and had no pubertal development (40). The male FSH~ 

knockout mouse differs from humans in that it is fertile, although testis size, 

sperm motility, and sperm concentration were all drastically reduced (42). 

With the finding that FSH~ mutations in males result in oligo- and 

azoospermia, with varying levels of pubertal development, a population of oligo-
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and azoospermic men were screened for FSH~ mutations. DNA from the 33 

males, as well as control subjects was extracted and subjected to PCR analysis 

using primers specific for exons two and three of FSH~ which contain the protein 

coding sequence of the subunit. No mutations were found in either exon among 

the patients studi~d. In the course of amplifying exon two, a single nucleotide 

polymorphism (SNP) was found downstream of exon two that was out of the 

· reading frame of FSH~ (159+33 C~ T}. In addition, a previously described FSH~ 

exon three polymorphism (Tyr58Tyr) was found which is in the reading frame of 

the protein but results in no change in amino acid sequence (39). Both of these 

polymorphisms are evident on denaturing gradient gel electrophoresis (DGGE) 

by the presence of either an ·upper or lower band when an individual is 

homozygous for the polymorphism, or both an upper and lower band in an 

individual who is heterozygous for the wild type upper and for the polymorphism 

lower. To ascertain if the presence of one allele is associated with oligo- or 

azoospermia, chi square analysis was performed, which showed no correlation 

between presence of a certain polymorphism and oligo- or azoospermia. These 

data suggest that FSH~ mutations do not contribute to a significant number of 

males with oligo- or azoospermia although the presence of FSH~ mutations is 

certainly possible in· a larger patient population. Perhaps, if a larger number of 

azoospermic men were studied, the probability for FSH~ mutations might have 

been greater. 
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In all mutations in FSH~, there has been undetectable FSH and a 

concomitant rise in LH secretion, with the exception of the male FSH~ knockout 

mouse which had normal LH levels. The finding that a mutation in LH~ could 

result in preserved immunoreactivity, with a loss of bioactivity (83) suggests that 

a similar mutation may exist for FSH~. Such a finding would result in an increase 

in LH as described with previous FSH~ mutations and increased immunoreactive 

FSH, although this would not be biologically active. This, combined with primary 

amenorrhea and infertility that has been observed in females with inactivating 

FSH~ mutations, would be classified clinically as ovarian failure, or 

hypergonadotropic hypogonadism. 

POF is defined as the cessation of menses prior to age 40 combined with 

increased serum LH and FSH concentrations. We sought to ascertain whether a 

mutation in FSH~ existed, which preserved immunoreactivity, that would result in 

the POF phenotype. Fifty-one patients with_ POF were screened for mutations in 

the protein coding region of FSH~ by PCR and subsequent DGGE analysis. 

Polymorphisms in exon two and exon three, described above, were observed in 

similar allelic frequencies in patients and controls suggesting that the presence of 

a specific allele was not associated with the POF phenotype. Among all patients 

studied, a single patient was identified who was heterozygous for a FSH~ · 

mutation and a wild type FSH~ allele in exon three. This female had primary 

amenorrhea, no pubertal development, and elevated FSH and LH. DNA 

sequencing showed a G to C base pair substitution which resulted in a amino 
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acid change of alanine to proline at position 43 (Aia43Pro ). The change of an 

alanine to a proline would be expected to alter the 3 dimensional structure of the 

protein and therefore affect the bioactivity, however in vitro analysis is necessary 

to confirm this hypothesis. 

An expression construct has been constructed previously, pM2aFSH~ 

(84 ), which has been used successfully to assay immunoreactivity and bioactivity 

of FSH in vitro (39). The presence of the entire FSH~ coding region and an a 

subunit minigene make the plasmid useful for mutations affecting splice 

junctions, yet its large size of 20 kb make it difficult to introduce mutations and 

transfect the plasmid into cells for analysis. We generated a smaller expression 

vector of 5.6 kb {paFSH~) which contains the cDNAs for the a and FSH~ 

subunits under the control of the EF-1 a and CMV promoters, respectively. 

To test if this plasmid would be effective for the analysis of FSH~ 

mutations, two constructs were synthesized containing either the wild type FSH~ 

or a Cys82Arg mutation, which was found in an azoospermic male although in 

vitro analysis was never performed (41 ). These constructs were transfected into 

CHO cells and the media assayed for FSH bioactivity and immunoreactivity. The 

wild type FSH~ construct showed both measurable immune- and bioactive FSH, 

while the Cys82Arg showed no bioactivity or immunoreactivity indicating that the 

paFSH~ construct produced functional FSH and can be used to test FSH~ 

mutations in vitro. 

106 



this sequence difference was present in two IHH patients and absent in over 100 

control subjects, implicates Ser2011e as a cause of the IHH phenotype. However, 

the finding that it is also present in two related people with hyper- and 

hypogonadotropic hypogonadism and that all patients were heterozygous for the 

. sequence difference make it unlikely that it is the sole cause of IHH in these 

patients. If is possible that one or more other genes may act in concert with the 

Ser2011e FSH~ allele to cause IHH. In conclusion, we have studied the 

prevalence of FSH~ mutations in human reproductive dysfunction, and describe 

a new expression vector to analysis its functional significance in vitro. 
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