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ABSTRACT

The pituitary glycoprotein hormones thyrotrophin (thyroid-stimulating hormone, TSH), lutrophin
(luteinising hormone, LH) and follitrophin (follicle-stimulating hormone, FSH), as well as the pla-
cental choriongonadotrophin (human chorionic gonadotrophin, hCG) are composed of a common
a-subunit and a specific f-subunit, coupled by noncovalent interactions. Formation of o/ dimers
is necessary for their biological function. Mutations and polymorphisms in the genes encoding
these hormones are relatively rare, apparently because of their vital role in the regulation of repro-
ductive and metabolic functions. However, a few genetic alterations in these genes have been iden-
tified and offer valuable, novel information about the structure-function relationships of the glyco-
protein hormones. The purpose of this review is to present the known mutations and polymor-
phisms of the TSH, LH and FSH subunit genes and describe their functional consequences as
causative factors of hypothyroidism and hypogonadism. Because genuinely inactivating TSH and
gonadotrophin mutations are extremely rare, they are unlikely to be encountered in clinical prac-
tice. However, some of the polymorphisms are relatively common and because they may change the
immunoreactivity of the hormone, they may result in aberrant laboratory findings.

Key words: Glycoprotein subunits, Gonadotrophins, Chorionic Gonadotrophin, Thyroid Stimulat-
ing Hormone, Central Hypothyroidism, Mutation.

INTRODUCTION

Four hormones belong to the family of glycopro-
tein hormones: the pituitary thyroid stimulating hor-
mone (TSH), luteinising hormone (LH) and follicle-
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stimulating hormone (FSH), and the placental chori-
onic gonadotrophin (hCG). They are all composed of
a 92- aminoacid common o-subunit, which is linked
through non-covalent interactions to the hormone
specific f-subunit varying in length from 110 to 145
amino acids (Figure 1). In addition, carbohydrate side
chains are attached to the peptide chains, two N-linked
chains in the common a-subunit, one in TSHf, one in
LH and two in FSHf (Figure 1). hCG is structurally
and functionally very close to LHf, and its main dif-
ference from the former is a 24-amino acid C-termi-
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Figure 1. The currently known mutations and amino acid changing polymorphisms in the common a-subunit, TSHf, LHf, FSHp and CGf

genes. For references and further details, see text.

nal extension. In addition to two N-linked carbohy-
drate side chains, the C-terminus of hCG is heavily
glycosylated through four O-linked carbohydrate side
chains.

The dimeric form of the glycoprotein hormones is
mandatory for their biological activity and no convinc-
ing evidence exists about any biological activity of the
monomeric subunits. The carbohydrates have a dual
function, both increasing the circulatory half-time of
the hormones and playing a role in signal transduc-
tion after the hormone has bound to its cognate re-
ceptor. Deglycosylated forms of the hormones, as has
been shown in particular with hCG', do bind with high
affinity to the receptor, but are unable to trigger the
signal transduction system.

Of the four glycoprotein hormones, the three-di-
mensional structure of hCG and FSH have been re-
solved®’. Molecular modeling, mutagenesis studies and
structure comparisons between species have unraveled
the critical structures that are necessary for proper
tertiary structure, subunit dimerisation, receptor bind-

ing activity and hormonal specificity of the hormones.
One structural feature common in the gonadotrophin
subunits is the cysteine knot structure they possess,
which is essential for disulfide bonding and loop for-
mation to establish functional motifs in the tertiary
structure®. All proteins with this basic structure are
extracellular proteins interacting with specific recep-
tors and/or other extracellular proteins. Transform-
ing growth factor-f (TGFp) and platelet-derived
growth factor (PDGF), for instance, belong to this
family of proteins. Each subunit has an elongated
shape with two f-hairpin loops on one side of the cen-
tral cysteine knot and a long loop on the other side.
The non-covalent interaction between the two subu-
nits is stabilized by a segment of the f-subunit which
extends like a ‘seat-belt’ around the a-subunit, and is
‘locked’ by a disulfide bridge. The three-dimensional
structure of FSH is presented in Figure 2.

One potential new member of the family of glyco-
protein hormones, thyrostimulin, has recently been
identified, based on genomic approaches™®. It is a het-
erodimeric composed of an alpha-like (A2) and a beta-
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like (BS) subunit, which is localized in the human pi-
tuitary and has TSH-like activity. The two novel sub-
units have conserved cysteine residues similar to those
found in the known alpha and beta subunits and have
the characteristic cysteine knot structure of proteins
related to TGFB>*.

