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Introduction
XX female gonadal dysgenesis (XX-GD) is characterized by lack 
of spontaneous pubertal development, primary amenorrhea, uter-
ine hypoplasia, and hypergonadotropic hypogonadism as a result 
of streak gonads. XX disorders of sexual development (XX-DSD) 
are infrequent (1), and (46-XX) females with isolated hypergo-
nadotropic ovarian dysgenesis (MIM #233300) constitute a rare, 
genetically heterogeneous condition. In recent years, XX-DSD 
with ovarian dysgenesis have been shown to be caused by auto-
somal recessive mutations in the genes encoding the follicle-stim-
ulating hormone (FSH) receptor, WNT4 (2, 3), R-spondin (4, 5), 
PSMC3IP (6), MCM9 (7), MCM8 (8, 9), STAG3 (10), and SYCE1 (11) 
or by X-linked recessive mutations in BMP15 (12, 13). These and 
other studies indicate that ovarian development is an active pro-
cess involving signaling pathways and crosstalk between somatic 
and germ cells and not simply a passive process unfolding in the 

absence of SRY, the testis determining gene on the Y chromosome 
(14). Nevertheless, delineation of the downstream signaling cas-
cade(s) orchestrating ovarian development remains rudimentary, 
particularly compared with the knowledge gained over the last 
25 years about the major genes determining male differentiation 
pathway (e.g., SRY, SOX9). Identification of new genes underlying 
XX-GD has been hampered, even in the era of genomic sequenc-
ing, by the combination of significant genetic heterogeneity and 
the paucity of families with multiple affected individuals.

In humans, ovarian morphogenesis is tightly linked to oogene-
sis and folliculogenesis. Oogenesis begins in the fetal ovaries early 
in fetal development, when primordial germ cells become oogonia 
and then, following rapid mitotic proliferation, oogonia enter mei-
osis to become oocytes. Folliculogenesis begins in the latter half 
of fetal development, when oocytes are individually surrounded 
by squamous pregranulosa cells. The follicle is the basic unit of 
the ovary, in which oocytes are ultimately encased by granulosa 
cells and supported by theca cells in the mesenchyme. Granulosa 
cells, which later become cumulus cells, act as “nurse” cells, and 
theca cells provide the necessary estrogenic precursor, androsten-
edione. At birth, human ovaries contain approximately 1 to 2 mil-
lion nongrowing, preantral follicles, containing oocytes arrested 
in meiosis I. From puberty to menopause, FSH promotes further 
granulosa cell proliferation and follicular development, and the 
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development, minimal breast development, pubertal hair at Tan-
ner stage II, primary amenorrhea, and hypergonadotrophic hypo-
gonadism (LH level of 52 IU/l and FSH level of 87 IU/l). Imaging 
studies (ultrasound and MRI) indicated the presence of a rela-
tively small uterus (length of 4 cm), and ovaries were not detected. 
She responded well to hormone replacement therapy, and after 24 
months of treatment, she achieved mean familial height (158 cm),  
secondary sexual characteristics, and regular periods. Following 
her diagnosis, we identified very similar clinical features in her 
younger sister (IV-6, Figure 1A) and several of her first cousins 
(IV-1 and IV-7, Figure 1A). All affected individuals had an absence 
of spontaneous pubertal development (presenting at the age of 
14 to 15 years with pubic hair and breast development at Tanner 
stage II) and high gonadotropin levels as well as LH levels rang-
ing from 38 to 60 IU/l and FSH levels of between 50 and 92 IU/l. 
Imaging studies (by both ultrasound and MRI) could not detect 
ovarian tissue, and a small uterus was consistently observed in all 
affected individuals. Other female siblings of the affected females 
(IV-2, IV-3, and IV-4, Figure 1A), currently aged 20 to 50 years, are 
healthy, with normal pubertal development, menstrual cycles, and 
fertility. The mothers of the affected women had menarche at a 
normal age. All 5 affected women are otherwise healthy and have 
no other developmental or neurological deficits. All the men in the 
family had normal pubertal development, gaining secondary sex-
ual characteristics, and the married men have multiple children. 
Thus, there is currently no evidence for defects in male sexual 
development or male infertility in this family. Given the pedigree 
structure and consanguinity, the most probable mode of inheri-
tance of the XX-GD in this family is autosomal recessive.

