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SUMMARY

Selective luteinizing hormone deficiency due to mutations in the luteinizing hormone
beta-subunit gene (LHB) is a rare cause of hypogonadism. We describe the clinical
features of a consanguineous family in which three siblings, two men and one wom-
an, had hypogonadism related to isolated luteinizing hormone deficiency. These
subjects have a newly discovered homozygous mutation of a 5” splice site in LHB:
IVS2+1G—C. This mutation disrupts the splicing of messenger RNA (mRNA), gen-
erating a gross abnormality in the processing of the luteinizing hormone beta-sub-
unit mRNA, which abrogates the secretion of luteinizing hormone. We also deter-
mined that the female phenotype of this LHB mutation is characterized by normal
pubertal development, secondary amenorrhea, and infertility.

UTEINIZING HORMONE PLAYS AN ESSENTIAL ROLE IN NORMAL PUBERTAL
development and reproductive function in humans. It consists of two glycosyl-
ated, noncovalently linked subunits: a hormone-specific beta subunit and an al-
pha subunit common to all members of the glycoprotein hormone family. Selective
luteinizing hormone deficiency is predicted to compromise reproductive capacity
markedly in both sexes.'2
Inactivating mutations of the human luteinizing hormone beta-subunit gene (LHB)
were previously described in three men with hypogonadism who had normal geni-
talia at birth but had no pubertal development and had infertility due to selective
luteinizing hormone deficiency.3-> To our knowledge, no female phenotype of such
inactivating mutations in the LHB gene has been described. We describe the clinical
and hormonal characteristics of three siblings, two men and a woman, all of whom
had hypogonadism associated with a newly discovered mutation of the LHB gene.

CASE REPORTS

The proband (Subject II-5) (Fig. 1), a 38-year-old Brazilian man born to consanguin-
eous parents, was referred to the Endocrinology Unit of the University Hospital of
Brasilia for hypogonadism. He presented with a eunuchoid habitus, a juvenile voice,
and bilateral gynecomastia, with scant axillary hair and no facial hair (Tanner stage,
genitalia 1 and pubic hair 4). He was 181 cm tall, weighed 87 kg, and had an arm
span of 193 cm. He had a micropenis (4.5 cm in length; mean [+SD] normal length,
13.3£3.8) and underdeveloped, though descended, testes.
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Figure 1. Family Pedigree of the Three Subjects Affected by Hypogonadism.

Among the family members who underwent genetic testing (indicated by asterisks), open symbols represent per-
sons who did not have the IVS2+1G—>C LHB mutation, half-open symbols heterozygous carriers of the mutation,
and solid symbols affected siblings who were homozygous carriers of the mutation. Squares denote men, circles
women, triangles spontaneously aborted fetuses, and symbols with a slash deceased family members. Double hori-
zontal lines indicate consanguinity. The heterozygous parents were second cousins.

The results of the initial laboratory tests are
summarized in Table 1. The luteinizing hormone
level was not detectable; both the baseline follicle-
stimulating hormone level and the peak levels
after administration of gonadotropin-releasing
hormone were high (see the Methods section).
The serum testosterone level was low, the free
alpha-subunit level was elevated, and the inhibin B
level was normal. The estradiol level was also nor-
mal. The proband had azoospermia. Ultrasonog-
raphy showed heterogeneous, hypoechogenic tes-
tes with diffuse microlithiasis and confirmed the
clinical finding of reduced testicular volume (right
testis, 5.0 cm3; left testis, 4.6 cm3; normal volume,
15.0 to 25.0 cm3). Results of magnetic resonance
imaging (MRI) of the brain and pituitary gland
were normal. The karyotype was 46,XY.

A diagnosis of hypogonadism due to selective
luteinizing hormone deficiency was made. Treat-
ment with intramuscular testosterone (250 mg
every 3 weeks) (Durateston, Akzo Organon) was
initiated. Over a 12-month period, the testosterone
induced virilization, penile growth to 9 cm in
length, and an increase in testicular volume to
7.1 cm3 (right testis) and 6.6 cm3 (left testis),
a total increase of 42.7%.

