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Abstract

Purpose Premature ovarian insufficiency (POI) affects approximately 1% of women before the age of 40. Genetic contribu-
tion is a significant component of POI. The NOBOX gene was considered one of the major genetic causes of POI. However,
the pathogenicity and the penetrance of NOBOX variants remain unclear.

Methods We studied the whole coding region of the NOBOX gene by next generation sequencing in a cohort of 810 patients
with POI, and we compared the frequency of each identified NOBOX variant to the general population taking into account
the ethnicity of each individual.

Results Screening of the whole coding region of the NOBOX gene allowed us to identify 35 different variants, including 5
loss-of-function variants. In total, 171 patients with POI (25%) carried out at least one NOBOX variant. Regarding missense
variants, we observed a significant overrepresentation of the most frequent ones in our 810 POI patients as compared to the
general, except for p.(Argl17Trp). However, taking into account the ethnic origin of the individuals, we observed no signifi-
cant OR difference for p.(Arg44Leu) and p.(Argl17Trp) in African subgroup and for p.(Asp452Asn) in European subgroup.
Conclusion This population study suggests that the p.(Arg44Leu) variant could be considered benign variant and that the
p-(Asp452Asn) and p.(Argl17Trp) variants could be considered moderate risk pathogenic variants with probably partial
and very low penetrance and/or expressivity. In contrast, p.(Gly91Trp) and p.(Gly152Arg) variants could be considered

pathogenic variants with a moderate functional impact.

Keywords NOBOX - Premature ovarian insufficiency - Penetrance

Introduction

Premature ovarian insufficiency (POI) is a condition defined
by the loss of ovarian function before the age of 40, charac-
terized by disruptions in the menstrual cycle with elevated
FSH (follicle-stimulating hormone) and low estradiol levels
in blood [1]. It affects approximately 1% of women and can
have profound implications on fertility. The NOBOX (new-
born ovary homeobox) gene is considered one of the major
genetic causes of POI [2, 3]. NOBOX is an ovary homeobox
gene involved in first stages of folliculogenesis. In knockout
Nobox female mice, Rajkovic et al. observed fibrous tissues
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replacing follicles, causing similar phenotype to non-syn-
dromic ovarian failure [4]. NOBOX deficiency results in a
defect in cyst breakdown that leads to abnormal connections
between somatic cells and between oocytes [5, 6].

Mouse and human NOBOX share roughly 50% amino-
acid sequence homology and present similar functional
domains. Both proteins contain a homeodomain (amino-
acids 272-363) required for DNA binding and co-factor
interactions with a putative nuclear localization domain
signal (within the homeodomain) responsible for the nuclear
localization of NOBOX. They directly bind the growth and
differentiation factor 9 (GDF9) and POU class5 homeobox 1
(Pou5f) promoters. Additionally, they contain a putative
Src-homology 3 binding domain (amino-acids 273-280).
The carboxy-terminal region of both proteins is proline-
rich (amino-acids 392-668). NOBOX functions could be
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modulated by posttranslational modifications (such as
sumoylation) [7].

