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Infertility caused by the disruption or absence of germ cells (i.e., sperm or egg) is a major and largely incurable medical problem. In vitro disease modeling
using normal human germline cells is required to better understand the precise molecular mechanisms of infertility and to develop drugs to treat this
condition. Recent advances in the differentiation methods of embryonic stem cells (ESCs) provide new avenues to generate germ cells in vitro. Further-
more, the discovery that induced pluripotent stem cells (iPSCs) can be created from a patient's adult somatic cells by introducing the combinations of
several transcription factors (e.g., OCT3/4, SOX2, KLF4, andMYC) enables us to generate new and powerful in vitro human disease models. In this review,
we summarize recent advances in the development of human germ cells from in vivo and in vitro cultured ESCs/iPSCs. Based on these studies, we propose
strategies to develop in vitro disease models of infertility using human ESCs/iPSCs. Then, we also discuss the challenges that need to be addressed to
harness the full potential of these models. These models will enable us to understand the precise molecular pathologies of infertility and will aid in
the development of new treatments. (Fertil Steril� 2012;97:1250–9. �2012 by American Society for Reproductive Medicine.)
H uman infertility affects 10–15%
of couples, with approximately
equal likelihood from both

partners. At present, treatments for in-
fertility are limited. Instead, in vitro fer-
tilization (IVF) techniques including
intracytoplasmic sperm injection (ICSI)
have been used to circumvent infertility
problems. To develop true therapies to
increase germ-cell numbers or to recon-
stitute reproductive organs, we require
a deeper understanding of the biology
of reproductive organ development
(i.e., testis and ovary). A number of re-
ports describing mouse models as well
as human mutational screening and
association studies reveal a high
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prevalence of genetic causes of severe
infertility, including chromosomal aber-
rations and single gene mutations (1–6).
The considerable differences in germline
development betweenmice andhumans,
coupled with the inaccessibility of
human gonads and reproductive
organs, demand that in vitro models
using human cells to recapitulate
normal and pathological human
germline development be created.

A promising strategy to generate
in vitro human models is utilizing hu-
man pluripotent stem cells. Pluripotent
stem cells have the characteristics of
self-renewal and pluripotency, defined
as the ability to proliferate while main-
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taining their differentiation potential
and to differentiate into all three germ-
layer cell types, respectively. Pluripotent
stem-cell lines, human embryonic stem
cells (hESCs) fromblastocysts (7) andhu-
man embryonic germ cells (hEGCs) from
primordial germ cells (PGCs) (8), were
first established in 1998. Since the dis-
covery of human pluripotent stem cells,
researchers have made attempts to re-
program somatic cells to pluripotent
stemcells. Theyear 2006 saw thefirst de-
scription of mouse induced pluripotent
stem cells (miPSCs), which were gener-
ated by retrovirus-mediated transduc-
tion of four transcription factors (i.e.,
Oct3/4, Sox2, Klf4, andMyc) intomouse
fibroblasts (9). Subsequently in 2007,
human iPSCs (hiPSCs) were established
by the transduction of either the same
set of transcriptional factors (OCT3/4,
SOX2, KLF4, and MYC) (10) or another
set of transcriptional factors (OCT3/4,
SOX2, NANOG, and LIN28) (11) into hu-
man fibroblasts. hiPSCs are similar to
hESCs in morphology, gene expression,
and epigenetic status of pluripotent
cell-specific genes. Furthermore, they
can differentiate into all three germ-
layer cell types in vitro and form tera-
toma in vivo. Since hiPSCs can be
VOL. 97 NO. 6 / JUNE 2012
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generate frompatients' somatic cells, numerouspatient-specific
hiPSCs have been established, leading to a number of new in vi-
tro disease or transplantation models targeted for the study of
various genetic diseases and regenerative medicine (12–15).

In this review,we summarize recent advances in the devel-
opment of germ cells in vivo and from cultured hESCs/iPSCs.
Since the development ofmouse germ cells in vivo and in vitro
has been extensively reviewed in other publications (16–21),
here we focus on studies on human germline development
and propose possible strategies to develop in vitro disease
models of infertility using hESCs/iPSCs. To realize these
strategies, several challenges must be overcome, and we will
discuss the prospective challenges and possible solutions.
MOLECULAR SIGNATURES AND
MECHANISMS OF HUMAN GERMLINE
DEVELOPMENT IN VIVO
Regulations on the Study of Human Germline
Development

Mammalian germline development has beenmost extensively
studied using mouse embryos as model systems with numer-
ous molecular biology and genetic techniques. In contrast,
studies of human germline development are hampered by re-
stricted access to appropriately aged material and the intrac-
tability of human tissues in culture. In the United States,
federal and state laws and regulations govern the use of hu-
man embryos for research. Federal regulations permit funding
for the study of human embryos provided that they were not
obtained solely for research purposes (45 CFR 46.201-46.211).
In the United Kingdom, the acquisition of material from first-
trimester termination of pregnancy must proceed by similar
guidelines as outlined in the US, which are based around
the recommendations of the Polkinghorne Committee, a UK
Government committee reported in 1989. These guidelines in-
clude the need to separate clinical and research consent, re-
quire that the donor receives no financial or commercial
incentives, andmake clear that donor research consent should
be acquired remote from the planned laboratory experiments
(22). In Japan, there are no official laws and regulations on the
use of human embryos for research. The public statement
made from the Japan Society of Obstetrics and Gynecology
is applied to every research case. The derivation of germ lin-
eage cells (gametes and their precursors) from pluripotent
stem cells had been prohibited under Japan's stem cell re-
search guideline by until 2008. Following the revision of it
and the establishment of additional guideline in 2010, re-
search protocols involving germ cell differentiation have
been permitted only for researches into the mechanisms of
development and regeneration or into the development of
diagnostic, preventive, or regenerative medical procedures
or products. However, fertilization via gametes derived from
human pluripotent stem cells has been prohibited (23).