The proband’s 30-year-old brother (Subject
1I-10) had been treated with intramuscular testos-
terone for hypogonadism from the age of 25 years.
He reported considerable penile and testicular
growth after treatment, but he continued to have

azoospermia. On admission to the endocrine unit,
he had normal male genitalia with no gynecomas-
tia; the Tanner stage was genitalia 5 and pubic
hair 5, with a penile length of 9 cm. Ultrasonog-
raphy revealed testicular volumes of 10.7 cm? (right
testis) and 8.2 cm3 (left testis). The hormonal pro-
file was similar to that of his brother (Table 1).
A testicular-biopsy specimen showed interstitial
fibrous thickening, hypoplastic seminiferous tu-
bules with a predominance of Sertoli cells, sper-
matogenic arrest, and an absence of Leydig cells.
The proband’s 29-year-old sister (Subject 1I-13)
presented with secondary amenorrhea and infer-
tility. She had had spontaneous, normal puber-
tal development and menarche at the age of 13
years, followed by oligomenorrhea. Her weight was
56 kg, and her height 166 cm. She had normal
breast and pubic-hair development (Tanner stage,
mammary glands 5 and pubic hair 5). Ultraso-
nography of the pelvis revealed a normal uterus
(volume, 50 cm?3; normal range, 30 to 90), with
atrophic endometrium (3 mm in thickness). The
ovaries were normal in size (right ovary, 10 cm3;
left ovary, 7 cm3) and contained multiple antral
follicles (up to 13 mm in diameter) not restricted
to the periphery (Fig. 2A). Serial ultrasonography
of the pelvis over a 2-week period showed no
changes in endometrial thickness or ovarian ap-
pearance. Repeated measurement of serum es-
tradiol and progesterone showed levels within
the low-to-normal range for the follicular phase.
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lar in Subject 11-5, except that the testosterone level was undetectable with the chemiluminescent immunometric assay.

9 Normal values for the follicular phase are shown.

ment, M5P5.
1 The peak value was the maximum level measured within 90 minutes after intravenous administration of 100 pg of gonadotropin-releasing hormone.

§ The hormonal levels shown for the two male subjects were measured 60 days after discontinuation of treatment with exogenous testosterone. The pretreatment hormonal profile was simi-
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A Before treatment

Figure 2. Serial Ultrasonographic Images of the Right
Ovary of Subject 11-13.

Before treatment (Panel A), the ovary was of normal
volume (10 cm?), with multiple antral follicles (up to 13
mm in diameter) dispersed over an apparently normal
stroma. No dominant follicle was seen. After 3 months
of treatment with estrogen only (Panel B), just before
progestagen was started, a dominant follicle (18 mm
in diameter) was seen, along with other sparsely dis-
tributed, small follicles, each approximately 5 mm in
diameter. After 10 days of combined estrogen—proges-
tagen treatment (Panel C), a functional follicular cyst,
44 mm in diameter, was observed.

ulation test was performed in all three affected
siblings. Serum luteinizing hormone and follicle-
stimulating hormone levels were measured 0, 15,
30, 60, and 90 minutes after intravenous admin-
istration of 100 ug of gonadotropin-releasing hor-
mone. Each result was compared with established
normal values.®

DNA SEQUENCING AND ANALYSIS
Genomic DNA samples from subjects and controls
were extracted from whole-blood specimens by the

Chelex-100 method.” The region spanning exon 2,
intron 2, and exon 3 of the LHB gene was ampli-
fied with the use of a polymerase-chain-reaction
(PCR) assay, with primers designated as LH23F
and LH23R, under previously described conditions.®
PCR products were sequenced in both the sense
and antisense orientations, with the use of an au-
tomated sequencer (ABI-377, Perkin-Elmer). The
primer LH23R has specific 3-end mismatches in
order to discriminate between LHB and the highly
homologous human chorionic gonadotropin beta-
subunit gene (hCGB) and pseudogenes. To investi-
gate whether the identified mutation represented
a polymorphism, the same LHB-gene fragment
from 100 ethnically matched controls was ampli-
fied and digested with the Ncol restriction enzyme
(Fermentas). This procedure, involving PCR and re-
striction-fragment—length polymorphism assays,
was also used to analyze genomic DNA from fam-
ily members of the three affected subjects.

