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Background

The genetic causes of nonsyndromic ovarian insufficiency are largely unknown. A
nuclear receptor, NR5A1 (also called steroidogenic factor 1), is a key transcriptional
regulator of genes involved in the hypothalamic–pituitary–steroidogenic axis. Mutation of NR5A1 causes 46,XY disorders of sex development, with or without adrenal
failure, but growing experimental evidence from studies in mice suggests a key role
for this factor in ovarian development and function as well.
Methods

To test the hypothesis that mutations in NR5A1 cause disorders of ovarian development and function, we sequenced NR5A1 in four families with histories of both
46,XY disorders of sex development and 46,XX primary ovarian insufficiency and in
25 subjects with sporadic ovarian insufficiency. None of the affected subjects had
clinical signs of adrenal insufficiency.
Results

Members of each of the four families and 2 of the 25 subjects with isolated ovarian
insufficiency carried mutations in the NR5A1 gene. In-frame deletions and frameshift and missense mutations were detected. Functional studies indicated that these
mutations substantially impaired NR5A1 transactivational activity. Mutations were
associated with a range of ovarian anomalies, including 46,XX gonadal dysgenesis
and 46,XX primary ovarian insufficiency. We did not observe these mutations in
more than 700 control alleles.
Conclusions

NR5A1 mutations are associated with 46,XX primary ovarian insufficiency and 46,XY
disorders of sex development.
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rimary ovarian insufficiency, also
termed premature ovarian failure, is a condition characterized by the arrest of normal
ovarian function before the age of 40 years. The
disorder occurs in 1% of all women.1,2 Although
causes such as autoimmunity, monosomy X, and
environmental factors play a role in primary ovarian insufficiency, the cause of the majority of cases remains unknown.1-3 A genetic basis for ovarian
insufficiency is supported by the observation that
a substantial minority of cases are familial4 and
that the prevalence of the condition varies according to ancestral origin.5
The identification of genetic causes of ovarian
insufficiency has proved to be elusive. For example, mutations in the APECED, FOXL2, EIF2B, and
GALT genes are associated with syndromic forms
of primary ovarian insufficiency.3,6-8 In nonsyndromic forms, rare mutations in the follicle-stimulating-hormone and luteinizing-hormone receptor
genes and in BMP15, POF1B, and NOBOX have been
described.3,9-11 Mutations affecting these genes
account for a small minority of all cases of ovarian dysfunction, which suggests that there are additional factors that remain to be identified.
NR5A1, also termed Ad4 binding protein
(Ad4BP) or steroidogenic factor 1 (SF-1), is a nuclear receptor and a key transcriptional regulator
of genes involved in the hypothalamic–pituitary–
steroidogenic axis.12-14 Newborn mice that are
deficient in Nr5a1 lack both gonads and adrenal
glands, have impaired expression of pituitary gonadotropins, and have structural anomalies of the
ventromedial hypothalamic nucleus.13 NR5A1 is
expressed in fetal and adult adrenal cortex and
Sertoli and Leydig cells of the testis.12-15 The protein regulates the transcription of key genes involved in sexual development and reproduction,
including STAR (encoding steroidogenic acute regulatory protein), CYP17A1 (encoding 17-alphahydroxylase), CYP11A1 (encoding cytochrome P-450
cholesterol side-chain cleavage), LHB (encoding
the beta subunit of luteinizing hormone), AMH
(encoding antimüllerian hormone), CYP19A1 (encoding aromatase), and INHA (encoding inhibin
alpha subunit).16-22 NR5A1 is expressed in multiple
cell types in the fetal, postnatal, prepubertal, and
mature ovary.12,13,23 The inactivation of Nr5a1
specifically in mouse granulosa cells causes infertility associated with hypoplastic ovaries.23 Nr5a1−/−
ovaries have follicles but lack corpora lutea, a finding that indicates impaired ovulation.15 These data
2
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establish a key role for Nr5a1 in ovarian development and function in the mouse.
There are 18 known mutations of the NR5A1
gene in humans.24-34 Three of these were originally identified in patients with adrenal insufficiency.24‑26 Subsequent analyses have revealed
pathogenic mutations in an additional 15 patients
(all 46,XY),27-34 each of whom presented with various anomalies of testis development and no evidence of adrenal failure. In this study, we show
that mutations in NR5A1 are associated with impairment of ovarian development and function.