With these strict guidelines in place, recent studies have re-
vealed the molecular profiles and characteristics of germ cells
and their development in human reproductive systems. The
schematic representations of human germline development
in vivo and from hESCs/iPSCs are summarized in Figure 1.
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Differentiation and Characterization of Human
PGCs

In human development, PGCs, differentiated from epiblast
cells, are identifiable in the hind gut at 4 weeks of gestation
and migrate to colonize the developing gonads by 7 weeks
of gestation (24–27). Human PGCs can be isolated and
confirmed by their migrating activity in vitro (28). In the
presence of feeder cells, leukemia inhibitory factor (LIF),
and basic fibroblast growth factor (bFGF), cultured human
PGCs become hEGCs, which can maintain their self-renewal
and pluripotency in vitro (8). hEGCs express alkaline phos-
phatase (AP), OCT4, SOX2, NANOG, stage specific embryonic
antigen (SSEA) -3, SSEA-4, tumor rejection antigen (TRA)-1–
60, and TRA-1–81 as the markers of pluripotent stem cells.
Regarding the molecular signatures of human PGCs in vivo,
they lack the expression of FGF4 and SOX2 compared with
hESCs in vitro (29, 30). Human PGCs also lack the
expression of TRA-1-60 and TRA-1-81 compared with hESCs
or hEGCs in vitro (31, 32). In the human fetal embryos at
different gestational stages, only a small percentage of the
germ cells expressed C-KIT, NANOG, and OCT4, which
represent as PGCs. The number of these cells correlated with
an increase in the number of hEGC colonies derived in
culture. From these findings, human PGCs in vivo can be
characterized as C-KITþ, SOX2�, TRA1-60�, TRA1-81�,
and FGF4� compared with human pluripotent stem cell
lines in vitro. As PGCs are isolated and cultured in specific
culture conditions, they become hEGCs and may begin to
express SOX2, FGF4, TRA1-60, TRA1-81. These signatures
are summarized in Table 1 and will be useful to isolate and
distinguish human PGCs differentiated from hESCs/iPSCs.
Frommouse studies, numerous genes are identified as specific
and functional in PGCs (e.g., Fragilis [33], Stella/PGC7 [33,
34], Blimp1/Prdm1 [35], Nanos3 [36]). However, the
expression and function of these orthologs in human PGCs
remain unclear.

In migratory PGCs at 7 weeks of gestation, the VASA pro-
tein (DDX4; DEAD (Asp-Glu-Ala-Asp) box family of ATP-
dependent RNA helicases) started to be expressed (37). This
expression pattern may be different from mouse embryos in
which the expression of the mouseMvh gene was not detected
in migratory PGCs before their arrival at the gonadal ridge,
but rather was induced after direct interaction with gonadal
somatic cells.

Mammalian epiblast cells acquire germ-cell fate in re-
sponse to signaling molecules. From mouse studies, the for-
mation and proliferation of PGC population is dependent on
bone morphogenetic proteins (BMPs) 2, 4, and 8b (38–41).
Regarding the molecular cues or inducers of human PGC
from the epiblast, the addition of recombinant BMP4 dose-
dependently increased the number of human PGCs after 1
week of culture (42). The efficiency of EGC derivation and
maintenance in culture was also enhanced by the presence
of recombinant BMP4 (42). BMP4 also promotes the
differentiation of hESCs/iPSCs into PGC-like cells (43–45).
Responsiveness to Bmp4 in mouse epiblast cells is ensured
by Wnt3 expression (46); however, the role of Wnt3 in
human germ cell development remains unclear.
1251



FIGURE 1

Schematic representations of human germline development revealed by in vivo and in vitro approaches. hEGC¼ human embryonic germ cell; hESC
¼ human embryonic stem cell; PGC ¼ primordial germ cell.
Hayashi. Human pluripotent stem cells. Fertil Steril 2012.
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Mouse studies revealed that the stem cell factor (SCF)/
C-kit receptor pathway is required for successful migration
by preventing the apoptosis of PGC (47–49). As just
discussed, C-KIT is expressed in human PGCs in vivo, but
its function in human germline development is unclear. SCF
expression by feeder cells is required for the germ cell
differentiation from hESCs/iPSCs (43).
Human Germ Cell Maturation and Meiosis

Mouse studies revealed that the maturation and meiosis of
germ cells are induced by retinoic acid (RA) signaling (50).
Pre-meiotic female germ cells activated by RA signaling ex-
press pre-meiotic genes (e.g., Dmc1, Scp3, Spo11, and Stra8)
and repress Oct4 expression and then enter meiosis. While
female germ cells are susceptible to RA produced by gonadal
somatic cells, male gonadal somatic cells highly express
Cyp26b1, which encodes a P450 enzyme that catabolizes ac-
tive all-trans RA into inactive metabolites, leading to suppress
RA signaling activity in male germ cells (51). In mouse male
gonadal somatic cells, sex determination factors, such as
SOX9/SF1, may up-regulate Cyp26b1 expression, while an
1252
ovarian transcription factor, Foxl2, may suppress Cyp26b1
expression in female gonadal somatic cells (52). Male germ
cells continue to express Oct4, but stop proliferating until
the birth of the individuals. After birth, these cells resume pro-
liferation and enter meiosis.

In human female ovary at around 8 weeks of gestation,
PGCs become oogonia when it reaches the ovary. Oogonia
can be distinguished by their more rounded outline and
distinct increase in mitotic activity from migratory PGCs
(53, 54). Regarding proliferation and apoptosis during germ
cell maturation, BMP4 negatively regulates post-migratory
PGCs (or oogonia) numbers in the human fetal ovary by pro-
moting their apoptosis, although BMP4 is required to induce
PGCs in earlier embryos (55). Conversely, ACTIVIN, which
has a competitive role in SMAD signaling against BMP4, may
be involved in the autocrine and paracrine regulation of
germ-cell proliferation in the human ovary during the crucial
period of development leading up to meiosis and folliculogen-
esis (56). Female germ cells undergoing folliculogenesis lose
OCT4 expression and no longer proliferate. In contrast,
VASA, C-KIT are expressed in germ cells at all developmental
stages of oogenesis and folliculogenesis (57). FIGLA expression
VOL. 97 NO. 6 / JUNE 2012



TABLE 1

The list of gene markers for human pluripotent stem cell lines and germ cells.