COMMON a-SUBUNIT

The common a-subunit gene is localized on chro-
mosome 6 and consists of 4 exons, of which the first
one is non-coding. The mature protein is 92 a/a long.
Several silent polymorphisms have been described in
the common a-subunit gene but none of them appears
to affect the amino acid sequence’. Only one amino
acid alteration has so far been detected in this gene, a
Glu56Ala substitution, which was identified in the
ectopically produced hCG of a human carcinoma® (Fig-
ure 1). This was apparently a somatic mutation and
the mutated a-subunit displayed poor dimerisation
with LHb. The lack of proven germ line mutations in
the a-subunit could mean that, if such mutations ex-
ist, they must be lethal as they would lead to disrupt-
ed production of hCG, TSH, LH and FSH. On the
other hand, mice with common a-subunit knockout
are viable’; this species does not produce chorionic
gonadotrophin, indicating that some other mecha-
nisms may be responsible for the functions of CG. All
in all, it is unlikely that clearly inactivating mutations
of the common o-subunit will be detected in the fu-
ture.

hCGp SUBUNIT

Chorionic gonadotrophin and LHP chains are en-
coded by seven related genes forming a cluster on
chromosome 19 and the genes of both LHf and CGf
contain 3 exons. The mature CGp protein is 145 a/a
long. Several silent polymorphisms have been detect-
ed in the CGP genes by restriction fragment length
polymorphism analysis. Of the 6 CG genes in this
cluster, the one most highly expressed, number 5,
seems to be highly conserved”. A single amino acid
altering polymorphism, Val79Met, was detected in this
gene" (Figure 1), and when it was co-expressed with
the common a-subunit gene, it displayed poor dimer-
isation with the a-subunit. It was found at a frequen-
cy of 4.2% in healthy subjects but only in heterozygous
form, which may mean that it affects hCG function so

severely in homozygotes that they will not be viable.
Hence, it is also unlikely that common mutations of
the hCGp subunit will be found.

TSHB SUBUNIT

The TSHP subunit gene is located on chromosome
1 and contains 3 exons, of which the first one is non-
coding. The mature protein is 118 a/a long. Five mu-
tations have been described in this gene, all leading
to central hypothyroidism in their homozygous form

Figure 2. The three-dimensional structure of FSH. The a-subunit
is depicted with purple and f-subunit with green. Ball and stick mod-
els present the carbohydrate side chains and disulphide bonds. The
‘seat-belt’ of the B-subunit that extends around the a-subunit is de-
picted with an arrow. (From Fox et al [2001] with permission).
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(Figure 1). The first one described in Japanese pa-
tients concerns codon 29 and is a Gly/Arg substitu-
tion"'. This region of the protein is very important for
the association with the alpha subunit, so, although
TSHp is produced, the mature glycoprotein dimer
cannot be assembled. The other mutation described
at the same time in Greece is a nonsense mutation
and concerns the conversion of a glutamic acid in co-
don 12 to a stop codon leading to a severely truncated
beta-subunit'. No TSH immunoreactivity was detect-
ed in the serum and patients presented with severe
neonatal hypothyroidism.

Another nonsense mutation was more recently
described on three unrelated families; this concerns
codon 49 resulting in the conversion of glutamine to a
stop codon™", TSH immunoreactivity was either nor-
mal or undetectable depending on the type of immu-
noassay used and the presence in the truncated pro-
tein of the epitopes recognized by the assay mono-
clonal antibodies. The subjects presented again with
neonatal hypothyroidism and had extremely low de-
tectable immunoreactive TSH. The truncated protein
lacks the C-terminal region containing several domains
essential for proper dimerisation with the alpha sub-
unit and binding to receptor (a/a 88-105 encompass-
ing the “seat-belt” region as well as sequences 58-69
within the b-hairpin loop). It is possible that in these
patients some, partial dimerisation with the alpha sub-
unit occurred but it was not sufficient for proper acti-
vation of the TSH receptor.