Me thods
Patients

We studied four families with a history of 46,XY
disorders of sex development and 46,XX ovarian
insufficiency and 25 subjects with 46,XX sporadic ovarian insufficiency. Control samples were obtained from a panel of 1465 subjects of various
ancestral origins, selected to match those of the
affected subjects carrying putative NR5A1 mutations. Details regarding mutational screening and
functional studies of NR5A1 are described in the
Supplementary Appendix, available with the full
Figure 1 (facing page). Pedigrees of Four Families
with 46,XY Disorders of Sex Development or 46,XX
Ovarian Insufficiency and Histologic Analysis of
Samples from Two Affected Subjects in Family 2.
In Panel A, squares represent male family members and
circles represent female family members. Solid squares
represent affected 46,XY subjects who were raised as
boys, and solid circles represent affected 46,XX subjects.
Squares containing solid circles represent affected 46,XY
subjects who were raised as girls. Symbols containing a
black dot represent apparently unaffected carriers of the
mutation. The triangle in Family 1 represents miscarriage, and the symbol with a slash represents a deceased
twin. Numbers within symbols indicate multiple siblings.
The index patient is indicated with an arrow in each family. Genotyping information is provided for Family 2. The
genotypes of the parents of the proband are inferred,
whereas all others have been determined by molecular
analysis. Panel B shows gonadal histologic analysis of affected members of Family 2. Subpanels a, b, and c show
dysgenetic pubertal testis with Leydig-cell hyperplasia
and aplasia of germ cells in the proband (Subject III-11),
who had been raised as a girl. Subpanel a shows cells
from the right testis, which are shown under higher magnification in subpanel b; cells from the left testis are
shown in subpanel c. Subpanel d shows a sample from
the proband’s sister (Subject III-8), who had 46,XX primary amenorrhea, showing a dysgenetic gonad with
fibrovascular tissue and without germ cells.
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Table 1. Phenotypes, Genotypes, and Investigation of Gonadal Function in 10 Case Subjects with Mutations in the NR5A1 Gene.*
Variable

Family 1

Family 2

c.666delC Heterozygous
Family member number
Sex of rearing
Karyotype
Age at presentation
Diagnosis

p.Asp293Asn Homozygous

II-2

III-1

III-11

III-8

Female

Female

Female

Female

46,XX

46,XY

46,XY

46,XX

35 yr
Primary ovarian insufficiency

17 yr

18 yr
46,XY disorder of sex development

Primary ovarian insufficiency

Primary amenorrhea and
signs of virilization

Primary amenorrhea
with female-type
adult pubic hair
and breasts,
small uterus

Phenotype

Female

Primary amenorrhea, absence of
secondary sex
characteristics

External genitalia

Female

Female

Phallus length, 7.5 cm; single perineal opening;
fused labioscrotal folds

Gonadal position

Pelvic

Pelvic

Inguinal

Gonadal histologic analysis

NA

19 yr

46,XY complete gonadal dysgenesis

Homogeneous fibrous tissue

Fibrous tissue, germ-cell
aplasia, Leydig-cell hyperplasia

Female

Pelvic, only right
gonad
Fibrous tissue, no
follicles

Luteinizing hormone (U/liter)
Value
Normal range

18.0

56.7

18.0

18.0

2.1–14.9

2.4–13.0

2.4–13.0

2.1–14.9

Follicle-stimulating hormone (U/liter)
Value
Normal range

76.0

13.7

36.3

51.1

2.0–15.0

ND–13.5

ND–13.5

2.0–15.0

NA

0.30

0.42

NA

2.70–9.00

2.70–9.00

NA

NA

Testosterone (ng/ml)
Value
Normal range
Estradiol (pg/ml)
Value

23

Normal range

17–290

12
17–290

* Normal range refers to the range of basal levels in control subjects matched according to age and chromosomal sex with the case subjects.
To convert the values for testosterone to nanomoles per liter, multiply by 3.467. To convert the values for estradiol to picomoles per liter,
multiply by 3.671. NA denotes not available, and ND not detectable.