Gene marker hESC/hiPSC hEGC Early PGC Migratory PGC Oogonia/gonocyte

OCT4 þ (10, 11) þ (OP) þ (29, 30) þ (31, 32) � (57, 60)
NANOG þ (10, 11) þ (OP) þ (29, 30) � (31, 32) ND
SOX2 þ (10, 11) þ (OP) � (29, 30) ND ND
SSEA1 � (7, 10) þ (8) þ (29, 30) þ (31, 32) ND
SSEA3 þ (7, 10) þ (8) ND ND ND
SSEA4 þ (7, 10) þ (8) þ (29, 30) þ (31, 32) ND
TRA1-60 þ (7, 10) þ (8) � (31, 32) ND ND
TRA1-81 þ (7, 10) þ (8) � (31, 32) ND ND
FGF4 þ (10) þ? � (29) ND ND
VASA � (37) ND � (37) þ (37) þ (37, 57)
C-KIT � (OP) ND þ (29, 30) þ (31, 32) þ (57, 60)
Note: The number in parentheses indicates the number of references. hEGC¼ human embryonic germ cell; hESC¼ human embryonic stem cell; hiPSC¼ human induced pluripotent stem cell; ND¼
not determined or unknown; PGC ¼ primordial germ cell.

Hayashi. Human pluripotent stem cells. Fertil Steril 2012.
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is up-regulated during folliculogenesis (58). First gH2AX-pos-
itivemeiotic cells appear at 11weeks of gestation, when DMC1,
SPO11, and STRA8 are expressed. In the organ culture of ova-
ries from 10-11 weeks gestation, the addition of RA signifi-
cantly increases the meiotic cells. However, RA exposure did
not induce meiosis in the organ culture of ovaries from 8–9
weeks of gestation, suggesting that the competence to respond
to RA is developmentally programmed. The mRNA level of an
RA-synthesizing enzyme, ALDH1A1, specifically increases in
human ovaries when meiosis begins. Indeed, ALDH inhibition
by citral prevented the appearance of meiotic cells (59).

In human fetal testis, male PGCs continue to differentiate
in the following sequence classified by Gaskell et al. as gon-
ocytes (OCT4þ/C-KITþ/MAGE-A4�/mitotically active); inter-
mediate germ cells (OCT4�/C-KIT�/MAGE-A4�/mitotically
active); and pre-spermatogonia (OCT4�/C-KIT�/MAGE-
A4þ/mitotically inactive). The pattern of expression of
MAGE-A4 (melanoma antigen A4) is of particular interest
since this protein is expressed in testis cancer cells and in
spermatogonia. In first trimester, most germ cells show
a gonocyte phenotype; however, from 18 week of gestation
onward, pre-spermatogonia are the most abundant cell type
in the testis (60). A pre-meiotic gene, STRA8 expression re-
mains very low in the testis until 20 weeks gestation at least,
but could be partially up-regulated by the addition of RA to
organ culture system. However, the presence of RA is not
sufficient to cause widespread meiosis-associated gene ex-
pression in the organ culture system. Furthermore, unlike in
mouse fetal testis, the expression of CYP26B1 mRNA is not
up-regulated in humanmale gonadal somatic cells (61). These
results suggest that mechanisms other than CYP26B1-
mediated metabolism of RA may exist to inhibit germ cells
from entering meiosis in human fetal testis.
GERMLINE DIFFERENTIATION FROM PRIMATE
AND HUMAN ESCs/iPSCs
In 2004, Clark et al. first reported the spontaneous differenti-
ation of germ cells in embryoid bodies (cell aggregations
which permit random differentiation) from hESCs (62).
These differentiated cells express germline-specific RNA and
VOL. 97 NO. 6 / JUNE 2012
protein markers (e.g., VASA and SCP3). Subsequent findings
on germline differentiation from human pluripotent stem
cells can be classified in the following ways.
Toward Efficient Differentiation into Germline by
Specific Culture Conditions

Because mammalian germline development is dependent on
signaling molecules and the gonadal microenvironment, cul-
ture conditins are critical to promote the differentiation of
pluripotent stem cells into germ cells in vitro. In addition,
Bucay et al. observed that putative germline development
from hESCs is accompanied by the development of Sertoli-
like support cells (63). To mimic a suitable microenvironment
for the development of germ cells, co-culture systems or con-
ditioned medium have been used for differentiating hESCs/
iPSCs. Co-culture with human fetal gonadal stromal cells
(64), mouse Sertoli cells (65), mouse embryonic fibroblasts
(66), or porcine ovarian fibroblasts (45) increased the effi-
ciency of germ cell-like differentiation from hESCs/iPSCs.
These results confirm that specific trophic factors are required
to develop germline from pluripotent stem cells. A disadvan-
tage of these co-culturing system is that it is difficult to know
which trophic factors affect differentiation and how. As well,
the presence of feeder cells can impede biochemical and
cellular assays and scalable differentiation.