AMPLIFICATION AND ANALYSIS OF LEUKOCYTE
LHB mRNA

Since LHB mRNA, but not hCGB mRNA, was pre-
viously shown to be detectable by a reverse-tran-
scriptase—PCR (RT-PCR) assay of unstimulated hu-
man blood leukocytes,® we extracted total RNA
from a 5-ml buffy-coat sample from each study
participant, using Trizol (Invitrogen Life Technol-
ogies). To prevent contamination of genomic DNA,
each sample was treated with RNase-free DNase I
(Fermentas). Synthesis of complementary DNA was
performed with the use of the LH23R primer and
Moloney murine leukemia virus reverse transcrip-
tase (Promega). The complementary DNA (5-ul
samples) was subsequently amplified in advance
of the PCR assay (35 cycles of 1 minute at 94°C,
1 minute at 60°C, and 1 minute at 72°C) with prim-
ers (3F5-GCACCAAGGATGGAGATGCTCCAG-3’
and LH23R) and GoTaq DNA Polymerase (Promega).
Half-nested PCR was then performed with the pre-
amplification product (1-ul samples), the internal
primer 1F5-“GGCGGGGCATGGGCATCCAG-3, and
the LH23R primer, under the preamplification con-
ditions. The sequences and the specificity of the
assay were verified by direct sequencing.

RESULTS

Automated DNA sequencing of exon 2, intron 2,
and exon 3 of the LHB gene in the male proband,
his affected brother, and his sister revealed a ho-
mozygous G—C substitution at the +1 position of
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intron 2 (IVS2+1G—C), a 5 splice-donor site (Fig.
3). The effect of this substitution on splicing of
the mRNA transcript is shown in Figure 4.

The asymptomatic parents (Subjects I-1 and 1-2)
of the affected subjects, two sisters (Subjects II-2
and II-7), one brother (Subject II-14), and one
nephew (Subject I1I-3) were heterozygous for this
mutation. All heterozygotes were fertile and had
normal basal gonadotropin and sex-steroid levels
for their ages, except the mother (Subject 1-2),
a 06-year-old woman, who had unexpectedly low
serum luteinizing hormone levels for her meno-
pausal state (Table S1 in the Supplementary Ap-
pendix, available with the full text of this article
at www.nejm.org). The IVS2+1G—-C mutation was
not identified in any of the 200 alleles from the
controls.

We detected RT-PCR products of the expected
size in both the control and the normal heterozy-
gotes (Fig. 5). In the affected homozygotes, a PCR
product approximately 250 bp larger was consis-
tently obtained. Direct sequencing of these am-
plicons revealed that the observed difference in
size was due to the presence of the entire intron 2,
containing 236 nucleotides. The larger PCR prod-
uct was not detected in the heterozygotes (Fig. 5).

Results of the mRNA analysis of the affected
siblings clearly suggest that the IVS2+1G—C mu-
tation disrupted the splicing of intron 2 of the
LHB mRNA, resulting in the insertion of 236 nu-
cleotides in the mutant transcript (Fig. S1 in the
Supplementary Appendix).

DISCUSSION

We report a homozygous mutation of the LHB gene
associated with selective luteinizing hormone de-
ficiency in three siblings, two men and one wom-
an, who were members of a consanguineous Bra-
zilian family. The IVS2+1G—C mutation is located
in a noncoding intronic sequence affecting a con-
served 5 splice-donor site.

Subject 1I-13, the woman with a luteinizing
hormone deficiency, underwent normal pubertal
feminization and thelarche, as have several wom-
en with a homozygous inactivating mutation in the
luteinizing hormone-receptor gene.»21° However,
in contrast to those women, Subject II-13 had a
uterus of normal size, allowing sporadic menses
to occur during the first 14 years after men-
arche. Although the amount of estradiol produced
throughout her life could not be quantified with
certainty, it was sufficient for the development of
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Figure 3. The IVS+1G—C Mutation of the Luteinizing Hormone Beta-Subunit
Gene (LHB).

