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1. ABSTRACT

Human male sexual development is regulated by
chorionic gonadotropin (CG) and luteinizing hormone
(LH).  Aberrant sexual development caused by both
activating and inactivating mutations of the human
luteinizing hormone receptor (LHR) have been described.
All known activating mutations of the LHR are missense
mutations caused by single base substitution.  The most
common activating mutation is the replacement of Asp-578
by Gly due to the substitution of A by G at nucleotide
position 1733.  All activating mutations are present in exon
11 which encodes the transmembrane domain of the
receptor.  Constitutive activity of the LHR causes LH
releasing hormone-independent precocious puberty in boys
and the autosomal dominant disorder familial male-limited
precocious puberty (FMPP).  Both germline and somatic
activating mutations of the LHR have been found in
patients with testicular tumors. Activating mutations have
no effect on females.  The molecular genetics of the
inactivating mutations of the LHR are more variable and
include single base substitution, partial gene deletion, and
insertion.  These mutations are not localized and are present
in both the extracellular and transmembrane domain of the
receptor.  Inactivation of the LHR gives rise to the
autosomal recessive disorder Leydig cell hypoplasia (LCH)
and male hypogonadism or male pseudohermaphroditism.
Severity of the clinical phenotype in LCH patients
correlates with the amount of residual activity of the
mutated receptor.  Females are less affected by inactivating

mutation of the LHR.  Symptoms caused by homozygous
inactivating mutation of the LHR include polycystic
ovaries and primary amenorrhea.

2. INTRODUCTION

Chorionic gonadotropin (CG) and luteinizing
hormone (LH) regulate human male sexual development at
different stages of embryogenesis and growth.  CG exerts
its effect during early embryogenesis and induces the
maturation of Leydig cells.  LH promotes steroidogenesis
by the Leydig cells, especially around the period of
puberty. Both CG and LH exert their effects through
interaction with the luteinizing hormone receptor (LHR)
present on the surface of Leydig cells in the testis.
Interaction of the hormones with the receptor initiates a
sequence of membrane and intracellular events. The
resulting gene activation leads to increase in testosterone
production and male sexual development.   Human female
sexual differentiation and pubertal development do not
depend on the action of LH.  In females, LH is responsible
for stimulating theca cells to produce androgen precursors
for aromatization to estradiol by granulosa cells.

The LHR gene is located on human chromosome
2p21.  It has 11 exons. The first 10 exons encode the
extracellular domain, while the last exon encodes a small
portion of the extracellular domain and the transmembrane
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Table 1. Activating Mutations of the LHR in FMPP
Nucleotide
Change

Amino Acid
Change

Location Case # Genetics Reference

C 1118 T Ala 373 Val TM I 3 Familial (2)
Sporadic (1)

21, SM Wu & WY Chan, unpublished
observations

T 1193 C Met 398 Thr TM II 8 Familial (4)
Sporadic (4)

15,19,25

T 1370 G Leu 457 Arg TM III 1 Sporadic 23
A 1624 C Ile 542 Leu TM V 9 Familial (8)

Sporadic (1)
15,25, SM Wu, EW Leschek & WY
Chan, unpublished observations

A 1691 G Asp 564 Gly 3rd cytoplasmic
loop

3 Familial (1)
Sporadic (2)

15,25, SM Wu, EW Leschek & WY
Chan, unpublished observations

C 1703 T Ala 568 Val 3rd cytoplasmic
loop

4 Familial (1)
Sporadic (3)

15,23,26

G 1713 A Met 571 Ile TM VI 2 Familial 15
C 1715 T Ala 572 Val TM VI 2 Familial (1)

Sporadic (1)
15

A 1723 C Ile 575 Leu TM VI 3 Familial (2)
Sporadic (1)

15,20,25

C 1730 T Thr 577 Ile TM VI 3 Familial 15,26
G 1732 T Asp 578 Tyr TM VI 4 Sporadic 15,22,25
A 1733 G Asp 578 Gly TM VI 54 Familial (46)

Sporadic (8)
15, SM Wu,  EW Leschek  & WY
Chan, unpublished observations

T 1734 A Asp 578 Glu TM VI 1 Familial 24
T 1741 C Cys 581 Arg TM VI 1 Familial 15

Note: Only references published after review 15 are listed.  Please see bibliography of review 15 for earlier publications.