Genetic analysis
Homozygosity mapping was performed using SNP arrays in 
affected females IV-1, IV-5, IV-6, and IV-7 and in the healthy 
female IV-2 (Figure 1A) to detect informative genomic regions 
that were homozygous and shared among affected individuals 
but not an unaffected sibling. This analysis identified two large 
regions spanning a total of 9.3 Mb that fulfilled homozygosity cri-
teria on chromosomes 4 (chr4:152,221,451-157,617,198, hg19) and 
12 (chr12:68,756,371-72,742,353, hg19). None of the genes in these 
homozygous regions had known functions that would indicate them 
as clear candidates for XX-GD. Whole-exome sequencing was per-
formed in two affected cousins (IV-1 and IV-5, Figure 1A). Candidate 
variants that were absent in databases and predicted as damaging 
and homozygous in both affected individuals were further filtered 
for cosegregation using the SNP genotyping data (see Methods and 
Supplemental Table 1; supplemental material available online with 
this article; doi:10.1172/JCI83553DS1). Only a single variant in the 
NUP107 gene at chr12:69,115,648 (c.1339G>A, p.D447N) fulfilled 
all filtering criteria. Sanger sequencing of this variant in all sam-
pled individuals (Figure 1B) showed that NUP107, c.1339G>A, was 
homozygous in all affected females, segregated as expected in the 
family (consistent with autosomal recessive inheritance, Figure 1, A 
and B), and was not present in 150 ethnically matched healthy con-
trols. The aspartic acid residue altered by the p.D447N mutation is 
highly conserved across species, including in the Drosophila mela-
nogaster Nup107 gene (corresponding to D364), and resides within a 
highly conserved stretch of amino acids (Figure 1C).

periodic rise in luteinizing hormone (LH) results in ovulation of 
the dominant follicle, which is accompanied by completion of mei-
osis I and arrest at meiosis II until fertilization (15). The follicular 
microenvironment, which is critical for oogenesis and ovulation, 
is formed through complex intercellular communication and sig-
naling pathways. Perturbations in any of these processes can result 
in impaired development, physiology, and survival of oocytes, as 
reflected by genes known to be mutated in XX-GD. For example, 
the FSH receptor is required for granulosa cell response to FSH; 
BMP15, a member of the TGF-β superfamily, is critical for multiple 
aspects of folliculogenesis and oocyte developmental competence 
(reviewed in ref. 16); STAG3, a cohesin subunit, and SYCE1, a syn-
aptonemal complex protein, are required for chromosomal segre-
gation in meiosis (10, 17); and MCM8 and MCM9 are necessary for 
meiotic homologous recombination (18).

In Drosophila, each adult ovary consists of 15 to 20 paral-
lel ovarioles, which contain a series of sequentially developing 
follicles called egg chambers (reviewed in refs. 19, 20). Each 
Drosophila oocyte develops within an egg chamber that contains 
both germ cells and somatic cells. Somatic follicle cells surround 
the egg chamber, providing the proper environment for the devel-
opment of 16 germ cells within. One of these cells is specified to 
become the oocyte and initiates meiosis. The remaining 15 germ 
cells differentiate as nurse cells, large polyploid cells that synthe-
size RNA, proteins, and organelles destined for the oocyte. Indi-
vidual egg chambers progress through 14 defined stages (19). The 
oocyte and nurse cells remain similar in size until stage 8, at which 
point the oocyte begins to increase markedly in volume with the 
onset of vitellogenesis (yolk protein synthesis and uptake). The fol-
licle cells synthesize and secrete proteins to generate the vitelline 
membrane and chorion that surround the fully developed oocyte.

Drosophila has proved to be a useful model for human ovar-
ian dysfunction in which orthologous genes exist. Examples 
include the cytokinesis gene DIAPH2, whose disruption by a 
balanced X;12 translocation in a family with premature ovarian 
failure (MIM #300511) (21) is echoed by female sterility in the 
Drosophila mutant for the orthologous gene dia (22). In addition, 
the Drosophila decapentaplegic (Dpp) gene, which is a TGF-β 
superfamily ligand and a functional ortholog of mammalian BMP 
genes, acts as a local niche signal whose activity is permissive for 
germline stem cell maintenance in the ovary (23).

In this study, using homozygosity mapping and whole-exome 
sequencing, we identified a missense mutation in the ubiquitously 
expressed and essential nuclear pore complex (NPC) gene, nucleo-
porin-107 (NUP107, c.1339G>A, p.D447N), as the genetic basis for 
XX-GD in 4 females from a consanguineous family. Modeling this 
mutation in Drosophila female flies resulted in defective oogene-
sis and female infertility, thus demonstrating the tissue-specific 
importance of Nup107 for ovarian development and function.