A different mutation was described by Medeiros-
Neto et al'® concerning codon 105. This was a
frameshift deletion causing a substitution of a highly
conserved Cys to Val and an altered 8 a/a sequence
leading to a truncated protein of 114 a/a. This muta-
tion is believed to alter the conformation of the TSH
molecule as one of the two disulphide bridges is dis-
rupted. Patients carrying this mutation present with
hypothyroidism in early neonatal life and have detect-
able TSH immunoreactivity, especially with competi-
tive RIAs using polyclonal antibodies which recognize
not only the heterodimer but also the circulating free
TSHP mutant". This mutation has been described in
several kindreds'™". It has been speculated that this
altered TSH molecule may affect the constitutive ac-
tivity of the unliganded TSH receptor as these patients
present with severe hypothyroidism early in the neo-
natal period".

The most recently found mutation in the TSHf
gene concerns a donor splice site mutation in intron 2
which results in skipping of exon 2 of the gene. The
putative product of the resulting transcript would be
a severely truncated 25 a/a peptide with no biological
activity. The patient presented with neonatal hypothy-
roidism and had extremely low levels of immunoreac-
tive TSH in the serum®. In many cases with central
hypothyroidism some peripheral thyroid hormone lev-
els were measurable. In view of the recently discov-
ered new glycoprotein, thyrostimulin®, some activation
of the TSH receptor might be explained.

Regarding the TSHf} chain, only one common pol-
ymorphism has been described so far. This concerns
the signal peptide, is an A14T substitution, is detect-
ed with a frequency of 1.8% and appears to be neu-
tral®.

LHp SUBUNIT

The LHp gene also consists of 3 exons and the
mature protein is 121 a/a long. Several polymorphisms
with slight phenotypic effects, some of which fairly
common, but only one inactivating mutation®, have
been detected in the LHp gene (Figure 1).

The mutation was detected in a male with delayed
puberty at the age of 17 years. This patient had a family
history of male infertility and manifested low serum
testosterone levels accompanied by high levels of LH
when the latter was measured by immunoassay. How-
ever, when LH was measured by in vitro bioassay, no
LH bioactivity was detectable. Nevertheless, his tes-
tosterone production responded adequately to LH/
hCG stimulation. Testicular biopsy revealed arrested
spermatogenesis and absence of Leydig cells. Long-
term hCG treatment produced testicular enlargement,
virilisation and onset of spermatogenesis. Taken to-
gether, the findings suggested an inherited defect in
the LH structure.

Sequencing of the LHf gene of this hypogonadal
man revealed a homozygous A-to-G missense muta-
tion, bringing about a Glu54Arg mutation, and sever-
al heterozygous family members, including his moth-
er, were identified. When the mutated LHf} gene was
coexpressed with normal a-subunit in CHO cells, the
o/p dimers formed were found to be totally devoid of
biological activity because of inability to bind to the
LH receptor in a radio-receptor assay.
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This rare case brings additional information to
some aspects of the role of LH in male sexual differ-
entiation and maturation. As this man carrying the
homozygous LHf mutation was normally masculinised
at birth, it appears that pituitary LH is not absolutely
necessary for stimulating testicular testosterone pro-
duction in the fetal life. In fact, there is a body of in-
formation supporting the crucial role of hCG in the
regulation of the fetal testis®. The situation after birth
and after the elimination of hCG is different; pitui-
tary LH becomes crucial for the postnatal differentia-
tion and steroidogenic function of the Leydig cells, a
phenomenon which explains the total lack of postna-
tal sexual development of the male. It is interesting
that the male heterozygous family members, but not
the females, had fertility problems. This may indicate
a dosage effect with a higher degree of dependence
of testicular function on adequate LH secretion in the
male.

No females with inactivating LH} mutation have
yet been detected. Their phenotype would most likely
be similar to that of women with inactivating LH re-
ceptor mutation’, i.e. anovulatory infertility. The cru-
cial role of LH in male and female fertility explains
the rarity and self-limiting nature of this type of mu-
tation, which would be rapidly eliminated from the
genetic pool.

