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Unraveling the genetics of 
female infertility
Infertility affects 15% of couples (1). A 
myriad of male and female factors can 
cause infertility, and the clinical work-up 
for female infertility is complex, involving 
evaluation of ovarian and uterine function 
and anatomy and underlying medical dis-
orders that can affect ability to conceive 
(2). The clinical genetic work-up for female 
infertility is still limited and often includes 
no more than testing for a few conditions 
that affect fertility, such as parental chro-
mosome constitution or maternal carrier 
status for fragile X premutation, associat-
ed with premature ovarian insufficiency.

Exome and genome sequencing of 
DNA from cohorts of women with infer-
tility has yielded insights into underlying 

genetic causes (reviewed in refs. 2–5). 
The implicated gene deficiencies are 
broadly categorized into those causing 
oocyte maturation defects, fertilization 
and zygotic defects, and preimplantation 
embryo arrest (Figure 1A). These genet-
ic deficiencies explain only a small pro-
portion of these forms of infertility, and 
more are yet to be discovered. Identify-
ing these genes helps in understanding 
of the processes required for the transi-
tion from highly specialized, transcrip-
tionally silent gametes to a pluripotent, 
rapidly dividing, early preimplantation 
embryo. The maternal-to-zygotic tran-
sition (MZT) depends on maternally 
expressed genes to facilitate meiotic cell 
division, spindle formation, epigene-
tic reprogramming, storage of maternal 

RNAs and proteins in mature oocytes, 
and their timely degradation after fertil-
ization, when the embryo begins to tran-
scribe its own genome (6). Factors from 
the nucleus, cytoplasm (in particular the 
oocyte subcortical maternal complex and 
cytoplasmic lattices), cell membrane, 
and zona pellucida all play a role in this 
transition (3).

A major cornerstone of infertility 
treatment involves in vitro fertilization 
(IVF) with short-term embryo culture (up 
to 5–7 days). This method allows assess-
ment of oocyte, zygote, and embryonic 
phenotypes associated with unsuccess-
ful IVF. In this issue of the JCI, Wang, 
Miyamoto, et al. (7) focus on identi-
fying maternal genetic causes of pre-
implantation embryo arrest, whereby 
retrieved metaphase II–stage (MII-stage) 
oocytes appear healthy and can be fer-
tilized, forming normal zygotes, but the  
embryos stop developing after one or a 
few cell divisions. Using exome sequenc-
ing of DNA from 606 women with this 
type of infertility, the authors identified 
deleterious compound heterozygous or 
homozygous variants in karyopherin sub-
unit α7 (KPNA7) in ten (1.7%) families. 
The genetic burden of KPNA7 matches 
that of PADI6, the most frequently impli-
cated maternal gene in preimplantation 
embryo arrest (8, 9). This result revealed 
the requirement of another class of pro-
teins, karyopherins, for early human 
embryo development (7). The finding 
supports the idea that nuclear shuttling 
of certain proteins affects development 
of preimplantation embryos and in par-
ticular the proper initiation of zygotic 
genome activation (ZGA), which requires 
both correctly timed degradation of 
maternal RNAs and proteins and activa-
tion of transcription and translation of the  
embryonic genome.
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The genetic basis of preimplantation embryo arrest is slowly being 
unraveled. Recent discoveries point to maternally expressed proteins 
required for cellular functions before the embryonic genome is activated. 
In this issue of the JCI, Wang, Miyamoto, et al. suggest a critical role 
for karyopherin-mediated protein cargo transport between oocyte 
cytoplasm and nucleus. Defective maternal oocyte–expressed human 
karyopherin subunit α7 (KPNA7) and mouse KPNA2 fail to bind a critical 
substrate, ribosomal L1 domain-containing protein 1 (RSL1D1), affecting 
its transport to the nucleus. As shown in embryos of Kpna2-null females, 
the consequences are disrupted zygotic genome activation and arrest of 
development. These findings have important implications for diagnosis 
and treatment of female infertility.
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et al. (7) first found that specific variants 
reduced protein levels of mutant KPNA7 
and impaired binding to and transport of 
selected protein cargo into the nucleus. 
The authors identified protein RSD1L1, 
which is highly expressed in oocytes, as 
an important cargo of KPNA7 and then 
showed, using mutant mouse models, that 
Kpna2 is the mouse homolog of human 
KPNA7 (7) (Figure 1B). Maternal loss of 
Kpna2 in mice affected nuclear transport 
of RSD1L1 and led to a phenotype of early 
embryo arrest with altered transcriptome 
at initiation of ZGA in two-cell embry-
os. The authors then found that maternal 
loss of Rsd1l1 in mice also caused preim-
plantation embryo arrest, confirming the 
importance of RSD1L1 in this process (7). 
Interestingly, studies in other species had 