Results

Patients and clinical analysis
Family A is an extended, highly consanguineous family of Pales-
tinian origin. The proband (IV-5, Figure 1A), a daughter of first 
cousin parents, was diagnosed with XX ovarian dysgenesis after 
presenting at 15 years of age with absence of spontaneous pubertal 
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Figure 1. An extended consanguineous family with XX-GD. (A) Family pedigree. The proband is indicated by an arrow. Pedigree numbers of individuals are 
indicated above the symbols and ages are indicated beneath. The NUP107 c.1339G>A (p.D447N) WT (G) and the variant (A) nucleotides are indicated. (B) 
Sanger sequencing of the NUP107 c.1339G>A variant in genomic DNA of WT, heterozygous, and homozygous individuals. Nucleotides are indicated above 
the sequences, and amino acid residues are marked below; the c.1339G>A variant position is circled in red. (C) Evolutionary conservation of the NUP107 res-
idue D447. The nucleotide sequence flanking c.1339 is indicated above, with the mutated nucleotide in red, and corresponding residues in various species 
are shown below. The region including D447 is highly conserved, and D447 (highlighted by vertical red lines) is conserved in all species shown, including 
in Drosophila melanogaster, as well as in all other Drosophila species (data not shown). (D and E) Structural modeling of the NUP107 p.D447N mutation. 
(D) Illustration of the 3D arrangement of the human NUP107 complex within the NPC scaffold on the nuclear membrane (colored peach). All 16 copies of 
the human NUP107 subcomplex within the cytoplasmic ring are shown. The inner and outer subcomplexes are colored green and blue, respectively, and 
adjacent nucleoporins and subcomplexes are colored purple (adapted from ref. 24). (E) Model of the NUP107 NTD, with D447 colored red and K278 and 
R355 colored purple. This figure was prepared using PyMol (71). (F) D447 forms salt bridges with K278 and R355. The salt bridges between D447 and K278 
and R355 are indicated by broken yellow lines. The N447 mutant changes the overall charge of NUP107 and abolishes these salt bridges. This figure was 
prepared using PyMol (71).
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every nucleated cell. Therefore, before modeling the specific mis-
sense mutation identified in family A, we first performed gonadal 
knockdown of Nup107 in Drosophila to determine whether Nup107 
functions in the ovary. We chose Drosophila as a model, because 
Drosophila nucleoporins, including Seh1 and Nup154, were shown 
to play a role in oogenesis (27, 28), and there is high degree of 
amino acid conservation between human and Drosophila Nup107 
proteins (35% identity and 54% similarity, with 5% gaps). Nup107 
expression was knocked down using a UAS-Nup107-RNAi line in 
combination with the traffic jam–Gal4 (tj-Gal4) driver line, which 
is expressed in gonadal somatic cells of both sexes throughout 
development (29). In male flies, gonadal Nup107 knockdown 
had no apparent effects, including a lack of effect on viability or 
fertility (Figure 2A). In female flies, gonadal Nup107 knockdown 
resulted in universal infertility; these females laid 15-fold fewer 
eggs (Figure 2A, P = 0.007). Analysis of ovarioles from these infer-
tile females revealed extensive disintegration of their egg cham-
bers compared with those of controls, including condensation of 
DNA in the nurse cells, accompanied by cell death (Figure 2, B–E).

Reduced fertility in the female Nup107D364N Drosophila trans-
genic model. To model the human NUP107 p.D447N mutation 
in Drosophila, we used the recently described null allele of the 
Drosophila Nup107 gene (Nup107E8) in conjunction with a transgenic 
rescue construct (30). The null allele, which lacks 976 bp of the 
open reading frame, including the start ATG codon, was generated 
using P element imprecise excision (30), and homozygosity for this 
Nup107E8 allele is lethal. An RFP-Nup107 genomic rescue transgene 
containing the Nup107 gene (including 5′ and 3′ regulatory regions) 

Analysis of protein structure
Nucleoporins and their subcomplexes assemble to form the scaf-
fold of the NPC (Figure 1D and ref. 24). The human nucleoporin 
protein NUP107 (UniProt ID P57740) consists of two domains: 
the N-terminal domain (NTD) corresponding to residues 1–600 
and the C-terminal domain (CTD) comprising residues 601–925. 
While the structure of the CTD is available (Protein Data Bank 
[PDB] ID 3CQC, ref. 25; and PDB ID 3I4R, ref. 26), the structure 
of the NTD containing the D447N mutation is not. A homology 
model constructed for this domain based on the yeast ortholog 
Nup84 (PDB ID 3IKO) shows that the NTD adopts a fully α-helical 
secondary structure (Figure 1E), in which the negatively charged 
D447 is partially exposed and forms salt bridges with positively 
charged K278 and R355 (Figure 1F). The D447N mutation changes 
the negative charge into a neutral one, which abolishes these salt 
bridges, predicting a destabilization of the overall NUP107 protein 
fold in this region and possible impairment of NUP107’s interac-
tion with other subunits in the NPC. Specifically, NUP107 is the 
critical anchor to the NPC for NUP133, positioning NUP133 at the 
NPC periphery (25), and the D447N mutation is likely to compro-
mise the tight compact interface tail-to-tail interaction between 
the CTD of NUP107 (amino acids 658–925) and the CTD of the 
nucleoporin NUP133 (amino acids 935–1,156) (PDB ID 3CQC).

Drosophila melanogaster model
Gonadal knockdown of Nup107 results in female-specific sterility. 
Whereas the XX-GD phenotype is specific and tissue restricted, 
NUP107 is ubiquitously expressed, and the NPC is present in 

