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Abstract
Purpose Primary ovarian failure (POF) is characterized by
amenorrhea, hypoestrogenism, and elevated gonadotropin
levels in women leading to infertility under the age of 40
years. POF is a heterogeneous disease with different causes,
and several genes have been associated with the POF phe-
notype. Thus, Whole-exome sequencing (WES) was per-
formed in a consanguineous family with two sisters affected
by POF.
Methods All exons of both sisters were massively
sequenced by WES, and the segregation was confirmed by
Sanger sequencing.
Results The novel homozygous c.1489delT variant in the
NOBOX gene was identified in the two sisters with POF.
Their parents were heterozygous carriers of this variant and,
therefore, consistent with an autosomal recessive mode of

inheritance. The c.1489delT NOBOX variant has not been
previously reported in any public available databases
(1000Genomes, 6500ESP/EVS, ExAC, and gnomAD).
Furthermore, this variant was neither present in 387 Bra-
zilian exomes control individuals nor in 200 fertile Brazilian
women screened by Sanger sequencing.
Conclusion We report the first familial case of a novel
homozygous NOBOX variant with an autosomal recessive
mode of inheritance, thus allowing for a genetic diagnosis
of primary ovarian failure.

Keywords NOBOX ● Primary ovarian failure ● Whole-
exome sequencing ● Homozygous variant

Introduction

Premature ovarian failure (POF), also known as primary
ovarian insufficiency (POI), is characterized by the loss of
ovarian function before the age of 40 years, thus resulting in
amenorrhea, hypoestrogenism, infertility, and elevated
gonadotropin levels (follicle-stimulating hormone [FSH]
>40 U/L) [1, 2]. POF could be caused by X chromosome
abnormalities as well as genetic and environmental condi-
tions. Most POF cases are still idiopathic, and genetic and
epigenetic causes are currently being identified to be etio-
logic causes of POF [1]. POF is a heterogeneous disease
with different causes, and several genes have already been
associated with POF. Genes affecting ovarian development
(SF-1 and FOXL2), gonadotropin production (LH and FSH
beta subunit gene defects), gonadotropin signaling (FSHR
and LHR), follicle development or maintenance of germ
cells (BMP15, NOBOX, and NANOS3), and DNA division
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and repair (STAG3, MCM8, and MCM9) could contribute to
POF [2].

In mammals, folliculogenesis is an intricate process
underlying extra ovarian and intraovarian factors. The
oocytes and their regulatory factors play a pivotal role in
this process. Many transcription factors are implicated in
follicle development, maturation, and maintenance of the
constituent oocytes. The oocyte-specific homeobox gene
encoding the newborn ovary homeobox protein, NOBOX, is
expressed in germ cells and primordial oocytes. It belongs
to a group of tissue-specific homeobox genes that plays a
pivotal role in ovarian development [3]. NOBOX is pre-
ferentially expressed in primordial and growing oocytes [3].
In mice and human, NOBOX directly regulates pivotal
oocyte-specific factors such as GDF9, OCT4, and KIT-L
through its homeodomain and CG-protein region [4].
Despite the crucial role of NOBOX in ovarian development
and a relatively higher estimated frequency of heterozygous
NOBOX mutations (0–6%), only one homozygous NOBOX
mutation has been reported for a patient with POF [4, 5].

Here, we describe a novel homozygous NOBOX variant
identified by whole-exome sequencing (WES) as a cause of
primary ovarian failure in two sisters.

Patients and methods

Case reports

Institutional review board approval and written informed
consent were obtained from all subjects; blood was col-
lected for DNA analysis. This study was approved by the
Ethics Committee of the Hospital das Clínicas, São Paulo
University School of Medicine, Brazil (protocol number
2015/12837/1.015.223).

From a cohort of 11 families with POF, we identified the
NOBOX variant c.1489delT in one family with two affected
sisters. The proband (II-3) and her sister (II-4) were born
from consanguineous Brazilian parents (Fig. 1). The pro-
band, a 17-year-old woman and her 18-year-old sister had
no breast development and menarche. Upon physical
examination, the proband and her sister had normal heights
(148 and 156 cm, respectively) and body weights (40 and
47 kg, respectively). The stage of breast development for
the proband and her sister were characterized by Tanner
stages I and III, respectively. Pubic hair was characterized
by Tanner III stage for both patients. The karyotypes of
both the sisters were 46,XX as determined by an analysis of
50 cells in metaphase.