text of this article at NEJM.org. We obtained written informed consent from all patients, family
members, and control subjects who participated
in the study. Consent forms were approved by local ethics committees.

with primary amenorrhea and an absence of secondary sex characteristics. Gonadal histologic analysis revealed homogeneous fibrous tissue, and 46,XY
complete gonadal dysgenesis was diagnosed (Fig.
1A and Table 1). The mother of the proband (Subject
II-2) had a history of irregular menstrual cycles and
had become pregnant at the age of 23 years. After
R e sult s
giving birth, she had anovulatory cycles that were
Family 1
treated for 2 years with clomiphene citrate with no
The proband in Family 1 (Subject III-1), who was of improvement. When she was 35 years of age, her
European descent, presented at the age of 17 years condition was diagnosed as 46,XX primary ovarian
4
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Family 3

Family 4

Sporadic Ovarian Insufficiency
p.Leu231_Leu233del
Heterozygous

p.Gly123Ala
p.Pro129Leu
Heterozygous

p.Met1Ile Heterozygous

c.390delG Heterozygous

II-1

II-2

II-1

I-2

Subject 1

Subject 2

Female

Female

Male

Female

Female

Female

46,XY

46,XX

46,XY

46,XX

46,XX

46,XX

21 day

29 yr

12.5 yr

46,XY partial gonadal
dysgenesis

12 yr

Primary ovarian
insufficiency

46,XY disorder of
sex development

Primary ovarian
insufficiency

Primary ovarian insufficiency

Hypertrophic clitoris

Primary amenorrhea,
small breasts and
uterus

Secondary amenorrhea, small
breasts, no
pubic hair

Ambiguous external
genitalia

Female

Intrauterine growth retardation, eczema,
no development of
breasts or pubic hair

Female, hypertrophic clitoris

Ambiguous male
genitalia

Female

Female

Female, hypertrophic clitoris

Inguinal testes

Pelvic, small
gonads

Pelvic, only small right
gonad

Pelvic

Fibrous tissue,
no follicles

Fibrous tissue, no follicles

NA

Female, hypertrophic clitoris
Pelvic, very small

16 yr

Female

Pelvic

Fibrous tissue, disorgaFibrous tissue,
nized tubules, Leydigno follicles
cell hyperplasia

NA

4 mo

21.7

106.0

0.3

18.0

19.0

11.0

ND–4.3

2.1–14.9

ND–4.0

2.1–14.9

ND–5.0

ND–2.0

96.9

30.0

1.8

48.0

76.0

44.0

ND–4.6

2.0–15.0

ND–3.9

2.0–15.0

ND–4.6

ND–12.5

1.85

0.07

0.23

NA

<0.07

0.49

0.20–2.00

<0.50–0.80

0.20–0.50

<0.20

<0.20

NA

NA

NA

25

<10

NA

17–290

7–60

signs of virilization (Fig. 1A and Table 1). The
diagnosis was a 46,XY disorder of sex development (Fig. 1B, subpanels a through c). A sister of
the proband (Subject III-8) presented at the age of
19 years with primary amenorrhea, and the diagnosis was 46,XX primary ovarian insufficiency
(Table 1 and Fig. 1B, subpanel d). Mutational
analysis of the NR5A1 gene revealed a homozygous c.877G→A transition, predicted to cause a
p.Asp293Asn amino acid change (Fig. 2, and Fig.
3A in the Supplementary Appendix). The parents of
Family 2
the two daughters (Subjects II-3 and II-4), who were
The proband in Family 2 (Subject III-11) presented of Brazilian origin, were first cousins (Fig. 1A).
at the age of 18 years with primary amenorrhea and DNA and hormonal studies were performed on
insufficiency. Sequence analysis of the NR5A1
gene from the proband and her mother revealed
a heterozygous frameshift mutation, c.666delC,
in codon 222 (Fig. 2). This mutation is predicted
to alter the protein sequence and create a premature termination codon in the messenger RNA
(mRNA) at codon 295, truncating the normal protein from 461 to 295 amino acids (Fig. 2 in the Supplementary Appendix). This mutation was not observed in 350 control subjects of European descent.
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Figure
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the siblings were heterozygotes, and a brother did pendix). The karyotype was 46,XX. The mother was
not carry the mutation.
The
parents were inferred 46 ISSUE:
years 03-19-09
of age, and menstruation was reportedly
JOB:
36012
to be heterozygotes. Further investigation of the normal. The two affected siblings and their mothfamily revealed a female family member (Subject er carried a heterozygous c.3G→A transition in the
IV-4) with 46,XY complete gonadal dysgenesis first codon of NR5A1 that predicts a p.Met1Ile
(DNA unavailable). The parents of Subject IV-4 change (Fig. 2, and Fig. 2 in the Supplementary
(Subjects III-1 and III-2) were also first cousins. Appendix). This mutation was not present in the
This mutation was not observed in 782 control unaffected sibling or in the father, and it was not
subjects (133 West Africans, 27 South or East Af- observed in 350 unaffected French control subricans, 100 North Africans, 357 Europeans, 63 jects.
Mexicans or Colombians, and 102 Brazilians).
Family 4
Family 3