Numerous cytokines and signaling molecules have been
used in the differentiation of germ cells from hESCs/iPSCs.
Recombinant BMP4 protein and other BMPs are added to cul-
tures to promote PGC-like differentiation from hESCs/iPSCs
(43–45). RA has been used to stimulate meiosis (45, 67).
Basic FGF (66, 67), LIF (67), SCF (secreted from feeder cells)
(43), and forskolin, an adenyrate cyclase activator (45, 67),
are also used to enhance germline differentiation from
hESCs/iPSCs. However, the efficient differentiation of germ
cells from hESCs/iPSCs has not been achieved, and the
precise effect of these molecules has not been examined.
Because germline development is a multi-step differentiation
process, step-wise differentiation protocols based on the
precise effect of each molecule are required to achieve the
efficient differentiation of germ cells from hESCs/iPSCs.
1253
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Forced Differentiation by the Manipulation of
Gene Expression

Manipulation of gene expression can regulate the cell lineage
decisions in differentiating pluripotent stem cells. Overex-
pression of RNA-binding proteins, DAZL (deleted in
azoosperma-like) and/or VASA promotes PGC formation in
differentiating hESCs/iPSCs. On the other hand, overexpres-
sion of the related genes, DAZ and BOULE promotes meiosis
and the development of haploid gametes (68, 69). These
methods driving pluripotent stem cells into germline by
overexpression of key regulators could be an efficient
platform to generate germ cell lines from hESC/iPSCs;
however, it remains to be determined how similar the
observed meiosis is to the physiological process in vivo.
Purification of Germ Cells Differentiated from
Human Pluripotent Stem Cells

Even though efficient differentiation using specific culture
conditions may be achieved, we should also be able to isolate
and purify the specific cell types. Cell-surface markers specif-
ically expressed in germ cells have been used to cell sorting.
To purify PGC-like cells from differentiating hESCs/iPSCs,
sorting with specific antibody for SSEA1 (70), SSEA1 and
C-KIT (64, 71) , and CXCR4 (63) have been used. Protocols
that purify CD9þ/CD49Fþþ/CD90� cell populations have
been reported to enrich the pool of spermatogonia-like cells
(67). Using mESCs/iPSCs, PGC can be isolated using intrinsic
cell-surface markers, integrin-b3 and SSEA1 (72); however, it
remains unclear that these cell surface markers can be used to
sort hESCs/iPSCs. In addition, although cell sorting based on
these cell-surface markers is useful and convenient, the ex-
pression of these markers is not exclusive to germline cells.

Another method to purify the specific cell types is using
a reporter system based on specific gene expression. A VASA
reporter has been used to purify a migratory PGC-like cell pop-
ulation (or germ cell populations in later stages) from hESCs/
iPSCs (68, 73). Germline-specific reporter systems, together
with purification approaches based on the detection of cell-
surface markers, are highly useful to quantitative evaluations
of germ-cell differentiation. Because germ-cell development
is a multi-step process, different reporter systems tailored to
each developmental stage should be created.
Germline Development from hiPSCs

Since the development of hiPSCs in 2007, several reports
demonstrated that hiPSCs are able to differentiate into germ
cells. Park et al. first showed that PGC-like cells can be differ-
entiated from hiPSCs (64). BMP4 enhances the differentiation
into VASA-positive PGC-like cells from fetal- and adult-
derived hiPSCs in a similar manner to hESCs (74). Haploid
cells resulted from meiosis are consistently obtained from
hiPSCs lines generated from different tissues (67). Meiosis
was induced in differentiating hiPSCs by overexpressing
DAZL and/or VASA in a similar manner to hESCs (69). These
studies indicate that hiPSCs have almost the same ability to
differentiate into germ cells as hESCs. In the future, it will
be interesting to examine patient-specific iPSCs that are
1254
defective in their ability to generate germ cells, by comparing
their differentiation capacity with that of normal hESCs/
iPSCs.
Germline Differentiation from Non-Human
Primate ES/iPSCs

Non-human primate ESCs/iPSCs is also useful for assessing
the functionality of the germ cells differentiated from plurip-
otent stem cells. In 2007, Teramura et al. demonstrated that
cynomolgus monkey ESCs can differentiate into PGC-like
cells (75). The differentiation can be enhanced by conditioned
medium from testicular or ovarian cells or by adding recombi-
nant BMP4, RA or SCF (76). The self-renewal of differentiated
PGC-like cells can be prolonged by LIF treatment (77). Further
studies, including functional assays in vivo, would be
interesting to examine their developmental potential and
molecular mechanisms of primate germline development as
a substitute model for human germ cell differentiation from
pluripotent stem cells.

DISEASE MODELING USING HUMAN
PLURIPOTENT STEM CELLS
Based on the studies reviewed above, we propose targets for
potential disease modeling and drug screening using hESCs/
iPSCs. We summarize the possible strategies in Figure 2.
Male Genetic Infertility

Infertility or subfertility affects 15% of couples, with a male
contribution to the fertility problem in close to 50% of the
couples. In case of male infertility, up to 20% are caused by
azoospermia, defined as a lack of sperm in semen. Azoosper-
mia can be categorized as: pre-testicular azoospermia (ac-
counting for 2% of men with azoospermia, due to
a hypothalamic or pituitary abnormality); testicular failure
or non-obstructive azoospermia (49% to 93% of cases, with
the term testicular failure suggesting a complete absence of
spermatogenesis); and post-testicular obstruction or retro-
grade ejaculation (7% to 51% cases, caused by normal sper-
matogenesis but obstructive azoospermia or retrograde
ejaculation). In testicular failure or non-obstructive azoosper-
mia, molecular genetic techniques have unveiled a number of
genetic mutations, including micro-deletions of the Y chro-
mosome q arm. These micro-deletions, which remove the
AZoospermia Factor (AZF) regions, are the most frequent ge-
netic causes of azoospermia. AZF regions follow a certain de-
letion pattern, with three recurrently deleted non-overlapping
subregions in proximal, middle, and distal Yq11, designated
AZFa, AZFb, and AZFc, respectively (78). The AZFa region
contains USP9Y and DBY genes. The AZFb region contains
unique genes (i.e., HSFY, eIF-1Y, SMCY) and others that are
shared with the AZFc region (i.e., one copy of BPY2 and
CDY and two copies of DAZ). Moreover, two gene families
with multiple copies on the Y chromosome have their active
copies in the AZFb region, including RBMY and PRY genes.
AZFc region contains DAZ gene and CDY gene families. Un-
fortunately, these Y-chromosome micro-deletions cannot be
directly modeled in mice because candidate genes on the
VOL. 97 NO. 6 / JUNE 2012