Several molecular studies have been performed to evalu-
ate the prevalence of NOBOX variants in patients diagnosed
with POI and found NOBOX variants in 1.2-9% of patients
with POI, suggesting that NOBOX variants appear to be the
most frequent genetic cause of POI [8—11]. These variants
can disrupt the normal functioning of NOBOX, leading to
aberrations in folliculogenesis and ultimately, ovarian insuf-
ficiency. Interestingly, studies have shown that NOBOX vari-
ants can exhibit varying effects depending on the specific
variant and its location within the gene. In 2007, Qin et al.
(2007) discovered seven known single-nucleotide polymor-
phisms and four novel variants in 96 white women with
POI [12]. They demonstrated that the p.(Arg355His) vari-
ant disrupted NOBOX homeodomain binding to NOBOX
DNA-binding element and had a dominant negative effect on
the binding of wild-type NOBOX to DNA [12]. In 2011, a
French group sequenced NOBOX in a cohort of 178 women
with idiopathic POI and identified 19 heterozygous vari-
ants including one nonsense (c.907C > T; p.(Arg303Ter))
and four missense (c.271G>T, p.(Gly91Trp); ¢.349C > T,
p-(Argl17Trp); c.1025G > C, p.(Ser342Thr); c.1048G > T,
p-(Val350Leu)) in 12 of these patients [2]. The authors dem-
onstrated that these variants compromised the ability of the
proteins to bind to and transactivate the GDF9 promoter
[2]. The same group analyzed 213 patients with POI and
reported 3 novel and 2 recurrent heterozygous missense
NOBOX rare variants found in 12 other patients [13]. Using
a functional assay on the GDF9 promoter and on KIT-L,
they demonstrated that the missense variants (p.(Gly91Thr),
p-(Glyl11Arg), p.(Argl17Trp), p.(Lys371Thr), and
p.(Pro619Leu)) were deleterious for protein function [13].
All these studies suggest that NOBOX heterozygous variant
leads to premature ovarian depletion by a dominant negative
effect or by haploinsufficiency. In 2017, two novel homozy-
gous frameshift variants were identified, emphasizing loss-
of-function effect as the most probable mechanism linking
NOBOX variants to POI [8, 9].

Furthermore, research has revealed ethnic-specific varia-
tions in the prevalence and nature of NOBOX variants among
women with POI. For example, the rare molecular studies
performed from North- or Sub-Saharian Africa found a
high proportion of NOBOX variants in patients with POI:
in a Tunisian POI cohort of 125 unrelated subjects, three
known missense variants (p.(Argl17Trp), p.(Gly91Trp),
and p.(Pro619Leu)) were identified in eight patients [10]. It
was also observed in two other studies a high frequency of
NOBOX variants in POI patients from sub-Saharian origin
[2, 11].

To analyze pathogenicity of different variants according
to specific ethnic origins, we compared the prevalence of
NOBOX variants identified in our cohort of 810 unrelated
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patients with POI from different ethnical-geographical ori-
gins with the reported frequency in the general population
in the gnomAD database.

Material and methods
Patients

We recruited 810 women under 40 years old in a period
of 5 years, with idiopathic, sporadic or familial POI, nor-
mal karyotype (46,XX), primary or secondary amenorrhea,
and elevated FSH (>25 UI/L) in two measurements. Preg-
nancy was not excluded in the patient group. All participants
signed an informed consent letter previously approved by the
local ethics committee, and the study has been performed
in accordance with the ethical standards as laid down in
the Declaration of Helsinki. According to their ethnic ori-
gin, these women were divided in four groups: European
(n=468), North-African (n=123), Sub-Saharian Africa
(n=214), and Asian (n=5).

We used the genome aggregation database (gnomAD)
(https://gnomad.broadinstitute.org/) (v2.1.2) to compare
frequencies in general population. We also used the results
from a control population of 200 Tunisian women with nor-
mal reproductive history [10].