Figure 2. Gonadal somatic cell knockdown of Nup107 in Drosophila. (A) Reduced total number of progeny in female Nup107-RNAi knockdown flies. Mean 
number of progeny in UAS-Nup107-RNAi/UAS-dicer2 flies compared with that in control UAS-Dicer2 female or male flies, expressed with the gonadal 
somatic–specific Tj-Gal4 driver. Nup107 knockdown in female flies results in 15-fold fewer progeny. Nup107 knockdown in male flies does not affect the 
number of progeny. The mean number of progeny in >10 flies in each of 4 independent experiments is indicated above the bars. **P = 0.007, 2-tailed, 
unpaired Student’s t test. (B–E) Structural defects and apoptosis in ovarioles of Nup107-RNAi knockdown and control flies. (B and C) Tj-Gal4; UAS-dicer2 
control ovarioles. Control egg chambers. DNA in the nurse cells appears normal (green), (B) overall egg chamber structure is intact (normal actin stain-
ing [red]), and (C) no apoptosis is observed (no caspase-3 staining [blue]). (D and E) Tj-Gal4; UAS-Nup107-RNAi/UAS-dicer2 ovarioles. Egg chambers 
in Nup107-RNAi knockdown flies, expressed using the somatic gonadal-specific tj-Gal4 driver. (D and E) DNA in the nurse cells appears condensed and 
punctate (arrowheads). (D) Disintegration of the egg chamber structure is observed around these condensed nuclei (no actin staining), and (E) apoptosis 
is apparent (caspase-3 staining). DNA was stained by Sytox (green), actin was stained by rhodamine phalloidin (red), and apoptosis was identified using 
anti-cleaved caspase-3 (casp-3) staining (blue). Scale bar: 100 μm.
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the homozygous Nup107E8 deletion allele (yw; Nup107E8/Nup107E8; 
RFP-Nup107WT or RFP-Nup107D364N). Importantly, no overt mor-
phological defects were apparent in either RFP-Nup107WT or RFP-
Nup107D364N mutant rescued flies, indicating that neither the RFP 
tag nor the D364N mutation interfere with general development.

We then assessed the effect of the Nup107 p.D364N mutation 
on fertility in female flies. We found that RFP-Nup107D364N mutant 
rescued females had significantly reduced fertility compared 
with that of RFP-Nup107WT rescued females. Nup107D364N mutant 
transgenic rescued females had 7.2-fold fewer progeny than RFP-
Nup107WT transgenic rescued females (Figure 3A, P = 0.0001). 
Further analysis showed that mutant transgenic rescued females 
laid 47% fewer eggs compared with WT transgenic rescued 
females (Figure 3A, P = 0.01) and that hatch rates in Nup107D364N 
mutant transgenic rescued females were 4-fold lower than those 
in WT transgenic rescued females (Figure 3A, P = 2.6E–7). These 
results demonstrate that oogenesis is perturbed by the D364N 
mutation. Those eggs that do hatch are able to develop and pro-
duce viable adult flies, with no apparent morphological defects.

Closer analysis of the laid eggs revealed abnormal eggshell phe-
notypes, including a range of chorion and dorsal appendage defects 

fused to RFP has been shown to rescue the lethal phenotype of 
the Nup107E8 deletion allele (w; Nup107E8/Nup107E8; P[w+, RFP-
Nup107] flies), demonstrating both that Nup107 is an essential gene 
and that the tagged rescue transgene is functional (30).

Based on this system, we generated two versions of RFP-
Nup107 transgenic rescued flies, one containing the WT gene 
(RFP-Nup107WT) and the other containing a missense mutation 
p.D364N (RFP-Nup107D364N), which corresponds to the identified 
human missense mutation, p.D447N (Figure 1, B and C). Several 
independent transgenic fly stocks were generated, expressing 
either the WT or the mutant RFP-Nup107 protein. Notably, in 
all transgenic fly stocks, both RFP-Nup107WT and mutant RFP-
Nup107D364N proteins were correctly localized to the nuclear enve-
lope, indicating that the mutation does not affect normal protein 
localization (Supplemental Figure 1).

For further characterization, we chose third chromosome 
WT and mutant RFP-Nup107 insertion stocks that were viable as 
homozygotes and expressed the transgene at similar levels (as 
determined by quantitative real-time PCR, Supplemental Figure 
2). We found that, in RFP-Nup107WT and in the RFP-Nup107D364N 
mutant transgenic lines, the transgenes rescued the lethality of 