FIGURE 2

Schematic representations of possible strategies of in vitro disease modeling using hESCs/iPSCs. ESC ¼ embryonic stem cell; hESC ¼ human
embryonic stem cell; iPSC ¼ induced pluripotent stem cell; PGC ¼ primordial germ cell; POF ¼ premature ovarian failure; POI ¼ primary
ovarian insufficiency.
Hayashi. Human pluripotent stem cells. Fertil Steril 2012.
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human Y chromosome are frequently located on X chromo-
some or on autosomal chromosomes in the mouse genome.
For example, the DAZ gene family, located on the Y chromo-
some in humans, is not present on the mouse Y chromosome
(79). Its autosomal homologs are present in all mammals.
In addition to the Y chromosome, certain autosomal chromo-
somal abnormality are also linked to male infertility,
including aneuploidy, X-chromosome abnormality, or
Robertsonian translocations (defined as rearrangements that
occur in the five acrocentric chromosome pairs, namely 13,
14, 15, 21, and 22.) (80). Furthermore, many attempts at
finding mutations in infertile humans by using known mouse
infertility genes have been unsuccessful (1). To date, there are
no established methods to promote spermatogenesis from
non-obstructive azoospermia patients. Modeling of azoosper-
mia using hESCs/iPSCs with the relevant chromosomal
abnormalities would greatly improve our understanding of
the underlying pathology and would help in the design of
treatments.
Female Genetic Infertility

Primary ovarian insufficiency (POI)—also known as premature
ovarian failure (POF) is a major cause for female infertility.
The cause of POI/POF can be classified according to whether
autoimmune disorders, abnormal hormone regulation, viral
VOL. 97 NO. 6 / JUNE 2012
infection, surgery, chemotherapies or radiotherapies, or
genetic mutations are involved. A number of studies using
genetically modified mice or genome-wide associations
have linked several ovarian genes to POI/POF, such as
BMP15, BMPR1B, DAX1, FMR1, FOXL2, POF1B, and SF1;
however, it is unknown how these genes are involved in the
pathology of POI/POF (81). Modeling of POI/POF using
hESCs/iPSCs with the known genetic mutations would be an
excellent way to examine the pathology of POI/POF and to
the development of treatments.
Environmental Factors

For male fertility, numerous environmental toxicants ad-
versely affect spermatogenesis and can lead to low sperm
count, abnormal sperm morphology and poor semen quality
(82). Ovarian function in women can also be compromised
by exposure to them. Ovarian toxicants can directly cause
ovarian failure by extensive follicular destruction or by inter-
ference with steroid hormone action (hypothalamus and/or
pituitary) (83). However, in spite of these findings, the precise
effects of environmental factors on their pathology of infertil-
ity are largely unknown. Organ culture systems of human
fetal gonads have been used to examine the toxicity of envi-
ronmental factors (e.g., cadmium [84], uranium [85], and irra-
diation [86]). Since hESC/iPSC developmental models could
1255



VIEWS AND REVIEWS
be examined in scalable, high-throughput, and direct man-
ners, these models can be applied to monitor and examine
the effect of these environmental chemicals. In fact, Kee
et al. demonstrated that the number of PGC-like cells
differentiated from hESCs is diminished by exposure to poly-
cyclic aromatic hydrocarbons (PAHs), a family of toxicants
commonly found in air pollutants released from gasoline
combustion or tobacco smoke. PAHs act through the aromatic
hydrocarbon receptor (AHR) and BAX signaling pathways in
the hESC-based differentiation system (87). These results were
consistent with studies using PGCs in human fetal testis (88).

CHALLENGES TO DEVELOP DISEASE MODELS
USING hESCs/iPSCs
The development of genetic disease models in pluripotent
stem cells for drug screening applications is hampered by cur-
rent technology. Here, we discuss the challenges and possible
solutions of disease modeling with hESCs/iPSCs. These dis-
cussions are useful not only for reproductive tissues, but for
general disease modeling using hESCs/iPSCs.
Inefficient Differentiation and Purification
Technologies

To develop the differentiated hESC/iPSC model for high-
throughput drug development studies, robust and scalable
differentiation and purification methods are required. How-
ever, current protocols to differentiate and purify human
germ cell are inefficient. As shown in Figure 1, the differenti-
ation of pluripotent stem cells into germ cells is a multi-step
process that requires exposure to specific stimuli at discreet
stages of development, to achieve directed and convergent
differentiation. For the purification of germ cells, several dif-
ferent reporter systems, which represent the different devel-
opmental and sexual stages of germline development, must
be developed.
Cell Line Variability of Cultured Pluripotent Stem
Cells

To make disease model using pluropotent stem cells, a major
ongoing issue relates to the inherent cell-line variability of
these cells. hESC lines have a high differentiation propensity
(89); therefore, hiPSC must be similar in this way. Mouse
iPSCs derived from different adult tissues varied substantially
in their propensity to form teratomas, as measured by the
transplantation of secondary neural spheres into the striatum
of NOD/SCID mice. The likelihood of teratoma formation was
correlated with the persistence of undifferentiated cell popu-
lations within the neural spheres (90). Thus, patient-specific
hiPSC lines even from the same patient may have the
cell-line variability to cause off-shot effects. The cause of
this variability remains unknown. Furthermore, in many
cases, it is difficult to obtain patient-specific tissue samples
from enough donors with the same type of mutations. Thus,
the limited number of cell lines or donors currently available
affects our ability to understand cell-line variability. To over-
come this problem, we may need to develop other sophisti-
cated strategies in conjunction with patient-specific hiPSCs.
1256
As options, we can use genome editing technology, such as
zinc-finger nucleases (ZFN) (91) or TAL-effector nucleases
(TALEN) (92) in hESCs/iPSCs. For patient-specific hiPSCs,
Soldner et al. demonstrated that ZFN genome editing technol-
ogy could produce isogenic hiPSCs that carry point mutations
with genetic forms of Parkinson's disease (93). These technol-
ogies could help us to develop more robust genetic disease
models using hESCs/iPSCs.
Inconsistency Between In Vivo Development and
In Vitro Differentiation of Pluripotent Stem Cells