Next-generation sequencing

Genomic DNA was extracted from peripheral blood sam-
ples of POI individuals and purified using the Chemagic
360 nucleic acid extractor (Perkin Elmer) and the Wizard
genomic DNA Promega Kit (Promega Corporation). A
customized target capture array covering 7 selected known
causative genes, including NOBOX (NM_001080413.3),
was designed by Roche NimbleGen to cover all exons
and at least 25 bp of flanking intron sequence based upon
NCBI Build37/UCSC version hgl9. Based on the vari-
ant frequencies identified previously, 7 causative genes
with confirmative functional evidence were included in
the target panel, including one meiosis gene (MSHYS),
three ligands and receptors associated genes (BMPI15,
FSHR, and GDF9), and three transcriptional factors
preferentially expressed in the ovaries (FOXL2, NOBOX,
and NR5AI). The selected genes satisfied at least one of
the following requirements: (1) pathogenic variants of
the gene have been identified in women with POI; (2)
functional studies have been performed to confirm that
the genes are involved in ovarian function maintenance
[14]. Although the genetic etiology of POI is heterogene-
ous with more than 100 genes associated with POI, this
panel may identify the etiology in ~8% of women with
POI [3]. The list of the 7 genes known to cause POI can
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be found in the supplemental information for this article
(Table S1). Genomic DNA (1 pg) was fragmented using
an enzymatic approach. The sample library was prepared
using a KAPA Library preparation kit (KAPA, KR0935).
The target regions were captured using the SeqCap EZ
library kit (Roche NimbleGen) and then subjected to
multiplex sequencing with the Illumina MiSeqSystem to
a mean coverage of 200X according to the manufacturer’s
recommendations. The paired-end reads were processed
with Polyweb (http://www.polyweb.fr/), an in-house
Paris Descartes bioinformatics platform pipeline follow-
ing GATK best practices recommendations and variants
annotation (http://www.broadinstitute.org/gatk/guide/
topic?name=bestpractices). Sequences were aligned to
the human genome hg19 (NCBI build37/hg19 version)
with BWA and SNVs and indels were called using three
different tools: genome analysis toolkit (GATK) unified
genotyper, SAMtools, and FreeBayes. All calls with a read
coverage <5 X and a Phred-scaled SNP quality of <20
were filtered out. Variants were annotated with an in-house
Paris Descartes bioinformatics platform pipeline based on
the Ensembl database (release 67). We excluded from the
analysis all NOBOX variants with a MAF > 3%.

In silico analysis

In silico analysis was implemented with CADD (com-
bined annotation dependent depletion) tool and with Ala-
mut v.2.4 (Interactive Biosoftware) (https://www.inter
active-biosoftware.com/alamut) to predict pathogenic
effects.

NOBOX NM_001080413 gZEE)

Protein length 5‘0 100 150 200 25‘)0

Mutation validation

All variants were confirmed by Sanger sequencing. Ampli-
fied PCR products were sequenced with specific primers on
an ABI3130xI1 genetic DNA analyzer (Applied Biosystems,
Life technologies) using BigDyedideoxy terminator chem-
istry (Applied Biosystems, Foster City, CA, USA). Primer
sequences and positions, PCR conditions, and product sizes
are available on request.

Statistical analysis

The statistical analyses were done using the SAS software
(SAS institute, Inc. Cary, NC) and R environment (https://
www.R-project.org/.) The Fisher exact test was used to
assess the differences between the cohort and the general
population and to study the estimated odds ratio (OR).
The data are presented as a percentage or mean and SD for
quantitative variables. P <0.05 was considered statistically
significant.

Results

Screening of the whole coding region of the NOBOX
gene allowed us to identify 35 different variants: 2
frameshift variants, 2 nonsense variants, 1 consen-
sus splice site variant, 1 inframe deletion, and 29 dif-
ferent missense variants (Fig. 1; Table 1). Among
these variants, 26 were not reported yet (Table S2). In
total, 171 patients with POI (21%) carried at least one
NOBOX variant. Five patients carried at two different
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Fig.1 Structure of the human NOBOX protein and NOBOX variants identified in our cohort of 810 women with POI. Figure was generated