(TM) domain which is comprised of seven transmembrane
helices (TM I to TM VII), the connecting extracellular and
cytoplasmic loops, and the C-terminal cytoplasmic domain
(1). The LHR belongs to the G protein-coupled receptor
(GPCR) superfamily (2).   LHR bears high homology at
both the nucleotide and the amino acid level to the other
two glycohormone receptors, the follicle stimulating
hormone receptor (FSHR) and the thyroid stimulating
hormone receptor (TSHR) (1,3).  Binding of the hormone
to the extracellular domain of the LHR activates the
receptor leading to increased formation of cAMP and
transcriptional activation of LH-responsive genes and
steroidogenic changes (4,5).

Since the first description of a mutation of the
LHR in boys with precocious puberty in 1993 (6), much
progress has been made.  Both activating and inactivating
mutations of the LHR have been described.  These
mutations affect sexual development, especially in the
male.  A number of reviews on the gonadotropin receptor
mutations have been published since 1996 (7-16).  This
article aims at reviewing the current status of work on the
molecular genetics of the LHR mutations and their impact
on human sexual development.  The possibility of
predisposition of FMPP patients to developing testicular
tumor is also discussed.

3. ACTIVATING MUTATIONS

Activating mutations of the LHR affect primarily
males.  Constitutive activity of the LHR leads to
stimulation of testicular Leydig cells in the fetal and
prepubertal period in the absence of the hormone resulting
in autonomous production of testosterone and pubertal
development at a very young age.  This autosomal
dominant condition is termed familial male-limited

precocious puberty (FMPP) (17) or testotoxicosis (18).
Sporadic cases caused by new mutations of the LHR are
called sporadic male-limited precocious puberty (SMPP).

3.1.  Molecular genetics and biochemistry
Fourteen single base substitutions in exon 11 of

the LHR gene have been identified among 98 kindreds with
FMPP or SMPP (references in Table 1).  These single base
substitutions give rise to missense mutations in TM I, II,
III, V, VI or the third cytoplasmic loop of the LHR (Figure
1).  The majority of the mutations (8/14) are present in TM
VI.  With the exception of the replacement of Ile-542 by
Leu (i.e. Ile542Leu) in TM V (Table 1), all mutations result
in the substitution of amino acids which are conserved
among the glycohormone receptors (3) suggesting that
these amino acid residues are important for the integrity of
the biological activity of these receptors. The most
common mutation is Asp578Gly, which occurs in TM VI
and represents about 54% of the mutations in all cases, and
accounts for 62% of all FMPP and 29% of all SMPP with
detectable mutation.

The LHR is prone to mutation.  Precocious
puberty in a number of patients is the result of new
mutation.  Among the 26 cases of SMPP, 10 different
mutations are found.   On the other hand, 13 mutations
account for 74 independent cases of FMPP.  Eight of the
mutations, namely, Ala373Val, Met398Thr, Ile542Leu,
Asp564Gly, Ala568Val, Ala572Val, Ile575Leu, and
Asp578Gly, are found in both FMPP and SMPP (Table 1).
Rare mutations occur more often for patients of non-
Caucasian ethnic background, including Hispanics, Asians,
African Americans and African Brazilians (15,23,24,26).
There are 11 putative FMPP kindreds in whom mutations
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Figure 1. Activating and Inactivating Mutations of the Human LHR. Single letter code of amino acid residues are shown.  Square
represents amino acid residue in the putative signal peptide.  Empty circle represents normal amino acid residue. Dark filled
circle represents amino acid substituted in activating mutations in FMPP; grey shaded circle represents amino acid substituted in
inactivating mutations in LCH; grey shaded circle with white letter represent amino acid deleted in inactivating mutation of the
LHR.  Insertion is represented by an inverted triangle.  Position of the amino acid residue is indicated by its side. Vertical
cylinder represents transmembrane α-helix.
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of the LHR have not yet been identified. It has been
suggested that FMPP of suspected patients who do not have
LHR mutations are caused by other factors (25).  So far no
activating mutation in exons 1 to 10 of the LHR has been
reported.  However, this might be due to the fact that with
the exception of a couple of patients (27) screening for
mutation of the LHR in FMPP has been limited to only
exon 11.  In fact, the presence of activating mutations
occurring in other part of the LHR gene cannot be
completely ruled out.  For example, constitutive activating
mutations have been found in the extracellular domain of
some GPCRs (28-30).  Recent studies showed that amino
acid residues in a region of the LHR extracellular domain
near TM I are critical in ligand-mediated signaling (31,32).
Thus, it is important to examine exons 1 to 10 of the LHR
of patients in whom no mutation is found in exon 11.

