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of them showed only a very marginal association.
This result should signal caution to groups that
are hastily progressing to replication studies with
only a handful of best-associated SNPs.

Finally, we should remember that, by defini-
tion, genomewide association studies that rely
on common SNPs monitor only common alleles,
but there is so much more in the genetic risk
profiles behind common diseases such as mul-
tiple sclerosis. We need to define the full allelic
diversity of the “suspicious genes” that are initially
identified by genomewide studies. By sequencing
the potential risk alleles in large study samples,
we will probably encounter rare, high-impact al-
leles with critical importance for disease risk in
some families or patients. The lessons learned
from studies of genetic risk variants like BRCA1
and BRCA2, which are rare alleles with a high
impact but which explain only a small fraction
of breast cancers, will be instructive for our think-
ing about other complex diseases. The somewhat
disappointing outcome with respect to the attrib-
utable risk conferred by the SNPs sampled in
IL2RA and IL7RA indicates that other types of
genome variants should be sought. Without a
doubt, the multiple sclerosis community will soon
be informed about the systematic scans for copy-
number variations or other more complex chang-

es in the genomic architecture of risk alleles for
multiple sclerosis.
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Experiments of Nature — A Glimpse into the Mysteries
of the Pubertal Clock

Shalender Bhasin, M.D.

In an extraordinary display of nature’s myriad
intricacies, in higher mammals the gonadotropin-
releasing hormone (GnRH) pulse generator, which
drives the pulsatile secretion of gonadotropin
and sex steroids, is kept in abeyance until the on-
set of puberty, when it is reactivated with remark-
able predictability during the pubertal transition.
Its role in this transition is to promote sexual
maturation in synchrony with somatic growth
and maturation of sexual and social behaviors.
In an earlier era, when most humans died before
their 25th birthday, food availability was precari-
ous, and environmental conditions were unpre-
dictable, failure of the reproductive axis to acti-
vate in a timely manner, or even at all, could

threaten reproductive potential and survival. In
light of these selection pressures, it is not sur-
prising that single-gene mutations associated
with disordered gonadotropin secretion and ac-
tion are uncommon.

Such mutations, although rare, have contrib-
uted greatly to our understanding of the regula-
tion of gonadotropin secretion and action.'?
Studies of patients with idiopathic hypogonado-
tropic hypogonadism have uncovered the impor-
tant role of a number of genes in the develop-
ment, migration, and networking of GnRH
neurons and the regulation of GnRH secretion:
KAL1 (Kallmann syndrome 1 sequence 1), FGFR1
(fibroblast growth factor receptor 1), GNRHR

N ENGLJ MED 357;9 WWW.NEJM.ORG AUGUST 30, 2007

929



930

The NEW ENGLAND JOURNAL of MEDICINE

(GnRH receptor), GPR54 (G protein—coupled re-
ceptor 54), LEP (leptin) and its receptor SF-1
(steroidogenic factor 1), DAX-1 (nuclear receptor
subfamily 0, group B, member 1 [also known as
NROBI]), and NELF (nasal embryonic luteinizing
hormone-releasing hormone factor). This list of
genes is not exhaustive, and the list continues to
grow.>3 Similarly, mutations of the beta subunits
of luteinizing hormone and follicle-stimulating
hormone, and the cognate receptors of these
hormones, have provided unique insights into the
role of these hormones in male and female re-
production.™* In this issue of the Journal, two
genetic disorders of gonadotropin secretion are
highlighted: a reversible form of congenital GnRH
deficiency, in the article by Raivio et al.,> and a
new mutation in the luteinizing hormone beta-
subunit gene (LHB), associated with anovulatory
infertility in a woman, in the article by Lofrano-
Porto et al.® These reports further illustrate the
important role of the GnRH-gonadotropin axis
in sexual maturation and in the regulation of
reproductive function in men and women.