Automated sequencing of genomic LHB DNA (top) and the messenger
RNA (mRNA) transcript of LHB (bottom) from a homozygote with the mu-
tation (Subject 11-13) and a normal homozygote showed that the IVS+1G->C
mutation disrupts the splicing of mRNA. Capital letters indicate exonic se-
quences, lowercase letters intronic sequences, and gray type and arrows
the mutation.

A LHB Gene
15 168

243
B 352 B 236 3
- LH23F—» ™ <—LH23R
— 1F—

Mutation

ATG

B LHB mRNA

ATG TAA

Normal mRNA |1| | 2

ATG TGA

Mutant mRNA l 3

Figure 4. Effect of the LHB IVS+1G—~C Mutation on Splicing of Messenger
RNA (mRNA).

Panel A shows the LHB gene, and Panel B shows normal and mutant forms
of spliced LHB mRNA. The primer-hybridization sites (primers 3F, LH23F,
1F, and LH23R), the site of the IVS2+1G—>C mutation, and exons 1, 2, and 3
are shown (Panel A). The number of nucleotides is given for each exon and
between each pair of exons (Panel A), and some start or end codons are
shown (Panels A and B). The mutant transcript contains the 236 nucleo-
tides from intron 2, which results in a frame shift in exon 3 (black box), as
compared with the correctly spliced normal mRNA. Gray boxes indicate the
signal peptide-coding sequence.

normal breasts and trophic uterine layers. In the
absence of luteinizing hormone activity, the amount
of androgenic substrates for aromatization to es-
tradiol in granulosa cells would probably be lim-
ited,"* which may have accounted for the low-to-
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Heterozygotes Affected Homozygotes
Molecular-weight H,0  Control Subject 1-2 Subject I1-14 Subject II-5 Subject 11-13
standard
bp - + - + - + - + - + bp
800 —
700 — — 681
600 —
500 —|
— 445

step, respectively.

Figure 5. Results of Half-Nested Reverse-Transcriptase—Polymerase-Chain-Reaction (RT-PCR) Assay.

The 1F and LH23R primers were used. PCR products of the expected size were found for the control and heterozy-
gotes, whereas a PCR product approximately 250 bp larger was found for affected Subject II-5 and Subject 11-13.
(The 5™-splice-site sequence of intron 2 of these larger products is shown in Figure 3.) The first lane shows the prod-
uct from the size-standard sample; the second lane shows the product from water (negative control). Minus and
plus signs indicate the product from RNA samples prepared without and with the reverse-transcriptase reaction

normal serum estrogen levels and endometrial
atrophy in our subject. Accordingly, in mice lack-
ing the luteinizing hormone beta-subunit expres-
sion of the majority of steroidogenic enzymes is
significantly reduced, although differentiation of
the ovarian thecal layer is not impaired.*?

The amenorrhea and repeatedly low progester-
one levels in Subject II-13 corroborate the essen-
tial roles of luteinizing hormone in ovulatory func-
tion. The finding of multicystic ovaries is consistent
with follicular growth induced by follicle-stimu-
lating hormone, as reflected by the elevated in-
hibin B levels, which may represent an increased
number of healthy, early antral follicles.**-** Taken
together, these findings suggest that granulosa
cells fail to maintain sufficient estradiol produc-
tion, probably in relation to decreased luteinizing
hormone—dependent secretion of androgenic pre-
cursors by thecal cells, whereas inhibin B produc-
tion is spared. The high inhibin B levels, in turn,
provide negative feedback for the secretion of fol-
licle-stimulating hormone, accounting for the nor-
mal follicle-stimulating hormone levels in this
subject.’?