The disease-causing mechanism of the activating
mutations of the LHR is largely unknown.  The majority of
the activating mutations are found in TM VI of the LHR.
TM VI has been shown to be involved in activating Gs
during signal transduction (33,34).  Studies also showed
that the interhelical interactions of TM VI with TM V and
TM VII are important in the ligand-independent activation
of the LHR (35,36). Preliminary molecular modeling study
and alignment of mutated amino acids on the same side of
TM VI suggest that the amino acids affected by the disease-
causing mutations of the LHR are in the interior of the
helix bundle pointing towards the inside of the pocket
formed by the seven TM helices (15).  Thus mutation of
these amino acids will alter the interhelical interaction and
the conformation of the receptor leading to activation.  This
alteration may simply involve the opening of the pocket
formed by the helices.  Studies with natural mutations of Asp-
578 in FMPP patients and site-directed mutagenesis showed
that the degree of activation of the LHR by mutation of Asp-
578 is largely determined by the size of the side-chain of the
substituting amino acid and not by its charge (24,37).  This led
to the conclusion that the ability of Asp-578 to serve as a
properly positioned hydrogen bond acceptor, rather than its
negative charge, that is important for stabilizing the inactive
state of the LHR (37). In fact the majority of the FMPP
mutations involve substitution of one amino acid by another
with the same charge but different size side-chain suggesting
that constitutive activation of the receptor is likely to be the
result of alteration in the distance among the TM helices.  This
agrees with the conclusions drawn from modeling studies with
other GPCRs that receptor activation is accompanied by an
“outward” movement of TM III and TM VI and that receptor
conformation is the determinant of G-protein activation (38).
Other type of interaction, such as electrostatic, has also been
shown to be important in receptor activation.  For example, it
has been shown that the anionic charge of Asp-564 is
important for maintaining the inactive conformation of the
LHR (39).  Replacement of Asp-564 by an amino acid with
non-polar or cationic side-chain causes ligand-independent
activation of the receptor in site-directed mutagenesis studies
and in FMPP patients (15,25,39).

All FMPP mutations have been shown to confer
constitutive activity to the mutated LHR by in vitro
expression studies in COS-7 or HEK 293 cells (reviewed in

15).  In spite of elevated basal level of intracellular cAMP,
cAMP production of cells transfected with the mutated
LHR still responds to hCG stimulation except in cells
expressing LHR with the Leu457Arg (23), Ile542Leu, or
the Cys581Arg mutation (15).  Agonist affinity of the
mutated receptors is largely unchanged while cell surface
expression is either the same or reduced when compared to
the wild-type receptor.  The FMPP mutations have no or
only slight effect on the inositol phosphate signaling
pathway (40-42).

3.2. Effects on the male
Puberty normally occurs after the age of 9 in a

boy.  Normal sexual development at puberty is dependent
on luteinizing hormone releasing hormone (LHRH), which
regulates the secretion of LH and, in turn, the production of
testosterone.  Increased amounts of circulating testosterone
lead to increase in height, development of secondary sexual
characteristics, skeletal maturation, and the fusion of the
epiphyses.  Mutations resulting in constitutive activation of
the LHR cause LHRH-independent isosexual precocious
puberty in boys.  Signs of puberty usually appear by 3-4
years of age in boys with FMPP (43).  Histologic
examination of testicular biopsy shows hyperplasia of
Leydig cells (17).  Affected boys have secondary sexual
development with penile growth and bilateral enlargement
of testes and pubic hair development indistinguishable from
true puberty (44). Diagnosis is made by the findings of
pubertal to adult levels of testosterone with normal
clearance while the basal and LHRH-stimulated level of
gonadotropins is appropriate for the age, i.e. prepubertal.
There is also the lack of a pubertal pattern of LH pulsatility
(45).