Basal serum gonadotropin levels were elevated in the
proband (FSH= 68 U/L and LH= 32 U/L) and in her
affected sister (FSH= 74 U/L and LH= 67 U/L), whereas
serum estradiol levels were low in both the sisters.

Adrenal or thyroid autoimmune disorders had been
excluded in both patients. Both sisters were treated with
conjugated estrogen daily followed by progesterone repla-
cement during the first 12 days of the month, resulting in
complete breast development and a normal menstrual cycle.
Their final heights at 27 and 26 years of age were 170 and
157 cm, respectively.

The mother of the affected sisters had their children at 25
and 26 years of age, respectively, and had a normal
menopause (46 years of age). Moreover, their maternal aunt
and their first-degree cousin were also evaluated due to
irregular menstrual cycles and delay of puberty. Their
physical and hormonal levels were normal for their age.

Genetic analysis

DNA extraction

Genomic DNA was extracted from peripheral blood leu-
kocytes using standard procedures.

WES and data analysis

WES was performed in both sisters using SureSelect Human
All Exons Kit (Agilent Technology, Santa Clara, CA, USA)
on the Illumina HiSeq2500 (Illumina, San Diego, CA,
USA). Reads (FASTQ files) were aligned against the human
reference genome GRCh37/hg19 using the Burrows-
Wheeler aligner (BWA) [6]. FastQC was used to assess
the quality of the raw sequence data (FASTQ files).

The aligned reads were subsequently sorted and marked
for duplicated sequences using biobambam2 [7]. Quality
control for the sequence alignment data was performed using
Qualimap [8]. Variant calling was performed with freebayes
[9]. Low quality calls were filtered out using vcflib (https://
github.com/vcflib/vcflib). Decomposition of multi-allelic loci
and left normalization of indels were performed with vt [10].
The resulting variants were annotated with ANNOVAR [9,
11]. We focused our analysis on rare protein-altering variants
(nonsynonymous, indels, nonsense, and splice sites). Variant
frequency was analyzed based on different ethnic sub-groups
available from the Exome Aggregation Consortium (ExAC),
NHLBI Exome Sequencing Project (ESP), Exome Variant
Server (EVS), and in the International Genome Sample
Resource-1000 Genomes Project [12–14]

SNVs were analyzed by nine independent protein
pathogenicity predictors: Polyphen-2, SIFT, Mutation
Taster, Mutation Assessor, FATHMM, PROVEAN, Radial
SVN, and LR. Another aspect of the annotation included
base conservation and functional prediction using the
Combined Annotation Dependent Depletion database
(CADD) and the genomic evolutionary rate profiling score
(GERP).
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Sanger sequencing

WES variant was confirmed by Sanger sequencing for both
subjects. Primers flanking the NOBOX variant (c.1489delT
in exon 9, ENSG00000106410/NM_001080413) were used
for PCR amplification. All PCR products were sequenced
using the BigDye terminator v3.1 followed by automated
sequencing with the ABI PRISM 3130XL (Applied Bio-
systems, Foster City, CA). Moreover, Sanger sequencing
was used to evaluate 200 fertile Brazilian women as con-
trols for putative damaging variant that was found from the
2 sisters.

Results

The mean coverage depth of the targeted regions in our
exome sequencing data was 87.8–96.0×, with at least
96.46% of the sequenced bases covered more than 10-fold.
We applied the following exome filter: total variants called
in this family → homozygous variants only in both affected
sisters → variants that were absent or with minor allele
frequency less than 0.01% in the population databases
(1000Genomes, ExAC, and ESP6500) → coding or splicing

variants only → variants absent from the Brazilian exomes
database. After these filters, only a single homozygous
NOBOX variant was identified in both sisters with POF
(Table 1). The c.1489delT NOBOX variant is located in
exon 9, the second last exon, resulting in a cysteine to
valine substitution at that position 497 as well as a frame-
shift and downstream premature stop codon (NM_
001080413 [NOBOX_i001]:c.1489delT:p.Cys497Valfs*53)
as predicted by the Mutalyzer analysis. Sanger sequencing
confirmed that both sisters were homozygous for the
c.1489delT NOBOX variant whereas the parents were het-
erozygous. Furthermore, their maternal aunt and first-degree
cousin were heterozygous for this variant. Moreover, this
variant was not present in the 400 fertile Brazilian women
that were analyzed as well as the 386 exomes sequences
from the Brazilian control database (unpublished data) and
gnomAD browser.