A French proband in Family 3 (Subject II-1) presented at the age of 12 years with signs of virilization.
The diagnosis was 46,XY partial gonadal dysgenesis (Fig. 1A and Table 1). A sister of the proband
(Subject II-2) presented at the age of 16 years with
secondary amenorrhea. Menarche had begun at 14
years with irregular cycles that ended at 15 years.
The diagnosis was 46,XX primary ovarian insufficiency (Fig. 1A and Table 1). The third sibling
(Subject II-3) was seen at 11 years of age for systematic evaluation. She showed age-appropriate onset
6
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Another French proband, in Family 4 (Subject II-1),
presented at birth with ambiguous external genitalia. His condition was diagnosed as a 46,XY disorder of sex development, and he was raised as a
boy (Fig. 1A and Table 1). After his birth, his mother took oral contraceptives for 2 years, until she
was 29 years old, after which her menstrual cycles
did not reappear. The mother’s diagnosis was 46,XX
primary ovarian insufficiency (Fig. 1A and Table
1). A heterozygote frameshift mutation, c.390delG,
was detected in NR5A1 in both the proband and
his mother (Fig. 2). This mutation is predicted to
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alter the protein sequence and create a premature
termination codon in the mRNA at codon 295 (Fig.
2 in the Supplementary Appendix). This mutation
was absent in 350 unaffected French control subjects.
Genetic Analysis of Sporadic Ovarian
Insufficiency

We then analyzed samples from 25 women with
sporadic ovarian insufficiency. One girl, of Roma
origin, presented at the age of 12.5 years because
of short stature (Table 1). She had been born at
term (38.5 weeks) by cesarean section (birth length,
44 cm [17.3 in.]; weight, 2.4 kg [5.3 lb]). She had
generalized seizures on day 7. She grew at –2 SD
for height until the age of 1.9 years and then at
−3 SD. At 12.5 years, her bone age was 9 years,
her height was 130 cm (51.2 in.), and her weight
was 30 kg (66.1 lb). Known causes of short stature were excluded by measuring peak growth hormone after stimulation, plasma insulin-like growth
factor I, creatinine, thyrotropin, thyroxine, and
erythrocyte sedimentation rate. Her hormonal profile, before and 1 hour after stimulation with synthetic adrenocorticotropic hormone, showed low
levels of 17-OH progesterone (0.16 to 1.10 ng per
milliliter) and delta 4-androstenedione (0.27 to
0.49 ng per milliliter) and normal levels of cortisol (110 to 320 ng per milliliter). Her karyotype
was 46,XX, and the diagnosis was ovarian failure
(Table 1). Analysis of the NR5A1 gene revealed a
heterozygous in-frame 9-bp deletion that results in
the loss of three amino acids (p.Leu231_Leu233del)
in the N-terminal region of the ligand-binding domain (Fig. 2 and 3A). In silico analysis predicted
a change in hydrophobicity of helix 1 of the ligandbinding domain, which may result in altered protein conformation or function (Fig. 3B). The deletion was not observed in 800 control alleles,
including samples from 69 unaffected subjects of
Roma origin and 56 unaffected subjects from an
Indian Gujarati population.
A second girl, of West African (Senegalese) origin, presented at 4 months of age with hypertrophy of the clitoris (Table 1). The child, born to
nonconsanguineous parents, had elevated levels
of follicle-stimulating hormone, a finding that
indicates ovarian insufficiency. Analysis of the
NR5A1 gene revealed two closely linked heterozygous mutations — c.368G→C (p.Gly123Ala) and
c.386C→T (p.Pro129Leu) — in the hinge domain
of the protein (Fig. 2, and Fig. 2 in the Supplemenn engl j med