using St. Jude PeCan Data Portal
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heterozygous variants (i.e., p.[(Arg44Leu)];[(Pro619Leu)],
- 5 f 2 p.[(Gly91Trp)l;[(Argl17Trp)],
2 525 233 P.L(Gly91Trp)l:[(Argl63Cys)l],
= p-[(Arg355Pro)];[(Arg360GIn)], and
é;_ p-[(Asp452Asn)];[(Ser579Thr)]), and two were homozygous
é q.cso .. for a missense variant (p.(Gly91Trp) and p.(Argl17Trp)).
S S 2SSy Although several variants (such as p.(Argl17Trp),
- .. p-(Gly91Trp), p.(Pro619Leu), p.(Glyl52Arg),
q 882 d94%3 p-(Asp452Asn)) showed variable degrees of in vitro func-
i:z ?é. g “g Ez g g tional impairment, including defects in transcriptional activ-
s 222 22828 ity, autophagosomal degradation, nuclear localization, or
protein instability [2, 13, 15, 16], the pathogenicity of these
T3 % % T 3 variants remains unclear. Using data from our POI cohort,
£ lg é é g § é we compared the frequency of the NOBOX variants (with
2 cEAa eEer MAF <0.03) in our population of POI patients and in the
- general population.
9: % é T3 § g § % When we compared the frequency of our variants in
§ g ‘% B 5333 our POI population and in the general population taking
o=9 == =S into account only women, no significant differences were
observed for 15 rare variants (Table 2). However, all lost-
2 2 g e % % 3. of-function variants (nonsense, frameshift, and splice) were
§ g IS § NN § E found to be significantly overrepresented in POI except
c2 8 & =3 ®a ¢.138C> A (p.(Tyr46Ter)) (Table 2). Moreover, we observed
2 - - a significant excess of four missense variants (c.131G>T,
% g 9 S8S ¢ p.(Arg44Leu); c.271G > T, p.(Gly91Trp); c.454G > A,
g ) § § . § § § 2 p.(Gly152Arg); ¢.1354G > A, p.(Asp452Asn)) in the
© | ¥ -8 ER®ENT affected population (Table 2). OR of the mutant carriers
2 2o 2523 = varied between 1.98 (c.1354G > A) and 3.123 (c.271G>T)
T |§s2E84:25:% (Table 2).
é gﬁ é(ﬂé é é ;% E E % :i é‘ Nevertheless, several NOBOX variants were detected
<3 & & d4daddadad 4 worldwide with uneven geographic/ethnic distribution. Thus,
§ variants p.(Arg44Leu), p.(Gly91Trp), and p.(Argl17Trp)
29 were most frequently reported in African/African-Amer-
% % e o o oo o ican whereas variants p.(Asp452Asn) and p.(Gly152Arg)
S i B A EMmEE D were predominantly reported in subjects of European origin.
“ O < < < <O Considering these differences of distribution, we chose to
- 3 é\ g:Ar é é § é é Q perform an analysis of NOBOX variants with ethnic sub-
! T Iz 8eweqg grouping (African, European, and North-African origin).
g ?rr f:: § % % % § ?F % If we considered the subgroup of African origin, we
8a |= Eo Eo En En E) Eo En ) observed a significant overrepresentation of five variants
§ Ey Z; £ E£EEEEE 5 5 3§ in the affected POI population compared with the African
= population (from gnomAD) (Fig. 2). However, no significant
g £l differences were observed for p.(Argd44Leu), p.(Argl17Trp),
82 and p.(Gly152Arg) and the other rare variants. OR varied
8 % — o . between 2.61 (¢.271G>T) and 5.41 (c.1354G > A) for the
_ most frequent NOBOX variants (Fig. 2).
z If we considered the subgroup of European origin, we
S % also observed a significant overrepresentation of 12 variants
é “ - - - 7 in the affected POI population compared with the European
g o population (from gnomAD) (Fig. 3). No significant differ-
= g - = Z NN ences were observed for the 23 other rare variants. OR var-
p 5. 2 2y % 228% § ied between 2.50 (c.454G > A) and 24.23 (c.271G>T) for
e (3 E 5 553535355 S the most frequent NOBOX variants (Fig. 3).
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Table 2 Risk of POI associated with NOBOX variants in popula-
tion-based studies (POI cohort versus controls from the gnomAD
general population). A light grey box denotes that the enrichment

reaches significance. Note: OR, odds ratio; CI, confidence interval
(min =minimal, max = maximal)

Variant Count.1_POlcohort | Count.1_GnomAD | Count.2_POlcohort Count.2_GnomAD |p-value OR Cl.min Cl.max