Discussion

NOBOX plays an important role in early folliculogenesis.
Though female NOBOX+/- mice were fertile, female
NOBOX knockout mice were infertile and also presented the

Fig. 1 The homozygous pathogenic variant in NOBOX, c.1489delT,
was identified in two sisters from Brazil. a Family Pedigree. The black
arrow indicates the proband (II-3). Pedigree numbers of individuals are
indicated above the symbols. b Electropherogram confirmed that the
c.1489delT (red arrow to the nucleotide peak of interest) variant was
homozygous in II-3 and II-4, and heterozygous in their parents (I-1
and I-2). WT denotes the wild type allele and MT denotes the

c.1489delT variant. An asterisk indicates samples utilized for Whole-
exome sequencing (WES). c Schematic cartoon of the NOBOX
(ENSG00000106410/NM_001080413.1/NP001073882.3). The ten
exons are shown in black and homeodomain in gray box. The black
arrow indicates the pathogenic NOBOX variant position found in two
Brazilian sisters (p.Cys497Valfs*53)
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majority of their oocytes and follicular growth beyond
primordial follicle stage as well as an accelerating loss of
oocytes [15]. Moreover, NOBOX deficiency in mice resul-
ted in the faulty development of germ cell cysts during
embryonic development, thus leading to abnormal follicles
formation [16].

The first reported case of a heterozygous missense
NOBOX mutation associated with POF emerged in 2007
[17]. The p.Arg355His mutation disrupted the home-
odomain of NOBOX, thus affecting its binding to DNA, and
the functional study showed a dominant negative effect.
Despite that, no family segregation was performed. More-
over, this affected woman had a mild phenotype presenting
normal puberty, menarche was at 11 years, had two healthy
children and entered menopause at 32 years of age. She was
the only child of a woman who conceived her at 26 years of
age and who entered menopause at 42 years of age [17].

Several cohorts were analyzed and different hetero-
zygous variants were identified in women with POF [18–
21]. Heterozygous mutations in NOBOX were reported in
high frequency (6.2%) in 178 patients with POF of Cau-
casian and African ancestry [18]. One nonsense and four
missense mutations in NOBOX were described, and these
heterozygous mutations were verified to compromise the
ability of the proteins to bind to the GDF9 promotor [18].
Moreover, the patients exhibited a heterogeneous pheno-
type, since primary amenorrhea until fertile woman. The
heterozygous loss-of-function NOBOX mutation (p.
Arg303*), localized in the conserved homeodomain, was
reported in a patient who became spontaneously pregnant
few months after POF diagnosis [18]. Furthermore, three
novel and two previously described mutations in NOBOX
were found in a heterozygous state in a cohort of 213
patients with POF. They have confirmed the functional
effects of four heterozygous missense mutations, and con-
cluded that no variants exhibited dominant negative effect
[19]. Interestingly, the POF patients carrying the same
mutations presented different phenotypes and one of them
carried two different mutations, which were not segregated
in the parents [19].

In a cohort of 125 Tunisian women diagnosed with POF,
screening of NOBOX revealed three known heterozygous
missense mutations in eight patients. They also reported a
homozygous NOBOX variant (p.Arg117Trp), already
described as deleterious heterozygous variant in POF
woman [20]. Moreover, 107 European women with idio-
pathic POF were screened, and genetic analyses revealed
five novel heterozygous NOBOX variants. They reported
heterozygous mutations in the NOBOX homeobox domain
and into c-terminus domain [21]. However, in a cohort
comprised of 200 Chinese women with POF, NOBOX
mutations were not identified as a common explanation for
POI in that population, though only the homeodomain
domain was screened [22].

The second homozygous NOBOX mutation was recently
identified in one patient from a cohort of 96 Chinese
patients with POF using whole-exome sequencing [5]. They
revealed a homozygous truncating variant (c.567delG;p.
Thr190Hisfs*13), which showed a severe defect in tran-
scriptional activation of GDF9, a well-known target of
NOBOX. The patient had primary amenorrhea and her
unaffected mother was not screened to verify the variant
status [5]. In our study, the novel homozygous c.1489delT
NOBOX variant was identified in two sisters with POF born
from consanguineous parents. The heterozygous mother had
normal ovarian function and generated six children
demonstrating that some heterozygous NOBOX variants are
not cause of POF phenotype. The family reported here and a
previously described Chinese patient [5] presented homo-
zygous loss-of-function NOBOX variants suggesting an
autosomal recessive inheritance pattern for NOBOX gene in
POF.