In the differentiation culture systems from pluripotent stem
cells, we sometimes observe the different cell behaviors and
patterns of gene expressions from in vivo development. These
represent the inconsistency between in vivo development and
in vitro differentiation of pluripotent stem cells. For example
in germ cell development using hESCs/iPSCs, haploid cells
can be induced just 14 days after induction by over expression
of DAZL, BOULE and DAZ (68). These results might indicate
the limitation of the in vitro developmental models using
hESCs/iPSCs; however, even these culture artifacts (e.g., in-
credible speed of germ cell maturation) could be the advan-
tages of the in vitro models after careful and precise
considerations. It is important to examine which part of
in vivo development can be recapitulated in disease models
using hESCs/iPSCs.
Alternative Source 1: Germline Stem Cells Derived
From Adult Testis or Ovary

One alternative way to obtain germ cells might be isolating
(and expanding) adult germline stem cells from reproductive
organs instead of by differentiating germ cells from pluripo-
tent stem cells. In mice, male germ stem cells can be cultured
while maintaining their self-renewal and functionality (94).
Izadyar et al. reported that spermatogonial stem-like cells,
which express SSEA4, C-KIT, NANOG, and OCT4, exist in
adult human testis and that these cells can be isolated based
on the expression of cell-surface markers (95). Virant-Klun
et al. reported that ovarian stem-like cells, which express
SSEA4, OCT4, NANOG, and C-KIT, exist in the ovarian sur-
face epithelium from adult POF patients and can be isolated
(96). Very recently, White et al. reported that mitotically ac-
tive oogonial stem cells (OSCs) can be purified by sorting
with VASA expression presented on the cell surface from
adult mouse ovaries and human ovarian cortical tissues
(97). The OSCs can be expanded for months on MEF feeders
and can spontaneously generate 35- to 50-mm oocytes, as de-
termined by morphology, gene expression and haploid (1n)
status. Injection of the OSCs into human ovarian cortical bi-
opsies leads to formation of follicles containing oocytes 1–2
weeks after xenotransplantation into immunodeficient fe-
male mice. These findings suggest that reproductive-age
women may possess rare mitotically-active germ cells that
can be propagated in vitro as well as generate oocytes
in vitro and in vivo. Together, deriving germ cells from adult
reproductive organs could be an alternative way to make
In vitro disease models; however, there are caveats with this
VOL. 97 NO. 6 / JUNE 2012
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approach as well. One, access to the adult reproductive organs
for biopsy is very limited, making harvesting these cells diffi-
cult. Second, the robust purification and expansion enabling
scalable differentiation of human germline stem cells are still
difficult.
Alternative Source 2: Trans-Differentiation or
Reprogramming into Germ Cells from Somatic
Cells

Another alternative way to obtain germ cells might be to con-
vert other cell types to germ cells instead of by differentiating
germ cells from pluripotent stem cells. Hua et al. reported that
that there are a subset of cells in human fetal bone marrow
that express germ cell markers (98). Drusenheimer et al. also
reported that a small population of bone marrow cells ex-
pressed the early germ cell markers OCT4, FRAGILIS, STELLA,
and VASA and the male germ cell-specific markers DAZL and
STRA8 (99). Huang et al. reported that human umbilical-cord
Wharton's jelly-derived mesenchymal stem cells (HUMSCs)
could form ‘‘tadpole-like’’ cells after induction with different
reagents. These cells expressed germ cell-specific markers
OCT4, C-KIT, CD49F, STELLA, and VASA in the culture
conditions with all-trans RA, testosterone and testicular-
cell-conditioned medium prepared from newbornmale mouse
testes (100). These approaches might be attractive to generate
germ cells from somatic cells for therapeutic application of re-
productive medicine and in vitro disease modeling; however,
it is not yet confirmed that these trans-differentiated cells
have the functionality of germ cells. Furthermore, Eggan
et al. showed that no evidence that bone marrow cells, or
any other normally circulating cells, contribute to the forma-
tion of mature, ovulated oocytes, using transplantation and
parabiotic mouse models to assess the capacity of circulating
bone marrow cells to generate ovulated oocytes (101).
Therefore, whether trans-differentiation into germ cells
from somatic cells is a viable strategy for in vitro disease
modeling is still in doubt.

CONCLUSIONS
The development of hiPSCs has opened up new avenues to
generate in vitro disease models of infertility using patient-
specific stem cells. The advances of the technology to manip-
ulate the differentiation of hESCs/iPSCs into germ cells will
allow us to understand underlying disease mechanisms, and
to develop new drugs of infertility. However, we have faced
several challenges in our efforts to develop in vitro disease
models and the applications for drug screening using
hESCs/iPSCs, including low efficiency of directed differentia-
tion methods and cell-line viability. Nevertheless, reproduc-
tive diseases and infertility are still highly promising areas
with in vitro disease models using hESCs/iPSCs, as we dis-
cussed in this review. We hope that these models will be uti-
lized to cure infertility for couples desiring parenthood.

Acknowledgments: We thank the members of our labora-
tory for valuable scientific discussions and administrative
support. We thank Dr. Naoki Nagata for critical review of
this article; Gary Howard and Anna Lisa Lucido for writing
VOL. 97 NO. 6 / JUNE 2012
assistance; John Carroll for assistance with graphics; and
Rie Kato and Karena Essex for administrative support.

REFERENCES
1. Cooke HJ, Saunders PTK. Mouse models of male infertility. Nat Rev Genet

2002;3:790–801.
2. Ferlin A, Raicu F, Gatta V, Zuccarello D, Palka G, Foresta C. Male infertility:

role of genetic background. Reprod Biomed Online 2007;14:734–45.
3. Hwang K, Yatsenko AN, Jorgez CJ, Mukherjee S, Nalam RL, Matzuk MM,

et al. Mendelian genetics of male infertility. Annals of the New York Acad-
emy of Sciences 2010;1214:E1–17.