€.92C>T 1 0 1619 152064 0.0105411103302881 Inf 2.40699755050815 Inf

€.265G>T 3 223 1617 152059 0.51 709 1.2650767214003 0.258653520106966 3.75180579889747
¢.271G>T 39 1192 1581 150930 2.63768278410838e-09  (3.12333952522714 2.20114508345259 4.31429063387068
€.349C0>T 40 3362 1580 148820 0.445055208106628 1.12063921683822 0.796019626562491 1.5362863370119
€.362C>T 5 226 1615 151942 0.09887 1486 2.08144123583673 0.668435952406749 4.93929541443761
c.454G>A 12 503 1608 151639 0.0137010089532167 2.2497466729746 1.15224830515539 3.97618223528861
€.487C>G 3 39 1617 152011 0.00988770827244743 7.23238659874573 1.42813130431048 22.7976708338689
¢.487C>T 3 23 1617 152027 0.00253673404502032 12.262319909883 2.35455340739763 40.6183924603712
€.547G>T 2 0 1618 152064 0.000111047140052813 |Inf 17.6383230996278 Inf

€.628A>G 1 8 1619 152154 0.0909134215351792 11.7468748091206 0.264585470631688 87.7285767258965
c.1031G>A 1 4 1619 152242 0.0515469518931769 23.5174567829235 0.477065820192834 237.260317958916
c.1037C>T 1 71 1619 152127 0.533499940148448 1.32342521715155 0.0330266420925711  |7.62575591839202
¢.1063C>T 1 1 1619 152197 0.020953000941232 93.9802! 24 1.19685039348216 6850.65893078651
€.1064G>C 1 0 1619 152064 0.0105411103302881 Inf 2.40699755050815 Inf

€.1075T>C 1 0 1619 152064 0.0105411103302881 Inf 2.40699755050815 Inf

c.1079G>A 6 45 1614 152107 1.62724287824283e-05 12.5646948073863 4.37417. 27 29.5929827219825
€.1240+2T>G 1 0 1619 152064 0.0105411103302881 Inf 2.40699755050815 Inf

€.131G>T 17 718 1603 151460 0.00289039588750862 2.23709678880709 1.29264653897788 3.61900811040018
c.1330A>T 2 0 1618 152064 0.000111047140052813  |Inf 17.6383230996278 Inf

c.1354G>A 27 1273 1593 148729 0.0015159422072947 1.98021 1 1 12177 2.90607136915813
c.138C>A 1 15 1619 152175 0.155847111064911 6.26590458997851 0.148758321909214 40.7789413562329
c.1444G>A 14 26259 1606 125641 7.05443357299252e-109 [0.0417098821980462 |0.0227220997370021 |0.0702012916157795
¢.1466C>T 1 0 1619 152064 0.0105411103302881 Inf 2.40699755050815 Inf

€.1484C>T 1 0 1619 152064 0.0105411103302881 Inf 2.40699755050815 Inf

€.1649C>T 1 18 1619 152124 0.18229474274326 5.22041412239493 0.12521254477003 33.1334519521171
c.166_168del 1 13 1619 151967 0.137954081536119 7.22140267397909 0.169796318142337 48.1247941988534
€.1674_1675del 1 1 1619 152157 0.0209584222934777 93.9555828256745 1 351747 6848.99815820673
c.1678del 1 0 1619 152064 0.0105411103302881 Inf 2.40699755050815 Inf

€.1709C>T 2 40 1618 152158 0.0723832889215135 4.70190245730195 0.550037418211828 18.1566797854412
c.1735T>A 1 12 1619 152130 0.128637277202005 7.83033034604057 0.183066435628237 52.9910186395137
€.1788G>C 1 0 1619 152064 0.0105411103302881 Inf 2.40699755050815 Inf

¢.1795C>T 3 0 1617 152064 1.169130233895e-06 Inf 38.8472678352687 Inf

€.1796C>A 4 19253 1616 132807 5.48574925585717e-87  (0.0170814754969256 (0.004626. 7 |0.0438197623338642
€.1826C>T 3 205 1617 152005 0.485439140844756 1.37564418770125 0.281072841436504 4.08437086754716
€.1849C>T 1 89 1619 189099 0.535856235296825 1.31235350824595 0.032841430707626 7.5127817142433
¢.1856C>T 3 557 1617 151613 0.299530044329889 0.505002773042486 (0.103718469715221 1.48615434631903
€.1859G>C 1 4 1619 152212 0.05155679. 23.5127577399505 0.4769718121417 237.21401
¢.1991A>G 1 4575 1619 147599 3.628947587428e-20 0.0199279846072886 |0.000508779853308317)0.111234396123635