Figure 3. Impaired fertility and eggshell morphology in RFP-Nup107D364N mutant transgenic rescued flies. (A) The total number of eggs and progeny 
is reduced in RFP-Nup107D364N mutant transgenic rescued flies. The total number of laid eggs in transgenic rescued females is reduced by 47% in RFP-
Nup107D364N mutant flies compared with that in RFP-Nup107WT flies (**P = 0.01). The number of progeny from transgenic rescued females is 7.2 times 
lower in RFP-Nup107D364N mutant flies compared with that in RFP-Nup107WT flies (***P = 0.0001). Hatch rate (progeny per total eggs) is only 12% in RFP-
Nup107D364N mutant females compared with 45% in RFP-Nup107WT transgenic rescued females (P = 2.6E–7). The numbers of progeny or eggs are indicated 
above the bars. Results shown are the mean of >3 experiments, with >10 flies each. (B–E) Eggshell phenotypes. (B) Normal eggshell phenotype. (C–E) 
Representative images of aberrant eggshell phenotypes, including dorsal appendage and chorion defects: (C) lack of dorsal appendages, (D) misshapen 
dorsal appendages, and (E) aberrantly located dorsal appendages. Aberrant chorions appear far more translucent than the normally opaque chorion. Scale 
bar: 100 μm. (F) Quantification of aberrant eggshell phenotypes in RFP-Nup107D364N mutant transgenic rescued flies. In transgenic rescued female flies, the 
proportion of eggs with aberrant eggshell phenotypes was 69% (149 of 216) in RFP-Nup107D364N mutants compared with 25% (98 of 395) in RFP-Nup107WT 
flies (***P = 3.5E–14). The numbers of aberrant eggshell phenotypes are indicated above the bars. Results shown are the mean of >3 experiments, including 
>10 flies each. Statistical significance was assessed by a 2-tailed, unpaired Student’s t test.
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(Figure 3, C–E). Aberrant eggshell phenotypes were observed in 
69% of the eggs laid by mutant transgenic rescued females com-
pared with only 25% of the eggs laid by WT transgenic rescued 
females (Figure 3F, P = 3.5E–14). The aberrant chorions appeared 
far more translucent than the normal opaque chorion (Figure 3B), 
which is indicative of a thin eggshell. Abnormal eggs were more 
fragile, and many appeared collapsed. The aberrant dorsal append-
ages appeared shorter or thicker than normal, and some eggs had 
flaccid dorsal appendages that were fused along the base.

Finally, dissection of the ovaries of these infertile RFP-
Nup107D364N mutant transgenic rescued females revealed striking 
morphological defects, including general ovariole disintegration 
(Figure 4A). In 71% of D364N mutant ovarioles, the nuclear enve-
lope of nurse cells, marked by the mutant RFP-Nup107D364N pro-
tein, collapsed to a punctate feature and no longer contained the 
nuclear DNA, which appeared fragmented and condensed (Figure 
4). Caspase-3 staining demonstrated extensive apoptosis in the 
disintegrating egg chambers (Figure 4A). In sharp contrast, these 
aberrant features were observed in only 9% of ovarioles from RFP-
Nup107WT transgenic rescued females (Figure 4B, P = 0.001).

Discussion
We report a recessive missense mutation in NUP107 (c.1339G>A, 
p.D447N) as a genetic basis for human XX-GD. This mutation 
alters a highly conserved aspartic acid residue and is predicted to 
disrupt salt bridges in the NTD of the NUP107 protein (Figure 1, 
D–F). Gonadal Nup107 RNAi knockdown in Drosophila, using the 

tj-Gal4 driver, resulted in female-specific infertility (Figure 2A). 
Although the tj-Gal4 driver is expressed only in a subpopulation 
of the gonadal somatic cells (escort cells, follicular stem cells, 
and follicle cells) (31–33), we observed defects also in the nurse 
cells and in the oocytes (Figure 2, D and E). This non-cell-auton-
omous effect may suggest that Nup107 acts by influencing the 
activity and/or transport of signals/factors in the gonadal somatic 
cells that are important for the correct differentiation of nurse 
cells and oocytes. Modeling the corresponding D364N mutation 
in Drosophila female flies led to reduced fertility and defective 
oogenesis. Compared with RFP-Nup107WT, RFP-Nup107D364N 
transgenic females had 7.2 times fewer progeny (P = 0.0001), 
reflecting a 47% reduction in the number of eggs laid (P = 0.01) 
and a 4-fold reduction in the proportion of hatched eggs (P = 
2.6E–7) (Figure 3A). In RFP-Nup107D364N and RFP-Nup107WT trans-
genic mutated females, respectively, defective eggshells were 
observed in 69% versus 25% of eggs (Figure 3, C–F, P = 3.5E–14), 
and ovariole disintegration, nurse cell nuclear envelope collapse, 
and extensive egg chamber cell death were found in 71% versus 
9% of ovarioles (Figure 4, P = 0.001). No general morphological 
defects were observed in Nup107 p.D364N homozygous trans-
genic flies, whereas the background Nup107E8 deletion allele was 
lethal. Normal general development, together with the profound 
specific effect of the D364N mutation on Drosophila oogene-
sis, provides further evidence that the human NUP107 p.D447N 
mutation underlies XX-GD, thus demonstrating for the first time 
to our knowledge a critical role for NUP107 in ovarian function.