Combined treatment with an antiandrogen
(spironolactone) and an inhibitor of aromatase activity
(testolactone) has been shown to be effective in restoring
both growth and bone maturation of FMPP patients to
normal prepubertal rates (46).  A recent study showed that
upon the inception of true puberty at 11 year of age in a
patient carrying the Asp578Gly mutation the gonadotropin
responses normalized for the state of development.  This
observation suggests that the prepubertal activation of
Leydig cells by the activating mutation of the LHR was
incomplete (47).  Post-pubertal development of FMPP
patients is not affected. A normal adult pattern of LH
secretion and normal gonadotropin response to LHRH is
achieved in adulthood.  Fertility is also largely unaffected
in FMPP patients (48,49).

3.3. Effects on the female
Activating mutation of the LHR has no apparent

effect on heterozygous female carriers.  Hyperandrogenism,
the presumed cause of polycystic ovarian disease, has been
attributed to excess LH (50).  Targeted over-expression of
LH in transgenic mice causing ovarian hyperandrogenism
has been shown to lead to infertility and the development of
polycystic ovaries and ovarian tumors (51).  In spite of
such observations, similar condition has not been described
in females carrying activating mutation of the LHR.
Recent study in a female with two sons with FMPP also
showed no developmental or reproductive abnormality
(47).  The authors of the study concluded that the mutation
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may not have activated the LHR function beyond a pubertal
level and thus is not sufficient to result in overproduction of
androgens by theca cells. The observation that prolonged
stimulation by FSH, which is not present in females
carrying constitutively active LHR mutation, is required for
the induction of ovarian cysts by CG (52) might also
explain these phenomena.

3.4. Germline and somatic activating mutations in
cancer

A number of studies have shown that constitutive
activation of the signal transduction pathway of GPCRs as
a result of mutations of either the receptor or the G protein
may lead to neoplasia.  Mutations of G1α1 and G1α2 have
been described in functional sporadic thyroid adenomas
and adrenal cortical tumors (53,54).  Both germline and
somatic activating mutations of the TSHR have been shown
to be a cause of toxic thyroid adenoma (55).  Sex hormones
are known to stimulate the growth of cancer cells (56).
Perinatal exposure to sex hormones has been proposed as
one factor influencing the risk of malignant changes (57-
59).  Early exposure to prolonged elevated concentrations
of testosterone occurs in FMPP patients.  Thus these
patients are potentially predisposed to the development of
testicular tumor.  However, due to the lack of long term
follow-up of FMPP patients past puberty, it is not until
recently that testicular tumor development in FMPP
patients was reported.

In 1981, isosexual precocious puberty in a 9-
year-old boy with nodular interstitial cell hyperplasia was
described (60).  Precocious puberty in the boy was
diagnosed at 8 months of age basing on physical
examination, and at 5 years of age, on bone age
measurement and the presence of adult level of plasma
testosterone.  The diagnosis of a testicular interstitial cell
tumor was made at 9 years of age.  Histological
examination showed the evidence of nodular hyperplasia in
the testicular tissue surrounding the main tumor nodule.
Since molecular analysis of the LHR was not available then, it
is not known whether the testicular tumor in this boy is the
result of FMPP due to constitutive activation of the LHR.   The
first case of a testicular germ cell tumor in a FMPP patient
with the activating mutation Asp578Gly was published in
1998 (61).  The patient was diagnosed to have FMPP at the
age of 27 months and was found to have a testicular
seminoma at 35 years of age.  More recently, another
FMPP patient with the activating mutation Asp564Gly
developing two asymptomatic Leydig cell nodules was
identified (EW Leschek, unpublished observations).
Besides germline mutations as those found in the two
FMPP patients, somatic activating mutation of the LHR has
also been found in Leydig cell adenoma. Liu et al. (62)
reported the presence of an activating mutation Asp578His
in the LHR gene in Leydig cell adenoma tissue of three
boys.  This mutation was not present in adjacent normal
tissue or blood cells.  Thus, prolonged elevated levels of
testosterone with onset in infancy appear to predispose the
patient to the development of testicular tumor. This
suggests that even though FMPP patients have no
developmental problem after puberty, long term follow-up
is warranted.