4. Shelling AN. Premature ovarian failure. Reproduction 2010;140:633–41.
5. Persani L, Rossetti R, Cacciatore C. Genes involved in human premature

ovarian failure. J Mol Endocrinol 2010;45:257–79.
6. Walsh TJ, Pera RR, Ph D, Turek PJ. The Genetics of Male Infertility. Semin

Reprod Med 2009;27:124–36.
7. Thomson JA, Itskovitz-Eldor J, Sharpiro SS, Waknitz MA, Swiergiel JJ,

Marshal VS, et al. Embryonic stem cell lines derived from human blasto-
cysts. Science 1998;282:1145–7.

8. Shamblott MJ, Axelman J, Wang S, Bugg EM, Littlefield JW, Donovan PJ,
et al. Derivation of pluripotent stem cells from cultured human primordial
germ cells. Proceedings of the National Academy of Sciences of the United
States of America 1998;95:13726–31.

9. Takahashi K, Yamanaka S. Induction of pluripotent stem cells from mouse
embryonic and adult fibroblast cultures by defined factors. Cell 2006;126:
663–76.

10. Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T, Tomoda K, et al.
Induction of pluripotent stem cells from adult human fibroblasts by defined
factors. Cell 2007;131:861–72.

11. Yu J, Vodyanik MA, Smuga-Otto K, Antosiewicz-Bourget J, Frane JL, Tian S,
et al. Induced pluripotent stem cell lines derived from human somatic cells.
Science 2007;318:1917–20.

12. Park I-H, Arora N, Huo H, Maherali N, Ahfeldt T, Shimamura A, et al. Dis-
ease-specific induced pluripotent stem cells. Cell 2008;134:877–86.

13. Dimos JT, Rodolfa KT, Niakan KK, Weisenthal LM,Mitsumoto H, ChungW,
et al. Induced pluripotent stem cells generated from patients with ALS can
be differentiated into motor neurons. Science 2008;321:1218–21.

14. Saha K, Jaenisch R. Technical challenges in using human induced pluripo-
tent stem cells to model disease. Cell Stem Cell 2009;5:584–95.

15. Yamanaka S. Strategies and new developments in the generation of
patient-specific pluripotent stem cells. Cell Stem Cell 2007;1:39–49.

16. Hua J, Sidhu K. Recent advances in the derivation of germ cells from the
embryonic stem cells. Stem Cells Dev 2008;17:399–411.

17. Saitou M, Yamaji M. Germ cell specification in mice: signaling, transcrip-
tion regulation, and epigenetic consequences. Reproduction 2010;139:
931–42.

18. Hayashi K, de Sousa Lopes SMC, Surani MA. Germ cell specification in
mice. Science 2007;316:394–6.

19. Richardson BE, Lehmann R. Mechanisms guiding primordial germ cell mi-
gration: strategies from different organisms. Nat Rev Mol Cell Bio 2010;
11:37–49.

20. Boldajipour B, Raz E. What is left behind— quality control in germ cell mi-
gration. Sci STKE 2007;2007:pe16.

21. Sasaki H, Matsui Y. Epigenetic events in mammalian germ-cell develop-
ment: reprogramming and beyond. Nat Rev Genet 2008;9:129–40.

22. Ostrer H, Wilson DI, Hanley NA. Human embryo and early fetus research.
Clin Genet 2006;70:98–107.

23. Kawakami M, Sipp D, Kato K. Regulatory Impacts on Stem Cell Research in
Japan. Cell Stem Cell 2010;6:415–8.

24. Witschi E.Migration of the germ cells of human embryo from the yolk sac to
the primitive gonadal folds. Contr Embryol Carnegie Inst 1948;32:69–80.

25. Fujimoto T, Miyayama Y, Fuyuta M. The origin, migration and fine mor-
phology of human primordial germ cells. The Anatomical Record 1977;
188:315–30.

26. Motta PM, Makabe S. Elimination of germ cells during differentiation of
the human ovary: an electron microscopic study. Eur J Obstet Gyn R B
1986;22:271–86.
1257



VIEWS AND REVIEWS
27. Gondos B, Bhiraleus P. Ultrastructural observations on germ cells in human
fetal ovaries. Am J Obstet Gynecol 1971;110:644–52.

28. Kuwana T, Fujimoto T. Active locomotion of human primordial germ cells
in vitro. The Anatomical Record 1983;205:21–6.

29. Perrett RM, Turnpenny L, Eckert JJ, O'Shea M, Sonne SB, Cameron IT, et al.
The early human germ cell lineage does not express SOX2 during in vivo
development or upon in vitro culture. Biol Reprod 2008;78:852–8.

30. de Jong J, Stoop H, Gillis AJM, van Gurp RJHLM, van de Geijn G-JM, de
Boer M, et al. Differential expression of SOX17 and SOX2 in germ cells and
stem cells has biological and clinical implications. J Pathol 2008;215:21–30.

31. Kerr CL, Hill CM, Blumenthal PD, Gearhart JD. Expression of pluripotent
stem cell markers in the human fetal testis. Stem Cells 2008;26:412–21.

32. Kerr CL, Hill CM, Blumenthal PD, Gearhart JD. Expression of pluripotent
stem cell markers in the human fetal ovary. Hum Reprod 2008;23:589–99.

33. Saitou M, Barton SC, Surani MA. A molecular programme for the specifi-
cation of germ cell fate in mice. Nature 2002;418:293–300.

34. Sato M, Kimura T, Kurokawa K, Fujita Y, Abe K, Masuhara M, et al. Iden-
tification of PGC7, a new gene expressed specifically in preimplantation
embryos and germ cells. Mechanisms of Development 2002;113:91–4.