Further evidence to support the pathogenicity of the
c.1489delT variant is its absence in any public available
databases (1000Genomes, 6500ESP/EVS, ExAC, and
gnomAD). Moreover, the c.1498delT NOBOX variant is
neither present in 387 Brazilian exomes controls (unpub-
lished data) nor in 200 fertile Brazilian women screened by
Sanger sequencing. According to guidelines from the
American College of Medical Genetics and Genomics and

Table 1 Whole-exome
sequencing variant filtration

Data filtering criteria Member of family (II-3, II-4)

Total variants called in the family 70,319

Homozygous recessive in both affected siblings 2701

Variants absent or with a minor allele frequency <0.01%a 1969

Coding/splicing variants 156

Exonic functionb (except synonymous variants)b 11

Variants absent in Brazilian exomes databasec 1

a Based on 1000Genomes, 6500ESP and ExAC database
b Nonsense, frameshift, codon insertion/deletion and missense
c Brazilian exomes database (unpublished data)
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Association for Molecular Pathology, supporting evidence
that the present variant may be pathogenic include the fact
that this variant was absent in all available databases, it
cosegregated with the disease in affected and unaffected
family members, and the fact that the null variants (such as
nonsense or frameshift) of this gene is known to contribute
to the mechanism for POF [23].

The published data suggested that heterozygous variants
might cause ovarian defects due to haploinsufficiency of
NOBOX and lead to POF. Although different groups
demonstrated this effect, they are not in agreement with
animal models for which heterozygous NOBOX+/- is fertile
as well as the WT mice [15, 16]. Furthermore, all POF
cohorts have shown a heterogeneous phenotype such as
mild and severe phenotypes due to the same mutation with
no clear explanation. Interestingly, all heterozygous
NOBOX mutations previously described were found using
Sanger sequencing in contrast with the two homozygous
variants, which were identified by massive parallel
sequencing. The Whole-exome sequencing was able to
exclude others genes that could explain the POF phenotype
in the proband mentioned in this study, whereas Sanger
sequencing could not rule out causative variants in other
genes in previously described patients with heterozygous
NOBOX mutations.

According to protein database, the NOBOX protein
contains a conserved homeodomain region involved in the
transcriptional regulation of key eukaryotic development
processes. This homeobox domain region is located at
between 272 and 363 amino acids position at the end of
exon 4 and middle of exon 6 (see cartoon Fig. 1C) (NCBI
reference sequence/ENSG00000106410/NP_001073882.3).
Despite the NOBOX homeobox domain being conserved
among species and seeming to be a crucial to NOBOX
transcriptional activity, heterozygous missense and loss-of-
function mutations located outside of this region and nearby
to c-terminus site (p.Lys371Thr, p.Arg449*, p.Asp452Asn),
were also functionally confirmed to lead POF phenotype
[19, 21]. Ferrari and collaborators [21] have shown that
NOBOX variants p.Arg449* and p.Asp452Asn, identified in
POF patients, had an aberrant activity in vitro. Their
inability to sustain gene expression, with the likely dele-
terious effects of protein instability and degradation, rein-
forced that C-terminus NOBOX region can also lead to POF
phenotype [21]. Considering that the pathogenic variant p.
Cys497Valfs*53 is located nearby this c-terminus region,
which was also confirmed to be involved in transcriptional
activity, the deleterious effect in the protein predicted by in
silico tool, and the perfect autosomal recessive inheritance
segregation, we suggest that this variant led to POF phe-
notype in our two patients.

Finally, human disorders may have two types of inheri-
tance with the same phenotype as for NR5A1 defects. A

heterozygous loss-of-function NR5A1 mutation (p.Gly35-
Glu) was described in a patient with adrenal failure and
complete 46,XY sex-reversal, indicating that haploinsuffi-
ciency of this gene is sufficient to cause a severe clinical
phenotype. In an infant with a similar clinical phenotype,
the homozygous NR5A1 mutation (p.Arg92Gln) was iden-
tified, but three relatives (parents and sister) were pheno-
typically normal despite being heterozygous for this
mutation [24, 25]. Therefore we could not exclude that POF
disease caused by NOBOX mutations may also have auto-
somal dominant and recessive inheritance pattern.

In conclusion, we report the first familial case of a
homozygous NOBOX variant, thus indicating an autosomal
recessive mode of inheritance. This finding reveals a novel
NOBOX variant associated with POF, therefore contributing
to the genetic diagnosis of this disorder.
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