The prevalent dogma assumes that idiopathic
hypogonadotropic hypogonadism represents irre-
versible GnRH deficiency requiring lifelong ther-
apy, although several reports®>”# suggest that a
small percentage of men with idiopathic hypogon-
adotropic hypogonadism undergo a sustained re-
versal of hypogonadotropism. Thus, in a small
subgroup of patients with idiopathic hypogonado-
tropic hypogonadism, activation of the GnRH—
gonadotropin axis is markedly delayed. It is un-
clear whether this is a new or even a distinct
disorder or whether this condition represents one
extreme on a phenotypic spectrum of disorders
characterized by delayed activation of the GnRH
pulse generator.

There are wide variations in the onset of pu-
berty; puberty is considered to be delayed if the
initial signs of sexual maturation do not appear
by an age that is 2.5 SD beyond the mean for
healthy boys or girls.>1°® Myriad conditions can
delay the onset of pubertal maturation; if no
underlying condition can explain pubertal delay,
and if sexual maturation occurs before the age
of 18 years, a diagnosis of constitutional delay of
growth and development is made.>1° This diag-
nosis is established with certainty only after the
patient displays unequivocal signs of pubertal
transition, such as increasing testicular volume
and rising testosterone concentrations; at initial
presentation, these patients are indistinguishable

from those with idiopathic hypogonadotropic
hypogonadism. Both conditions are character-
ized by a lack of timely activation of the GnRH-
gonadotropin axis; if there are no signs of acti-
vation of the GnRH—-gonadotropin axis by 18 years
of age, we assume that the patient has idiopath-
ic hypogonadotropic hypogonadism and that the
hypogonadotropism is likely to persist through-
out life.

In a systematic investigation of children with
delayed puberty, Sedlmeyer and Palmert® report-
ed that the delay was constitutional in approxi-
mately two thirds of boys and one third of girls
with delayed puberty; approximately 20% had
functional hypogonadotropic hypogonadism (de-
fined by the presence of an underlying condition
associated with delayed pubertal development
and hypogonadotropism), 12% had permanent
idiopathic hypogonadotropic hypogonadism, 13%
had hypergonadotropic hypogonadism, and a
small percentage had no identifiable disorder. Pa-
tients with constitutional pubertal delay and func-
tional hypogonadotropic hypogonadism even-
tually undergo spontaneous puberty'®; the data
reported by Raivio et al.> indicate that some pa-
tients with idiopathic hypogonadotropic hypogo-
nadism will also eventually have normal gonad-
otropin secretion.

Constitutional delay of puberty, idiopathic hy-
pogonadotropic hypogonadism, and functional
hypogonadotropic hypogonadism share several
pathophysiological similarities: male predomi-
nance, familial predisposition, and disordered
gonadotropin secretion.’®'? In patients with
these disorders, the response to appropriate
GnRH stimuli is the restoration of secretion of
luteinizing hormone and follicle-stimulating hor-
mone, which points to the primacy of the hypo-
thalamic disorder in the pathogenesis of the
disorders. Some patients with idiopathic hypo-
gonadotropic hypogonadism, including those
with known mutations of genes associated with
this disorder, may undergo delayed activation of
the hypothalamic—pituitary—testicular axis. This
finding raises the possibility that idiopathic hypo-
gonadotropic hypogonadism, constitutional de-
lay, and functional hypogonadotropic hypogo-
nadism — all characterized by disordered timing
or regulation of the GnRH pulse generator —
may result from analogous or overlapping path-
ophysiological mechanisms.