tary Appendix). Enzymatic digestion of the amplicon revealed that both mutations were present on
the same chromosome (data not shown). The DNA
of her parents was unavailable for study. Neither
mutation was observed in 479 unaffected control
subjects (113 Senegalese, 111 other West Africans,
100 North Africans, 27 South or East Africans, and
128 other subjects).
We observed no other nonsynonymous variants
in NR5A1 in any of the four families. Both subjects who had sporadic primary ovarian insufficiency were homozygous for the p.Gly146Ala
(c.437G→C) polymorphism that has previously
been demonstrated to have approximately 80%
of the activity of the wild-type protein.35 To further assess the degree of genetic variability, we
sequenced the open reading frame of NR5A1 in
140 subjects with normal sperm levels (>20×106
sperm per milliliter), of whom 46 had fathered at
least one child. In this panel, we detected the previously characterized p.Gly146Ala as the only nonsynonymous change (allelic frequencies, G 0.843
and C 0.157).
Functional Assays of NR5A1 Activity

We observed a quantitative reduction in the transactivation of both CYP11A1 and CYP19A1 when testing the effect of each of the NR5A1 mutations on
protein function, using embryonic kidney tsa201
cells (Fig. 4A and 4B). Proteins with mutations at
p.Pro129Leu, c.666delC, and p.Leu231_Leu233del
showed severe loss of activation, whereas the
p.Gly123Ala mutant had activity more similar to
the wild-type protein. This finding shows that the
p.Pro129Leu variant is pathologic in the patient
who carries both variants. The construct containing the p.Asp293Asn mutation that was detected
in Family 2 partially activated the CYP11A1 and
CYP19A1 promoters. We obtained similar results
in transient gene-expression assays using Chinese
hamster ovary cells (for details, see the Supplementary Appendix).