Finally, if we considered the subgroup of North-Africa,
we also observed a significant overrepresentation of 3
variants and a significant underrepresentation of only one
variant in the affected POI population compared with the
African population (from gnomAD) (in absence of specific
database for North-Africa) (Fig. 4A). When we compared
to the European population (from gnomAD), we observed
a significant overrepresentation for 6 variants (Fig. 4B). No
significant difference was observed for the other variants.
OR varied between 19.73 (¢.349C>T) and 173 (c.131G>T)
for the most frequent NOBOX variants (Fig. 4B).

For each variant, if we considered the population with the
highest prevalence, comparable significate OR values were cal-
culated for variants p.(Gly152Arg) (OR 2.50 European popula-
tion; OR 2.25 / all populations) and p.(Gly91Trp) (OR 2.61 /
African population; OR 3.12 All populations). For the other
most frequent NOBOX variants (p.(Arg44Leu), p.(Asp452Asn),
p.(Argl17Trp)), no significant difference was observed.

Discussion
NOBOX variants are often described as the most com-

mon genetic explanation for POI. This appears to be true
in African and European populations but not in Asian
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populations [10, 12, 13]. However, frameshift, nonsense,
and splice site variants are very rare in the general popu-
lation as well as in POI cohorts (Table S2). Up to now, 8
frameshift [8, 9], 1 splice variant, and 4 nonsense vari-
ants have been identified in women with POI (Table S2)
[2, 16]. In this study, we identified three novel loss-of-
function variants (1 frameshift, 1 nonsense, and 1 splice
site) (Table 1). Interestingly, most of the loss-of-function
variants described here and in the literature in women
with POI map toward to the 3’end of the NOBOX tran-
script (within or after the homeodomain; 12/15 variants)
(Table S2). However, the great majority of NOBOX vari-
ants were missense variants (86%) for which pathogenic-
ity remains elusive especially since few missense vari-
ants are frequently observed in the general population.
To help classifying these variants, we analyzed the OR
values according to their molecular consequences and to
their ethnic frequency.

According to the significant OR values, we distin-
guished two groups of risk variants: variants with a high-
risk (OR > 5) (see Table 2) and variants with a moderate
risk (OR <5). All nonsense, frameshift and splice variants
except ¢.130C > A (p.(Tyr46Ter) are in the high-risk sub-
group which is in accordance with NOBOX loss-of-function
being associated with POL.
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Fisher's exact test (p value)

Estimated odds ratio
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Fig.2 Forest plot showing the odds’ ratios for risk of POI among
women from African origin (as compared to gnomAD population
from African origin). Previously published variants are followed by
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Fig. 3 Forest plot of the calculated odds ratio for each NOBOX vari- followed by (*). Note: OR, odds ratio; CI, confidence interval. Sig-
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population from European origin). Previously published variants are
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Fig.4 Forest plot of the calculated odds ratio for each NOBOX vari-
ant among women from North-Africa origin (as compared to gno-
mAD population from African origin (A) or from European origin

Regarding missense variants, we observed a significant
overrepresentation of the most frequent ones (c.131G > T,
p.(Argd4dLeu); ¢.271G>T, p.(Gly91Trp); c.454G > A,
p-(Gly152Arg); c.1354G > A, p.(Asp452Asn)) in our
810 POI patients as compared to the general popula-
tion using data from the gnomADyvs3 database, except
for p.(Argl17Trp) which appeared to have the same fre-
quency in both. However, taking into account the ethnic
origin of the individuals, we observed no significant OR
difference for p.(Arg44Leu) and p.(Argl17Trp) in African
subgroup and for p.(Asp452Asn) in European subgroup.
These population data suggest that these variants could be
considered benign variants with a mild or very mild func-
tional impact. In contrast, we detected a significant OR
difference for p.(Gly91Trp) in African/African-American
subgroup and p.(Gly152Arg) in European subgroup sug-
gesting that these variants could be considered variants
with a moderate functional impact, OR being 2.61 and
2.50, respectively.