3.5. Genotype-Phenotype Correlation
There is no consensus on the phenotype-genotype

correlation in FMPP (63,64).  A European multicenter
study showed much variability in the age of onset between
cases with the same mutation as between cases with
different mutation (25).  While the mutated LHRs are
present on the Leydig cells from birth, the age at which
signs of puberty develop in boys with FMPP is around 3
years. This delay in phenotypic expression may depend on
the relative expression of other genes critical for Leydig
cell maturation as well as the extent to which the mutant
allele is expressed as protein. The increase in plasma
testosterone levels in response to exogenous hCG
stimulation is similar in normal boys and in boys with
FMPP (45,65).  Therefore, in spite of its constitutive
activity, the mutated LHRs would be expected to respond
to high concentrations of hormone and produce a similar
response as the wild-type receptor. Indeed, the majority of
the mutated LHRs were found to be responsive to hCG
stimulation when expressed in culture cells (reviewed in
15).  However, there are two activating mutations, i.e.
Ile542Leu and Cys581Arg, that render the mutated receptor
unresponsive to ligand stimulation (63).  Whether this
difference in ligand responsiveness between the mutated
LHRs causes any difference in clinical presentation of the
disorder is unclear at the present time.  Even though agonist
affinity appears to be unaltered, cell surface expression of a
number of mutated LHRs is reduced when compared to the
wild-type (reviewed in 15).  The cause of this reduced
surface expression and its effect on disease presentation is
also unclear.

It was observed that the patient with the
Asp578Tyr mutation which led to the production of the
highest basal level of cAMP in transfected cells presented
at 1 year of age with signs of pubertal development (63,66).
Similar observations were also reported by others (22,25).
Thus, classes of activating mutations of the hLHR gene
may exist for which genotype correlates with the phenotype
of an unusually early clinical expression.

4. INACTIVATING MUTATIONS

Contrary to the gain-of-function activating
mutations, inactivating mutations of the LHR are recessive
in nature (67).  In the male, inactivation of the LHR causes
resistance to LH stimulation resulting in the failure of
testicular Leydig cell differentiation. This gives rise to the
disorder Leydig cell hypoplasia (LCH).  Clinical
presentation of LCH varies from male hypogonadism to a
form of male pseudohermaphroditism with female external
genitalia.  In the female, inactivation of the LHR causes
hypergonadotropic hypogonadism and primary
amenorrhea.

4.1. Molecular genetics and biochemistry
Since the description of the first inactivating

mutation of the LH receptor in a LCH patient in 1994 (68),
twelve different mutations of the LHR which inactivate the
LHR have been described.   These mutations include single
base substitutions, deletions, and in-frame insertion.   The
amino acid residues affected by the inactivating mutations
are shown in Figure 1.
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Table 2. Inactivating Mutations of Human LHR
Nucleotide
Change

Amino Acid Change Location Case # Genetics Reference

33 bp insertion after nt1 54 11 a.a.2 insertion Extracellular 1 Heterozygous 71
81 bp deletion nt 606-680 27 a.a.  deletion Extracellular 1 Heterozygous 15
T 391 C Cys 131 Arg Extracellular 1 Homozygous 15
T1027 A Cys343 Ser Extracellular 1 Heterozygous 70
G 1060 A Glu 354  Lys Extracellular 1 Homozygous 80
T 1627 C Cys 543 Arg TM V 1 Heterozygous 70
C 1635 A Cys 545 Stop TM V 1 Heterozygous 15
C 1660 T Arg 554 Stop 3rd cytoplasmic

loop
3 Homozygous (2)

Heterozygous (1)
15,72

G 1777 C Ala 593 Pro TM VI 1 Homozygous 15
Deletion of nt 1822-1827 - L608, V609 TM VII 1 Homozygous 77
C 1847 A Ser 616 Tyr TM VII 2 Homozygous (1)

Heterozygous (1)
15

T 1874 A Ile 625 Lys TM VII 1 Homogenous 69
Note: Only references published after review 15 are listed.  Please see bibliography of review 15 for earlier publications. nt 1 :
Nucleotide number,  a.a.2 :  Amino acid