Several polymorphisms are known in the LHf3 gene
(Figure 1 and Table 1). One of them is common and
its possible phenotypic effects have been widely in-
vestigated”. The variant (V) LHb allele carries two
point mutations, each bringing about an amino acid
change: Trp8Arg (TGG -> CGG) and Ile15Thr (ATC
-> ACC). In addition, there are 8 additional point
mutations in the first 600 nucleotides of the promoter
of the V-LHb allele®, indicative of altered promoter
function on the variant allele. Studies on a recom-
binant form of V-LH? have shown that it is more po-
tent than the wild-type (WT) LH at the receptor site,
but its half-life in the circulation is shorter than that
of WT-LH. Conversely, the V-LHf} promoter is more
active than the WT sequence, possibly compensating
for the faster elimination of the variant hormone from
the circulation.

The V-LHp allele shows a wide ethnic variability
in its occurrence, with carrier frequency ranging from
0 in South India to more than 50% amongst the Abo-
riginal Australians™. The frequency in Greece is 15 %

(Alevizaki & Huhtaniemi, unpublished observation).
Most of the observations so far made on phenotypic
correlates of V-LH suggest that it represents a bio-
logically weaker form of LH. These include slight but
statistically significant alterations in parameters of
ovarian steroidogenesis, female subfertility, slow tem-
po of puberty in boys, protection of obese women from
symptomatic polycystic ovarian syndrome, obesity in
ageing men, delayed occurrence of breast cancer in
women and high frequency of cryptorchidism in boys
born from overtime pregnancies (23; Huhtaniemi et
al., unpublished observations). Although the findings
seem like a mixed group of various phenotypes, they
all are in keeping with apparently reduced bioactivity
of V-LH. The point mutations alter the immunologi-
cal epitope structure of V-LH, and therefore some
commonly used immunoassay kits for LH do not de-
tect it. It is therefore important for the clinician to be
aware of this LH polymorphism since it can explain
unexpectedly low levels of LH in some cases.

FSHB SUBUNIT

The FSHb gene, also consisting of 3 exons, the first
of which non-coding, is localised on chromosome 11.
Only four women and three men with inactivating
FSHb mutations have been detected so far (Figure 1
and Table 1). The first mutation, a homozygous 2-bp
deletion in codon 61 (Val) was detected in a woman
with primary amenorrhoea and infertility®. The mu-
tation gave rise to a totally altered sequence between
amino acids 61-87, followed by a premature stop co-
don. These changes lead to inability of the protein to
form the normal intramolecular disulfide bridges and
the normal tertiary structure, and apparently acceler-
ate its intracellular degradation, hamper its associa-
tion with a-subunit, and finally destroy its biological
activity. The affected woman had normal adrenarche
but no menarche or thelarche, due to missing onset
of follicular development and granulosa cell oestro-
gen production in the absence of FSH. Treatment with
FSH resulted in follicular maturation, ovulation and
successful pregnancy. The other two women detected
with inactivating FSHf mutation”* were phenotypi-
cally very similar to the first case and all these find-
ings agree as regards the crucial role of FSH in follic-
ular maturation and ovarian oestrogen production.
Very recently, a third woman with partial breast de-
velopment and primary amenorrhoea was described,



Table 1. Currently known mutations and polymorphisms in human glycoprotein hormone subunit genes.