changes substantially during development 
from the germinal vesicle (GV) oocyte to the 
embryo blastocyst stage (12), strongly sug-
gesting that the protein family serves a criti-
cal function during embryogenesis. Among 
human KPNA genes, KPNA7 (importin 
α8) is the most abundant karyopherin α in 
human GV and MII-stage oocytes, where 
DNA methylation may account for its 
oocyte-specific expression (13). KPNA7 
remains present in early embryos, but its 
RNA is quickly degraded during ZGA (12, 
14–16) and it becomes barely detectable in 
morulas and blastocysts, consistent with a 
role in transporting essential nuclear fac-
tors required for MZT (14). In a series of 
elegant experiments combining human 
sequence data, in vitro cell culture data, 
and mouse models, Wang, Miyamoto, 

Maternal karyopherin α 
protein family in embryonic 
development
A collection of maternal RNAs, proteins, 
and other biomolecules drives the devel-
opmental processes in early embryogen-
esis until the embryonic genome is acti-
vated during MZT. It is not surprising that 
impaired nuclear transport interrupts the 
intracellular trafficking of substrates that 
are essential for ZGA initiation. This trans-
port is mediated by karyopherin α (also 
known as importin α), of which mammals 
encode multiple subtypes (10, 11); six have 
been identified in the mouse and seven in 
humans, referred to as karyopherin α1–α7 
(KPNA1, KPNA2, KPNA3, KPNA4, KPNA5, 
KPNA6, and KPNA7). The transcript 
abundance of these seven karyopherin α’s 

Figure 1. Maternal genetic factors are implicated in oocyte and early embryonic development. (A) There are several maternal genetic factors impli-
cated in oocyte development, fertilization, zygotic cleavage, and early embryonic development. The genetic factors are broadly categorized based on 
their primary phenotypes and developmental defects. KPNA7 is implicated in preimplantation embryo arrest. (B) Karyopherin-mediated protein cargo 
transport between oocyte cytoplasm and nucleus is essential for proper ZGA. If defective, maternal oocyte–expressed human KPNA7 and its mouse 
homolog KPNA2 fail to bind RSD1L1, affecting its transport to the nucleus. The consequences are clinical infertility due to disrupted ZGA and early 
embryonic arrest (reported by Wang et al., ref. 7).
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considered only after failed IVF with rel-
evant oocyte or preimplantation embryo 
phenotypes remains an open question.
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already implicated maternal karyopherin 
α encoded by KPNA7 homologs in early 
embryo development. RNAi-based knock-
down experiments in bovine (14) and por-
cine (12) embryos showed that KPNA7 
is necessary for cleavage development. 
Kpna7 has also recently been described 
as a maternal effect gene in zebrafish (17). 
These data support that a conserved mech-
anism, important for embryonic genome 
activation and early development, exists 
across various species. Finally, Wang, 
Miyamoto, et al. showed that injection of 
Kpna7 complementary RNA (cRNA) into 
maternal Kpna2-null mouse zygotes could 
reverse embryo arrest, pointing toward 
therapeutic possibilities for this form of 
early embryo arrest (7). Although excit-
ing, considering ethical complexities, such 
therapy is not currently an option that can 
be considered in humans.

Implications for human female 
infertility diagnosis and 
treatment
The study by Wang, Miyamoto, and col-
leagues adds to a growing list of maternal 
genes implicated in infertility caused by 
preimplantation embryo arrest (7). This 
and other studies raise the question of 
whether it is time for genome-wide or 
gene-panel sequencing for the clinical 
work-up of female infertility. This ques-
tion is important because maternal-effect 
genetic causes of KPNA7-related and simi-
lar forms of infertility have a relatively low 
chance for effective treatment with IVF, 
as the primary maternal genetic defect 
affects all the woman’s oocytes. Whether 
women with infertility should be offered 
this genetic testing or whether it should be 