Nine single base substitutions leading to either
missense mutations (Cys131Arg, Cys343Ser,
Glu354Lys, Cys543Arg, Ala593Pro, Ile625Lys, and
Ser616Tyr) or non-sense mutations (Cys545Stop and
Arg554Stop) have been identified in ten LCH kindreds
(references in Table 2).  The Arg554Stop mutation was
also identified in one LHR allele of a Brazilian family
(72).  Patients in seven of the LCH kindreds have
homozygous mutations while those in three LCH
kindreds have compound heterozygous mutations.  All
single base substitutions affect amino acids, which are
conserved among the LHR of different species (73) as
well as among the three glycohormone receptors (3).

Inactivation of the LHR due to partial gene
deletion has been demonstrated in two cases.  In one
kindred with compound heterozygous mutations of the
LHR, one allele carries the Ser616Tyr single base
substitution, while exon 8 of the other LHR allele is
deleted (74).  Exon 8 of the human LHR encodes part of
the Leucine-rich repeats in the extracellular domain
which are responsible for specific high-affinity binding
of the hormone (75,76).   A 46 XY
pseudohermaphrodite and his 46 XX sister inherited a
homozygous deletion of nucleotides 1822-1827 from
their consanguineous parent (77).  This causes the deletion of
the highly conserved amino acid residues Leu-608 and Val-
609 within TM VII of the LHR (3,73).  Insertion can also
inactivate the LHR.  A 33-bp in-frame insertion has been
found in the maternal LHR allele in a kindred with two 46 XY
male pseudohermaphrodites (71). The paternal LHR allele of
the patients carries the Cys545Stop nonsense mutation (78).
The insertion occurs between amino acid residues 18 and 19,
immediately upstream of the signal peptide cleavage site (75).

The genetic cause and location of the inactivating
mutations are more variable than the activating mutations.
There is also no predominant form of inactivating mutation.
There are a number of LCH kindreds in which mutations of
the LHR have not been identified (SM Wu & WY Chan,

unpublished observations) indicating that inactivating
mutations are very heterogeneous or that LCH is caused by
mutation of the LHR as well as other gene(s).

The effect of most of these inactivating mutations
on the signal transduction activity of the LHR has been
demonstrated by in vitro expression studies in either HEK
293 or COS-7 cells.   Mutations in the extracellular domain
that affect hormone binding often lead to diminution but
not absence of signal transduction (74,79,80).  This is
probably due to the presence of low affinity binding sites
for the hormone in the transmembrane domain of the
receptor (1).  Thus mutations in the extracellular domain
such as Cys131Arg (79), Glu354Lys (80), and exon 8
deletion (74) led to impaired cAMP response of cells
expressing LHR with such mutations.   On the other hand,
the effect of mutations in the transmembrane domain on the
signal transduction activity of the receptor is more variable
largely depending on the role of the affected amino acid
residue in processes such as trafficking, coupling
efficiency, etc. (1,33,81,82).  For example, cell surface
expression of the LHR appears to be affected by the
presence of the Ser616Tyr mutation (74) and the coupling
efficiency appears to be affected by mutations such as
Ala593Pro (83) and Ile625Lys (69).  Deletion of a couple
of amino acids in this region (77) or nonsense mutations
that cause premature truncation of the receptor (72,78,84)
are likely to be more disruptive causing abolition of signal
transduction.  For example Cys545Stop mutation (78)
causes truncation of the receptor and the loss of
transmembrane helix (TM) VI, which is known to be
critical for signal transduction (33), and residues in the
cytoplasmic C-domain, which have been shown to be
critical for cell surface expression of the receptor (81,82).
Cells expressing LHR with the Cys545Stop mutation did
not respond to hCG stimulation (78).