After supplementation with estrogen, the devel-
opment of a dominant follicle (18 mm in diam-
eter) was evident on ultrasonography, although
ovulation remained impaired and no corpus lute-
um was observed. Given this woman’s normal
follicle-stimulating hormone level, these findings
may indicate that estrogen or estrogen-related fac-
tors were the primary determinants of the fol-
licular growth until the early preovulatory stage,

whereas luteinizing hormone activity was not nec-
essary until that stage. We conclude that the LHB
IVS2+1G—~C mutation resulted in impairment of
ovulation and corpus luteum function. As expect-
ed, this LHB mutation did not affect pubertal
feminization, thereby permitting normal breast
and uterine development.

The two affected men presented with hypogo-
nadism and selective luteinizing hormone defi-
ciency, in association with the absence of mature
Leydig cells and spermatogenic arrest, corrobo-
rating previous descriptions of hypogonadism.3
This phenotype is similar to that of male LHB-
knockout mice.'? Surprisingly, both affected men
had an increase in testicular volume after testos-
terone-replacement therapy. The key determinant
of adult testicular size is the number of mature
Sertoli cells, though immature cells may persist
in patients with pathologic conditions, such as
isolated hypogonadotropic hypogonadism.'* Since
both follicle-stimulating hormone and testoster-
one increase the rate of proliferation and matu-
ration of these cells,’* the administration of ex-
ogenous testosterone may have contributed to the
proliferation of Sertoli cells and to testicular
growth in these men by acting synergistically with
elevated follicle-stimulating hormone levels (a late
compensatory mechanism).

The inhibin B levels in the two affected men
were inappropriately normal, given the elevated
follicle-stimulating hormone levels. In normal
adults, inhibin B levels are positively correlated
with the function of Sertoli cells and spermato-
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genic status.> Although unusual, our findings are
in keeping with those in previous studies show-
ing that in boys, during the first pubertal years,
basal inhibin B levels increase because of stimu-
lation by follicle-stimulating hormone, in paral-
lel with proliferation of Sertoli cells.’® Moreover,
in patients with hypogonadotropic hypogonad-
ism, baseline inhibin B levels have been shown
to increase with increasing testicular volume.®
Two men previously described as having a lutein-
izing hormone deficiency also had elevated folli-
cle-stimulating hormone levels,>* and at least one
had normal inhibin B levels.*

Previously described gonadotropin muta-
tions are located in the coding region of the
genes.>">17-21 However, mutations in exon-flanking
intronic sequences have frequently been associated
with disease.?? Our analysis of the LHB mRNA
isolated from peripheral-blood leukocytes showed
that the IVS2+1G—-C mutation resulted in the in-
clusion of the entire intron 2 and, consequently,
in disruption of the exon 3 reading frame. Further-
more, the mutation induced a gross abnormality
in the LHB mRNA (Fig. S1 in the Supplementary
Appendix). However, the mechanism accounting
for the failure to detect abnormal transcripts in
the heterozygotes, but not in the homozygotes,
is unknown.

Common variants identified in the LHB gene
are sometimes associated with pathologic condi-
tions such as the polycystic ovary syndrome and
infertility.23 The absence of the IVS2+1G—~C mu-
tation in the 200 control chromosomes reinforces
the fact that it is not a polymorphism.

On the basis of the mutant nucleotide sequence,
the hypothetical aberrant protein would have an

insertion of 79 residues encoded by intron 2,
which would severely affect its tertiary structure.
In addition, the exon 3 frame shift results in a lack
of domains required for heterodimer stability and
receptor binding, such as the conserved “seat belt”
region (amino acids 90 to 110) and disulfide
bonds from the cysteine knot (Fig. S1 in the Sup-
plementary Appendix).32425 These observations
strongly suggest that the mutant luteinizing hor-
mone beta subunit would be incapable of correct
assembly with the alpha subunit and therefore
would not be secreted.

We conclude that the IVS2+1G-C mutation in-
duced a gross abnormality in the processing of
LHB mRNA, causing familial selective hypogo-
nadotropic hypogonadism. The male phenotype
was similar to those described previously, where-
as the affected woman underwent apparently nor-
mal pubertal development, followed by secondary
amenorrhea and chronic anovulation.
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