Figure 4. Ovariole disintegration and apoptosis in RFP-
Nup107D364N mutant transgenic rescued female flies. (A) Rep-
resentative images of RFP-Nup107D364N and RFP-Nup107WT 
ovarioles. In ovarioles of an RFP-Nup107WT fly, DNA in the 
developing egg chambers appears normal (green), the nuclear 
envelope is intact (red) and encircling the nuclear DNA, 
and no cleaved caspase-3 staining is observed, indicating 
no apparent apoptosis. In ovarioles of an RFP-Nup107D364N 
mutant fly, nuclear DNA (green) in many nurse cells appears 
condensed and punctate, with disintegration of the nuclear 
envelope structure (red) adjacent to the condensed nuclei. 
Cleaved caspase-3 (blue) is highly expressed in the collapsed 
nurse cells, indicating extensive apoptosis in these cells. DNA 
staining was performed with Sytox (green), RFP-Nup107WT 
or RFP-Nup107D364N nuclear envelope staining was performed 
with RFP (red), and staining for apoptosis was performed 
with anti-cleaved caspase-3 (blue). Ovarioles were assessed 
at stage 9 to 10. Scale bar: 100 μm. (B) Quantification of dis-
integrating ovarioles in RFP-Nup107D364N and RFP-Nup107WT 
ovaries. General ovariole disintegration (as indicated by punc-
tate nurse cell DNA and positive cleaved caspase-3 staining, 
as shown in A) was observed in 71% and only 9% of ovarioles 
in RFP-Nup107D364N mutant and Nup107WT transgenic rescued 
females, respectively. For each phenotype, data shown are for 
n = 90 ovarioles from Nup107WT ovaries and n = 125 ovarioles 
from Nup107D364N ovaries from 2 experiments, each from 15 
flies. ***P = 0.001, 2-tailed, unpaired Student’s t test.
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The NUP107 protein belongs to the nucleoporin family and 
is an essential component of the ubiquitous NPC. The NPC is a 
multisubunit protein structure embedded into the nuclear enve-
lope, which enables active and passive transport between the cyto-
plasm and the nucleus. The selective access of regulatory factors 
to the nucleus and export of specific RNA molecules mediated 
by the NPC are mandatory for cell-specific gene expression and 
signal transduction (34, 35). NUP107 is the main component in 
the NUP107-160 complex, which includes 9 nucleoporin compo-
nents, forming the outer ring of the NPC scaffold (Figure 1D and 
ref. 36). Accumulating evidence indicates that NPC components 
have roles beyond their function as the nucleus-cytoplasm con-
duit and may affect chromatin regulation and nuclear trafficking 
(37, 38). The “gene gating” hypothesis proposes that nuclear pores 
specifically interact with active genes to promote coregulation of 
transcription with mRNA export (39). Such links between nucle-
oporins and active genes have been demonstrated in multicel-
lular organisms; analysis of the chromatin-binding behavior of 
Drosophila nucleoporins revealed the presence of several NPC 
components at active genes (38, 40). The “gene looping” model 
(41) proposes that NPC components are associated with bound-
aries of different chromatin domains and insulate euchromatic 
regions from the silencing environment of adjacent heterochro-
matin. Indeed, several components that tether euchromatin- 
heterochromatin boundary elements to the NPCs have been found 
to protect euchromatic regions from silencing (42). Such roles in 
regulation of gene expression may explain why the NPC, although 
present in every nucleated cell, has been shown to have multiple 
tissue-specific roles (43). Indeed, the two previous known human 
diseases caused by germline mutations in nucleoporin genes are 
organ limited: NUP155 mutations cause familial atrial fibrillation 
(MIM #615770) (44), and a NUP62 mutation results in infantile 
striatonigral degeneration (MIM #271930) (45).

Several nucleoporins have been implicated in fertility. SEH1 
is a conserved component of the NUP107-160 complex. In 
Drosophila, SEH1 associates with MIO, a protein required for 
maintenance of the meiotic cycle and oocyte fate during oogene-
sis (28), and Seh1 mutant Drosophila females show altered mitotic 
progression of germ cells, failure to maintain the meiotic cycle, 
and defective oocyte differentiation. NUP154 is also an essen-
tial nucleoporin conserved across species from yeast to humans. 
Studies on hypomorphic mutant alleles of Nup154 in Drosophila 
demonstrated that Nup154 in males is required for testicular 
cyst formation, control of spermatocyte proliferation, and mei-
otic progression (27). In Drosophila females, Nup154 is essential 
for egg chamber development and oocyte growth (27, 46, 47). 
Interestingly, in mutant egg chambers, the Nup154 protein accu-
mulated in the cytoplasm, while it was only barely detected at its 
usual functional location in the nuclear envelope. Aladin, a pro-
tein localized to the NPC, is a third NPC element that has been 
shown to be associated with ovarian dysfunction. As in mice, 
Aladin KO females are sterile despite apparently normal ovarian 
histology, follicular development, and ovulation (48). However, it 
is possible that Aladin exhibits a yet unknown effect on the meio-
sis and oocyte maturation, and interestingly, in humans, ALADIN 
mutations result in a different phenotype, Achalasia-Addisonian-
ism-Alacrima syndrome (MIM #231550). We did not observe 

mislocalization of mutant Nup107 (Supplemental Figure 1), as 
observed for mutant Nup154. Gonadal-specific effects could be 
exerted in several ways. NUP107 might regulate expression of 
gonadal-specific gene(s) by either chromatin regulation or protein 
nuclear trafficking. NUP107 may also interact with tissue-specific 
factors required for development/maintenance of the gonad, as in 
the case of the SEH1-MIO interaction. Further research is required 
to identify whether the function of any gonadal-specific proteins 
is impaired as a result of the NUP107 mutation. Modeling this in 
RFP-Nup107D364N mutant Drosophila ovaries is now feasible.