4.2. Effect on the male
A number of features distinguish LCH from the

other forms of male pseudohermaphroditism (85).  LCH is
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an autosomal recessive disorder.  Patients are genetic males
with a 46 XY karyotype (67).    The hormonal profile of LCH
patients shows elevated serum level of LH, normal to elevated
level of FSH, and low level of testosterone, which is
unresponsiveness to CG stimulation.  Clinical presentation of
LCH is variable.  In its severe form, the patient has normal-
appearing female external genitalia often leading to female sex
assignment.  In its mild form the patient has hypergonadotropic
hypogonadism with microphallus and hypoplastic male
external genitalia (86).  In between are patients with variable
degree of masculinization of the external genitalia.  Müllerian
derivatives are not present in LCH patients and the testes are
cryptorchid.  Histological examination of the testis often shows
relatively well preserved seminiferous tubules and absence of
mature Leydig cells.  In some cases with partial or transient
fetal Leydig cell function, there may be posterior labial fusion
associated with the presence of the vas deferens and
epididymis (reviewed in 8 and 15).  LCH patients show no
development of either male or female secondary sexual
characteristics at puberty.

4.3. Effects on the female
In the female, inactivation of the LHR resulting in

abnormal LH action causes subnormal follicular development
and ovulation, amenorrhea, and infertility.  Due to the later
onset time and milder disease phenotype, 46 XX females with
homozygous or compound heterozygous inactivating
mutations of the LHR are more difficult to identify unless an
LCH male sibling is present.   Studies of several 46 XX
females with homozygous or compound heterozygous
inactivating mutations of the LHR showed them to have
normal breast and pubic hair development at puberty, develop
hypergonadotrophic hypogonadism, have amenorrhea or
oligoamenorrhea and enlarged cystic ovaries, and infertility
(77,80,84,87,88).  In spite of the fact that they manifest ovarian
resistance to LH follicular development is not compromised
(72).

4.4. Genotype-phenotype correlation
Different from FMPP, clinical presentation of LCH

patients can be correlated with the amount of residual activity
of the mutated LHR.  Patients with the severe phenotype, i.e.
male pseudohermaphroditism, have mutated LHRs that either
fail to be expressed on the cell surface or are unable to
transduce the signal of hormone binding.  Thus, mutations
such as homozygous Glu354Lys (80), Ala593Pro (83), and
Leu-608-Val-609 deletion (77), and compound heterozygous
Cys545Stop/insertion mutations (71,78) are found in male
pseudohermaphrodites with female external genitalia and
undescended testis.  On the other hand, patients with male
hypogonadism have mutated LHRs which have reduced, but
not absent, cell surface hCG binding and signal transduction.
Thus, homozygous Cys131Arg (79) and Ile625Lys (69), or
compound heterozygous Ser616Tyr/exon 8 deletion (74) are
found in patients with micropenis and hypospadias.

5. PERSPECTIVE

The occurrence of natural mutations that
inactivate the LHR or activate it constitutively offers a
unique opportunity to study the mechanism of signal
transduction by this receptor, and because of high
homology, the other glycohormone receptors.  Both FMPP

and LCH mutations give clearly identifiable phenotype and
thus offer much advantage over artificial mutations
generated by site-directed mutagenesis.  Identification of
new mutations in the other parts of the receptor will further
our understanding of the interaction among different
regions of the receptor molecule during signal transduction.
Future studies on the biochemical and biophysical effects
of the mutations identified in FMPP and LCH patients are
expected to provide better understanding of the mechanism
of activation of the glycohormone receptors.

Clinically, it is important to identify as many
mutations as possible so that more accurate diagnosis can
be achieved.  Since all known activating mutations of the
LHR are clustered in the transmembrane domain, molecular
diagnosis of this disorder can be accomplished relatively
easily.  However, searching the other regions of the LHR
gene for mutations in FMPP patients in whom no mutation
can be found in exon 11 will enhance the accuracy of the
molecular diagnosis. The observation of the potential
predisposition of FMPP patients to the development of
testicular tumor makes accurate diagnosis of this condition
even more important.  Molecular diagnosis for LCH is less
established. Until we know more about the molecular
genetics of this disorder, molecular diagnosis of LCH is
rather difficult.  Accurate diagnosis is important for LCH
since there are many causes of male
pseudohermaphroditism. Identification of the correct
molecular genetic defect will enhance prognosis and the
design of the most appropriate treatment modality.  Finally,
an in-depth understanding of the molecular genetics of
mutation causing these diseases is the prerequisite for their
ultimate treatment by gene therapy.
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