Discussion
We identified a series of missense, in-frame, and
frameshift mutations in the NR5A1 gene in association with anomalies of ovarian development and
function. In four of the probands, whose condition was diagnosed as 46,XY disorders of sex development, the mutation was familial. In each of
these families, another member of the family with
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primary ovarian insufficiency also harbored the
mutation. We identified two additional heterozygous mutations by screening 25 female subjects
with primary ovarian insufficiency. In all subjects,
there was no evidence of adrenal dysfunction, a
finding that is consistent with reported mutations
in NR5A1 in patients with 46,XY disorders of sex
development with apparently normal adrenal function.27-34 Taken together, these data indicate that
mutations in NR5A1 can cause ovarian insufficiency.
The subjects we describe show variations in
expressivity of the phenotype, penetrance, and
modes of inheritance. Families 1, 3, and 4 show
a dominant mode of inheritance, whereas Family 2 shows a recessive mode. Families 1 and 4
carry heterozygous frameshift mutations that generate a premature termination codon predicted to
result in truncated proteins. Nonsense-mediated
decay usually results in the degradation of mRNAs
containing a premature termination codon at least
50 nucleotides upstream of the last exon–exon
boundary.36 The two mutations, c.666delC and
c.390delG, result in a premature termination codon
at amino acid position 295, predicted to be recognized by the nonsense-mediated decay surveillance
complexes and degraded. Our functional analyses
indicated that even if a truncated protein were
produced, it would have severely impaired transcriptional activity (data not shown).
In Family 3, both XY and XX affected family
members harbored the same heterozygous c.3G→A
transition as their apparently unaffected mother.
This mutation abolishes the Kozak consensus sequence for translation initiation, which may either abolish translation or result in a defect in
translation. An alternative initiation codon is located downstream at codon position 78. Translation initiation at this codon is predicted to truncate the N-terminal of the protein, eliminating the
DNA-binding domain. The absence of a phenotype
in the mother carrying the same mutation as the
affected family members suggests incomplete penetrance of the mutant allele, owing to a variable
translation defect, the existence of modifier genes,
or environmental effects. This is consistent with
incomplete penetrance of NR5A1 mutations present
in 46,XY dizygotic twins with disorders of sex development: one boy presented with anorchia, and
the other had normal testicular development.33
In six reported patients with 46,XY disorders
of sex development, the NR5A1 mutation was inherited from the mother, who had apparently nor-
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mal ovarian function.30-34 These cases may be explained by incomplete penetrance of the mutant
allele or by a progressive failure of ovarian function. In one published familial case, the mother of
a 46,XY boy with anorchia who also harbored a
p.Val355Met mutation in NR5A1 underwent left
ovariectomy and homolateral fallopian tube ablation for ovarian cysts at the age of 22 years and
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subsequently had two spontaneous miscarriages,
an outcome that suggests impaired ovarian function.33
In Family 2, it is simplest to interpret the mode
of inheritance as recessive. The two affected family members had a homozygous p.Asp293Asn mutation in a region of the gene that encodes the
ligand-binding domain of NR5A1. Unaffected family members who were genotyped were either
heterozygous or lacked the mutation. A recessive
mode of inheritance for this family can be explained by the residual activity of the NR5A1
p.Asp293Asn protein, which was about half as
active as wild-type NR5A1.
During further screening of isolated cases of
ovarian insufficiency, we detected heterozygous
NR5A1 mutations in two subjects. The mutation in
Subject 1 was predicted to result in the deletion of
three amino acids (p.Leu231_Leu233) in the ligand-binding domain of NR5A1. These three
amino acids are highly conserved in subclass V of
nuclear receptors and overlap with the first helix
(Helix 1) of the ligand-binding domain. Helix 1
contains an activation function domain (AFH1)
that is essential for maximal receptor function
through interaction with coactivators.37 Disruption of this structure is predicted to dramatically alter NR5A1 stability and activity, as
demonstrated by the failure of mutant NR5A1
(p.Leu231_Leu233del) to transactivate the CYP11A1
and CYP19A1 promoters. We observed two changes
on a single chromosome in the second subject with
isolated primary ovarian insufficiency (data not
shown). One of these changes, p.Pro129Leu, is
probably pathogenic, since it severely impairs transcriptional activity.
We have shown that mutations in NR5A1 are
associated with human ovarian insufficiency, an
observation consistent with the hypoplastic ovaries and infertility of mice lacking Nr5a1 in their
granulosa cells.23 NR5A1 plays an important role
in human ovarian development and function. During early human embryonic development, NR5A1
is expressed in the bipotential gonad in both sexes
and is not sexually dimorphic after sex determi-

of

m e dic i n e

nation. A broad range of expression persists in the
developing human fetal ovary, as well as in the
testis.38,39 In cycling human ovaries, NR5A1 is expressed in the undeveloped follicles during the
preantral phase.38 It is also expressed in theca
interna cells, in luteinized and nonluteinized granulosa cells, and in corpus luteum during the luteal
phase, as well as in both atretic follicles and degenerating corpora lutea.38
In both theca and granulosa cells, NR5A1
regulates genes required for ovarian steroidogenesis and follicle growth and maturation, including, STAR, CYP11A1, CYP17A1, CYP19A1, LHCGR
(encoding luteinizing hormone receptor), and
INHA.12,14,15,17-21 Dysregulation of any of the proteins encoded by these genes could lead to ovarian dysfunction. Our data show that mutated
forms of NR5A1, detected in subjects with anomalies of ovarian development and function, show
quantitative impairment in the transactivation of
two of these factors (CYP11A1 and CYP19A1).
Our data suggest that mutated NR5A1 is associated with a progressive loss of ovarian reproductive capacity. A diagnostic genetic test could
aid in counseling for the possibility of familial recurrence and in evaluation of prospects for treatment of primary ovarian insufficiency.
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