A major cellular function that is both associated with nor-
mal NPC activity and implicated in XX-GD is the DNA dam-
age response, which is required to repair double-strand breaks 
induced by homologous recombination in meiosis I (49). In 
oocytes, a DNA damage checkpoint is activated at the time of 
meiotic arrest (50), and as noted above, XX-GD can result from 
mutations in the MCM8 (8, 9) and MCM9 (7) genes, which are 
required for double-strand break repair. A series of nucleoporin 
mutants in yeast and metazoan cells show accumulation of DNA 
damage and hypersensitivity to DNA-damaging agents (51–53), 
and downregulation of several subunits of the NUP107-160 com-
plex generates spontaneous DNA damage in human cells (54). A 
very recent report indicates that, in response to DNA damage, the 
apoptotic protease-activating factor 1 (Apaf-1), which mediates 
cell-cycle arrest in response to genotoxic stress, is translocated 
to the nucleus via direct binding to Nup107 (55). This raises the 
possibility that Nup107 mutations compromise the meiotic DNA 
damage response, leading to oocyte death. Such a role for Nup107 
would be consistent with the general disintegration and apopto-
sis observed in the ovarioles of the Drosophila RFP-Nup107D364N 
mutant transgenic females we describe. Further studies will be 
necessary to determine whether ovary-specific proteins interact 
with Nup107 and whether it indeed plays a role in homologous 
recombination repair.

In conclusion, we report a genetic basis for XX-GD and a 
human mutation, p.D447N in the NUP107 gene, that we believe 
to be novel, demonstrating a pivotal role for NUP107 in ovarian 
function. Nup107 knockdown in Drosophila ovarian somatic cells 
caused female-specific sterility and the corresponding missense 
mutation in the Drosophila Nup107 protein, p.D364N, mimicked 
the human phenotype of female sterility and ovarian abnor-
malities. These findings implicate what we believe to be a novel 
pathway in the normal development and/or maintenance of the 
ovary and expand our knowledge of the networks that may also be 
involved in milder phenotypes, such as premature ovarian failure.

Methods
DNA extraction. Genomic DNA was extracted from peripheral blood 
mononuclear cells as previously described (56, 57).

Microarray analysis. Genomic DNA was genotyped with the Affy-
metrix Gene Chip 250 K/750 K Nsp SNP array. The data have been 
deposited in NCBI’s Gene Expression Omnibus (accession GSE72159) 
(58). SNP data were analyzed using KinSNP (59) to detect infor-
mative genomic regions that were homozygous and shared among 
affected individuals but not their unaffected siblings. In individuals 
in whom whole-exome analysis was not performed, SNP genotypes 
were used to predict segregation of candidate variants identified in 
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Immunostaining and imaging. Fixation and immunostaining of 
gonads were performed in accordance with standard protocols. Rab-
bit polyclonal anti-cleaved caspase-3 antibody was used at a dilution 
of 1:100 (Asp175, 9661, Cell Signaling Technology). Cy5-conjugated 
secondary antibody (donkey anti-IgG antibody, 711-175-152, Jack-
son Immunoresearch Laboratories) was used at 1:100 dilutions. For 
DNA staining, Sytox Green stain (S7020, Molecular Probes) was used 
at a concentration of 1:1,000. Actin visualization was performed by 
rhodamine phalloidin staining (R415, Molecular Probes) at a concen-
tration of 1:250. Images were taken on a TE2000-E confocal micro-
scope (Nikon) using ×10 or ×20 objectives. Figures were edited using 
Adobe Photoshop 7.0.

Mutagenesis and generation of RFP-Nup107WT or RFP-Nup107D364N 
mutant transgenic flies. A pCasper expression construct contain-
ing the Drosophila Nup107 genomic sequence (spanning 1.5 kb 
upstream and 0.8 kb downstream of Nup107 ORF) was provided by 
Valérie Doye (Cell Biology Program, Institut Jacques Monod, UMR 
7592 Centre National de la Recherche Scientifique–Université Paris 
Diderot, Paris, France) (30). Site-directed mutagenesis was per-
formed to create the Nup107 p.D364N mutation (corresponding 
to the human NUP107 p.D447N mutation) using the QuikChange 
Lightning Site-Directed Mutagenesis Kit (Agilent Technologies) 
according to the manufacturer’s instructions, with the following 
primers: forward CACAGCAACTGGCACAATTTGCTCTGGGCCC 
and reverse GGGCCCAGAGCAAATTGTGCCAGTTGCTGTG. 50 
μg of purified DNA was injected into mutant embryos lacking the 
gene W (for red eyes, BestGene Inc.). Adult flies were single crossed 
to yw, and F1-containing red eyes were selected. Transgenic flies 
were kept as balanced stocks. Transgenic stocks with the rescuing P 
element integrated into the third chromosome were crossed into the 
Nup107E8-null background.