Gene Location Type Nucleotide change Amino acid change Phenotypes Functional effect Reference
Commono Exon3  Missense CA®»G-CCG  Glu*—>Ala Carcinoma No association with $-subunit Nishimura et al 1986
TSHP Exon2  Missense GGA -AGA Gly*— Arg Central hypothyroidism No association with o-subunit Hayashizaki et al 1990
TSHp Exon2  Nonsense GAA—-TAA Glu? ->STOP* Central hypothyroidism Truncation of TSHp subunit Dacou-Voutetakis et al. 1990
TSHP Exon2  Frameshift — C105A, 114Stp 8a.a.non-homologous  Central hypothyroidism Truncation of TSHp subunit/ Medeiros-Neto et al 1996,
extension no binding to receptor? Doeker et al 1998,
Bieberman et al 1999,
Heirichs et al 2000.
TSHp Exon3  Nonsense CHAG—->TAG GIn¥—STOP¥ Central hypothyroidism Truncation of TSHp subunit Sertedaki et al 2000,
Bonomi et al 2001,
Vuissoz et al 2001
TSHB Intron2 Donor/splice G—A (IVS2 +5) Skipping of exon 2 Central hypothyroidism Truncated 25 a/a Pohlenz et al 2002
site mutation functionless peptide
LHp Exon3  Missense CA”'G ->CGG  GIn*— Arg Infertility, delayed puberty ~ No binding to receptor Weiss et al. 1992
LHp Exon2 2missenset T®GG — CGG Trp®—> Arg Slighty suppressed fertility ~ Increased in vitro bioactivity Pettersson et al 1994
mutations {  AT™C— ACC Ile"— Thr Association with PCOS? Short half-life Furui et al. 1994
LHB Exon3  Missense A2GT— GGT  Ser'®—>Gly Infertility Not detected Liao et al. 1998
LHB Exon3  Missense G”CA— ACA Ala*—Thr Not studied Slight decrease in signal Jiang et al. 2002
transduction activity
hCGp Exon3  Missense G¥»TG-HATG Val”Met Not studied Insufficient assembly Miller-Lindholm et al 1999
with a-subunit
FSHp Exon3  2-bpdeletion GTG—H>GX**7  Val* ->STOPY Prim. amenorrhea, Truncated protein Matthews et al 1993
infertility
FSHp Exon3  Missense TGT->GGT Cys*'—>Gly Prim. amenorrhea, Faulty tertiary structure of protein ~ Layman et al 1997
infertility
FSHB Exon3  Missense T»GT->CGT Cys¥—>Arg Azoospermia, absence Faulty tertiary structure of protein ~ Lindstedt et al 1998
of FSH
FSHpB Exon3  Silent TAT*-TAC No change (Tyr) High FSH, association Not detected Liao et al 1999
with PCOS?
FSHp Exon3  Nonsense TAC®->TAA Tyr— STOP Female: primary Truncated protein, loss of Layman et al 2002

amenorrhoea

Male: azoospermia

bioactivity

The nucleotide number was counted according to the translation start site (Fiddes and Talmadge 1984), the intronic sequences are excluded.
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and she had a Tyr76 STOP mutation in the FSHf
gene”. The findings agree well with the observations
in certain families from Finland, bearing the only so
far known mutation that totally inactivates FSH re-
ceptor function®'. Likewise, the phenotypes of FSHf
and FSH receptor knockout mice are in agreement as
concerns the effects of inactivation of FSH/FSH re-
ceptor function in the human®*,

Three men with inactivating FSH mutation have
been described”**. Each of them were azoospermic,
which is in contrast to the reduced but existing sper-
matogenesis detected in men with inactivating FSH
receptor mutation and knockout mouse models for
FSHp subunit and FSH receptor (see above). One
explanation is that in two of the three cases®* the
FSHf mutations were specifically looked for in men
with azoospermia, and it is not known whether they
also exist in men with functional spermatogenesis. The
men with inactivating FSH receptor mutation, in con-
trast, were detected because of their relationship with
women with the mutation, and therefore there was
no pre-selection according to the phenotype. It there-
fore appears that spermatogenesis is possible in the
absence of FSH action, but in this situation its func-
tional reserve is reduced leading to various degrees
of suppression of spermatogenesis.

CONCLUSIONS AND CLINICAL IMPLICATIONS

Gonadotrophin and TSHf-subunit mutations are
extremely rare and a clinician is not likely to find them.
The importance of these cases has been that they have
provided us with direct information about pathophys-
iological consequences of total lack of a specific hor-
mone, and thereby elucidated normal and pathologi-
cal function of the pituitary-thyroid and pituirary-go-
nadal axes. Interestingly, no mutations have been de-
tected in the common a-subunit, which would bring
about elimination of hCG, TSH and the gonado-
trophins, a condition possibly lethal for the fetus. Like-
wise, homozygous hCGf mutations have not been
found, a condition which would probably also be in-
compatible with successful pregnancy. As heterozy-
gotes for mutations of the glycoprotein hormone sub-
units do not display specific phenotypes, it is in gen-
eral possible that their inactivating mutations do ex-
ist. A clinician is likely not to find mutations in TSH
or gonadotrophin subunit genes even in subjects with
a suitable phenotype and family history. In these cas-

es it is possible that the causative mutation affects
some other genes crucial for the downstream events
of glycoprotein hormone action. Such conditions have
not yet been identified at the molecular level. Besides
the rare mutations, there are more common polymor-
phisms, especially in the LHf} subunit, and they have
some effects on hormonal function. For the clinician
it is important to be aware of their existence because
they may alter drastically the immunoreactivity of the
hormone and the results of hormone assays.
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