Raivio et al. speculate that exposure to an-
drogen may have contributed to the maturation
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of the GnRH neuronal network in men with idio-
pathic hypogonadotropic hypogonadism who had
sustained reversal of the condition. Though plau-
sible, this hypothesis does not explain clinical ob-
servations that some women with idiopathic hy-
pogonadotropic hypogonadism may also undergo
delayed activation of the GnRH pulse generator.
Sex-specific exposure to sex steroids may facilitate
neurogenesis and maturation of the neural net-
work involved in pulsatile GnRH secretion. The
developmental-clock genes that regulate the tim-
ing and maturation of the GnRH neuronal net-
work receive important permissive signals from
molecules indicative of somatic growth and nu-
tritional status, and through environmental cues
such as the photoperiod.*> The multifaceted in-
teractions of sex steroids, the GnRH neuronal net-
work, and the developmental-clock genes are im-
portant players in an orchestra that directs the
remodeling of the neural circuits that regulate the
GnRH secretory network as well as sex-specific
sexual behaviors.'® The identity of the develop-
mental-clock genes and the mechanisms that inte-
grate sensory input from environmental and social
cues with energy balance, skeletal growth, and
sex-steroid feedback remain poorly understood.
It is likely that aberrations in the expression of
developmental-clock genes and other integrating
mechanisms will emerge as contributors to dis-
orders of pubertal timing.

The primary disorders of gonadotropin secre-
tion or action, such as those resulting from mu-
tations in gonadotropin genes, can also partially
or completely abrogate sexual development.*#
Inactivating LHB mutations in men have been
known to be associated with a lack of pubertal
development as well as infertility.#415 Lofrano-
Porto et al. describe a woman with a newly dis-
covered homozygous mutation in a 5" splice-donor
site in the noncoding region of LHB that is asso-
ciated with impaired luteinizing hormone secre-
tion, normal pubertal development, secondary
amenorrhea, and infertility. The splice-site mu-
tation disrupts the splicing of intron 2, resulting
in a mutant messenger-RNA transcript that con-
tains an extra 236 nucleotides in homozygotes.
Although luteinizing hormone secretion could
not be detected by two separate immunoassays,
whether the mutant LHB protein was translated
but was unable to associate with the alpha sub-
unit, was translated but rapidly degraded, or was
not translated at all is uncertain. The phenotypic

features of the LHB mutation in the two affected
men in this same report — failure of pubertal
development, androgen deficiency due a lack of
maturation of Leydig’s cells, and infertility due
to spermatogenic arrest — are similar to those
reported in men with other LHB mutations'*1>
and in luteinizing-hormone beta—knockout mice.®
The new insight gained from the report by Lo-
frano-Porto et al. is that normal pubertal matu-
ration in women, including breast development
and menarche (which indicate estrogen produc-
tion sufficient for breast development and at least
some tropic action on the endometrium), can oc-
cur in a state of luteinizing hormone deficiency,
although normal luteinizing hormone secretion
is obligatory for ovulation. Thus, this rare experi-
ment of nature supports the view that luteiniz-
ing hormone is essential for the normal matura-
tion of Leydig’s cells and steroidogenesis in men
and that its primary role in women is to induce
ovulation.

What are the implications of these findings?
A vast majority of patients with constitutional de-
lay or functional hypogonadotropic hypogonad-
ism, and some men with idiopathic hypogonado-
tropic hypogonadism, are expected to undergo
spontaneous puberty eventually; this statistic
should prove very reassuring to patients and their
parents. Even patients who have received a diag-
nosis of idiopathic hypogonadotropic hypogonad-
ism because spontaneous puberty has failed to
occur by 18 years of age and who are receiving
sex-steroid—replacement therapy should periodi-
cally undergo a brief discontinuation of hormonal
therapy to assess whether their endogenous go-
nadotropin secretion has normalized.

Constitutional delay, functional hypogonado-
tropic hypogonadism, and idiopathic hypogona-
dotropic hypogonadism may be a related group
of disorders characterized by delayed activation
of the GnRH pulse generator. Insights into the
mechanisms by which delayed maturation of the
GnRH secretory network is eventually reversed,
resulting in the normal secretion of gonadotro-
pin and testosterone in patients with these dis-
orders, should help unravel the mysteries of the
pubertal clock.
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