Moreover, the functional consequences of p.(Arg44Leu),
p.(Gly91Trp), p.(Argll7Trp), p.(Glyl52Arg), and
p.(Asp452Asn) were previously characterized in cell cul-
ture experiments with transfected HEK 293 T cells and CHO
cells [2, 13, 15]. In accordance with our results, a reporter
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odds ratio; CI, confidence interval. Significance of Fisher’s test is
highlighted with blue stars

assay based on the ability to stimulate KIT-L or GDF9 as a
NOBOX-inducible promoter driving the luciferase expres-
sion showed that p.(Gly91Trp) and p.(Gly152Arg) affected
the transcriptional activity whereas p.(Arg44Leu) had no
effect [2, 13, 15]. In addition, the variants p.(Gly91Trp) and
p-(Gly152Arg) impaired the nuclear localization of the pro-
tein [15]. Although these variants reported as benign/VUS
in ClinVar, all these functional and population data suggest
that the p.(Gly91Trp) and p.(Gly152Arg) variants could
be considered pathogenic variants, whereas p.(Arg44Leu)
should be considered a benign variant. It is highly prob-
able that these pathogenic variants present an incomplete
penetrance effect.

However, we observed an imperfect correlation between
the risk effects and the functional loss of NOBOX for
two variants p.(Asp452Asn) and p.(Argl17Trp). Pre-
vious reporter assays based on the ability to stimulate
GDF9 or OCT4 promoter showed that p.(Asp452Asn) and
p-(Argl17Trp) altered the transcriptional activity [2, 8,
13], and p.(Asp452Asn) impaired the nuclear localization
of the protein [15]. Our population study results showed
that p.(Argl17Trp) was not more frequent in our POI
cohort as compared to general population, even with ethni-
cal subgrouping, and that the p.(Asp452Asn) was also not
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more frequent in our POI cohort as compared to European
population. These data suggest that these variants could be
considered moderate risk pathogenic variants with prob-
ably partial and very low penetrance and/or expressivity.
The impact of these variants may vary depending on the
genetic background and/or the environment. We can suppose
that homozygotes and compound heterozygotes for these
NOBOX variants are expected to impart substantially higher
risk; however, we need larger data set to conclude [10].

As noted above, several NOBOX variants are more fre-
quently observed in patients from African origin. This
excess may explain the higher prevalence of POI in the
African American population than in Japanese women
[17]. In a large study of women, the authors showed that
POI was reported in 1.0% of Caucasian women, 1.4% of
African American women, 1.4% of Hispanic women, while
only 0.5% of Chinese and 0.1% of Japanese women were
affected. The differences in frequency across ethnic groups
were statistically significant. Hence, POI prevalence could
be associated with variable frequency of NOBOX variants
and /or of other genes involved in the disorder in different
ethnic subgroups. Recently, it was shown that the SIX60S1
gene was involved in POI from Pakistan or Chinese origin
[18].

However, in our study we can note several limitations.
First, in the group of women with fertility disorders,
there is a great phenotypic heterogeneity. Several of these
women may have at least one child before POI or after
POI, with or without assisted reproduction. Second, the
gnomAD database aggregates data from over 195,000
individuals through a world-wide collaborative effort on
data sharing. Most of the sequence data is generated for
case—control studies of common adult-onset disease and
may include “healthy” women with known or unknown
POI (~ 1% in the age range 35-40 years). Finally, using
whole exome or genome sequencing, more than 100
genes have been reported to be associated with POI, and
we cannot exclude the presence of additional pathogenic
variants in these other genes [14, 19]. Despite these limits
and unresolved questions, our analysis offers strong sup-
port for the notion that several NOBOX variants including
missense variants are relatively high risk factors for POI
and argues for routine genetic screening of patients in the
clinical setting. Moreover, our study demonstrated that the
high frequency of POI in certain ethnic populations such
as African population may be due to the high frequency
of some NOBOX variants (such as (p.Gly91Trp)) specific
to these populations.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10815-023-02981-y.
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