Quantitative real-time PCR analysis. Ten ovaries were collected 
from each yw; Nup107E8/Nup107E8;RFP-Nup107WT, yw; Nup107E8/ 
Nup107E8;RFP-Nup107D364N, and control yw adult female flies. Tis-
sues were disrupted using TRI Reagent (Sigma-Aldrich). RNA was 
reverse transcribed using random hexamers in the presence of RNase 
inhibitor (rRNasin, Promega). Quantitative RT-PCR reactions were 
performed using a TaqMan assay for the Drosophila Nup107 gene 
(Applied Biosystems, assay ID: Dm01810501_g1) on an ABI PRISM 
7900 (Applied Biosystems). Ct values were normalized to the Ct val-
ues of the Drosophila housekeeping gene RpS17 (Applied Biosystems, 
assay ID: Dm01822503_g1) in each relevant sample. Relative mRNA 
levels were quantified using the comparative method (ABI PRISM 
7700 Sequence Detection System, Thermo Fisher Scientific Inc.) and 
calculated as 2–ΔCt. Experiments were performed with 4 independent 
replications, each time with triplicate wells for each sample.

Statistics. Statistical significance was assessed by a 2-tailed, 
unpaired Student’s t test. P values of less than 0.05 were considered 
significant. Data are shown as mean ± SEM.

Study approval. The study was approved by the IRB of Shaare 
Zedek Medical Center (approval no. 20/10) as well as the Israel 
National Ethics Committee for Genetic Studies. Informed consent 
was obtained from all participants or their legal guardians.
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exomed individuals. This was done by comparing SNP genotypes at 
the genomic location surrounding each variant. In nonexomed indi-
viduals, a variant was considered to cosegregate with the phenotype 
if the surrounding SNPs were homozygous for the same allele in all 
affected persons and were heterozygous or homozygous for the other 
allele in the unaffected person.

Whole-exome, massively parallel sequencing. Libraries prepared 
from genomic DNA were hybridized to biotinylated cRNA oligonu-
cleotide baits from the SureSelect Human All Exon Kit (Agilent Tech-
nologies). Each exome-enriched library was sequenced with 50-bp 
paired-end reads on two lanes of an ABI SOLiD-3 plus analyzer. Raw 
data have been deposited in NCBI’s Sequence Read Archive (acces-
sion SRP062710) (60). The sequences were aligned to the hg19 
human genome assembly (February 2009) using BWA (61). Samtools 
(62) was used to list high quality DNA variants. The variants were 
then classified by Annovar (63) as missense, nonsense, frameshift, 
or splice-site variants. Variants were filtered by a frequency of ≤1% 
in dbSNP (64) or in the Exome Variant Server (65); by probability 
to damage the protein’s structure or function, according to the pre-
diction tools polyphen2 (66) and SIFT (67) (polyphen2 ≥0.6, SIFT 
≤0.05); and by homozygous genotype and whether this genotype is 
shared between both affected cousins and present in the previously 
identified homozygous regions. Detailed filtering data are shown in 
Supplemental Table 1.

Sanger sequencing for the NUP107 c.1339G>A mutation. Prim-
ers flanking the NUP107 (c.1339G>A, p.D447N) mutation were 
used for PCR amplification: (5′→3′) forward TCATTGGATG-
TAATTGCTTTTCC and reverse TCAAAACAATCCAACAAACTCA. 
The 245-bp PCR products were sequenced using BigDye Terminator 
v1.1 and analyzed on a 3130xl Genetic Analyzer (Applied Biosystems).

Restriction assay in controls for the NUP107 mutation. The NUP107 
c.1339G>A mutation abolishes a BbsI restriction site. Primers flanking 
the NUP107 c.1339G>A mutation were used to amplify genomic DNA 
of 150 ethnically matched controls: (5′→3′) forward TCATTGGATG-
TAATTGCTTTTCC and reverse TCAAAACAATCCAACAAACTCA. 
The 245-bp PCR products were digested with BbsI (New England Bio-
labs) and run on 3% agarose gels.

Structural modeling of human NUP107. Sequences of Nup84 and 
NUP107 proteins were aligned using MAFFT (68) and manually 
rectified to maintain secondary structure elements as predicted by 
PSIPRED (69). To build the 3D model of the human NUP107 NTD 
(residues 114–600), the crystal structure of yeast Nup84 (PDB ID 
3IKO, chain F, residues 7–442) was used as a template. The sequence 
alignment of model templates was extracted from the multiple 
sequence alignment and was used to construct the model using Mod-
eller 9.9 (70). To generate the mutant structure of NUP107 p.D447N, 
the residue was mutated using the PyMol mutagenesis tool (71).

Fly strains. The following stocks were used in this study: w; tj-Gal4; 
UAS-dicer-2 (a gift from Lilach Gilboa, Weizmann Institute of Science, 
Rehovot, Israel), Nup107E8 (Bloomington Drosophila Stock Center, 
Department of Biology, Indiana University, catalog 35516), and UAS-
Nup107-RNAi (Vienna Drosophila RNAi Center, 22407 and 110759).

Drosophila Nup107-RNAi knockdown. In both male and female 
flies, Nup107 was knocked down using a UAS-Nup107-RNAi line 
in combination with the tj-Gal4 driver line, which is expressed in 
gonadal somatic cells of both sexes (w; tj-Gal4; UAS-dicer-2/UAS-
Nup107-RNAi).
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