35. Ohinata Y, Payer B, O'Carroll D, Ancelin K, Ono Y, Sano M, et al. Blimp1 is
a critical determinant of the germ cell lineage in mice. Nature 2005;436:
207–13.

36. Suzuki H, TsudaM, KisoM, Saga Y. Nanos3maintains the germ cell lineage
in the mouse by suppressing both Bax-dependent and -independent apo-
ptotic pathways. Dev Biol 2008;318:133–42.

37. Castrillon DH, Quade BJ, Wang TY, Quigley C, Crum CP. The human VASA
gene is specifically expressed in the germ cell lineage. Proceedings of the
National Academy of Sciences of the United States of America 2000;97:
9585–90.

38. Lawson KA, Dunn NR, Roelen BA, Zeinstra LM, Davis AM,Wright CV, et al.
Bmp4 is required for the generation of primordial germ cells in the mouse
embryo. Gene Dev 1999;13:424–36.

39. Ying Y, Liu XM, Marble A, Lawson KA, Zhao GQ. Requirement of Bmp8b
for the generation of primordial germ cells in the mouse. Molecular endo-
crinology (Baltimore, Md.) 2000;14:1053–63.

40. Ying Y, Zhao GQ. Cooperation of endoderm-derived BMP2 and extraem-
bryonic ectoderm-derived BMP4 in primordial germ cell generation in the
mouse. Dev Biol 2001;232:484–92.

41. Ying Y, Qi X, Zhao GQ. Induction of primordial germ cells from murine epi-
blasts by synergistic action of BMP4 and BMP8B signaling pathways. Pro-
ceedings of the National Academy of Sciences of the United States of
America 2001;98:7858–62.

42. Hiller M, Liu C, Blumenthal PD, Gearhart JD, Kerr CL. Bone morphogenetic
protein 4 mediates human embryonic germ cell derivation. Stem Cells and
Development 2011;20:351–61.

43. West FD, Roche-RiosMI, Abraham S, Rao RR, NatrajanMS, BacanamwoM,
et al. KIT ligand and bone morphogenetic protein signaling enhances hu-
man embryonic stem cell to germ-like cell differentiation. Hum Reprod
2010;25:168–78.

44. Kee K, Gonsalves JM, Clark AT, Reijo-Pera RA. Bone morphogenetic pro-
teins induce germ cell differentiation from human embryonic stem cells.
Stem Cells and Development 2006;15:831–7.

45. Richards M, Fong C-Y, Bongso A. Comparative evaluation of different
in vitro systems that stimulate germ cell differentiation in human embry-
onic stem cells. Fertil Steril 2010;93:986–94.

46. Ohinata Y, Ohta H, ShigetaM, Yamanaka K,Wakayama T, SaitouM. A sig-
naling principle for the specification of the germ cell lineage in mice. Cell
2009;137:571–84.

47. Matsui Y, Zsebo KM, Hogan BLM. Embryonic expression of a haemato-
poietic growth factor encoded by the Sl locus and the ligand for c-kit. Na-
ture 1990;347:667–9.

48. Godin I, Deed R, Cooke J, Zsebo K, Dexter M, Wylie CC. Effects of the steel
gene product on mouse primordial germ cells in culture. Nature 1991;352:
807–9.

49. Dolci S, Williams DE, Ernst MK, Resnick JL, Brannan CI, Lock LF, et al. Re-
quirement for mast cell growth factor for primordial germ cell survival in
culture. Nature 1991;352:809–11.
1258
50. Bowles J, Koopman P. Retinoic acid, meiosis and germ cell fate in mam-
mals. Development 2007;134:3401–11.

51. Bowles J, Knight D, Smith C, Wilhelm D, Richman J, Mamiya S, et al.
Retinoid signaling determines germ cell fate in mice. Science 2006;312:
596–600.

52. Kashimada K, Svingen T, Feng CW, Pelosi E, Bagheri-Fam S, Harley VR,
et al. Antagonistic regulation of Cyp26b1 by transcription factors
SOX9/SF1 and FOXL2 during gonadal development in mice. The FASEB
Journal 2011;25:3561–9.

53. Maheshwari A, Fowler PA. Primordial follicular assembly in humans–
revisited. Zygote 2008;16:285–96.

54. Gondos B, Westergaard L. Initiation of oogenesis in the human fetal ovary:
ultrastructural and squash preparation study. Am J Obstet Gynecol 1986;
155:189–95.

55. Childs AJ, Kinnell HL, Collins CS, Hogg K, Bayne RAL, Green SJ, et al.
BMP signaling in the human fetal ovary is developmentally regulated
and promotes primordial germ cell apoptosis. Stem Cells 2010;28:
1368–78.

56. Martin da Silva SJ, Bayne RAL, Cambray N, Hartley PS, McNeilly AS,
Anderson RA. Expression of activin subunits and receptors in the develop-
ing human ovary: activin A promotes germ cell survival and proliferation
before primordial follicle formation. Dev Biol 2004;266:334–45.

57. Stoop H, Honecker F, Cools M, de Krijger R, Bokemeyer C, Looijenga LHJ.
Differentiation and development of human female germ cells during pre-
natal gonadogenesis: an immunohistochemical study. Hum Reprod
2005;20:1466–76.

58. Bayne RAL, Martins da Silva SJ, Anderson RA. Increased expression of the
FIGLA transcription factor is associated with primordial follicle formation in
the human fetal ovary. Mol Hum Reprod 2004;10:373–81.

59. Le Bouffant R, GuerquinMJ, Duquenne C, FrydmanN, Coffigny H, Rouiller-
Fabre V, et al. Meiosis initiation in the human ovary requires intrinsic reti-
noic acid synthesis. Hum Reprod 2010;25:2579–90.

60. Gaskell TL, Esnal A, Robinson LLL, Anderson RA, Saunders PTK. Immuno-
histochemical profiling of germ cells within the human fetal testis: identi-
fication of three subpopulations. Biol Reprod 2004;71:2012–21.

61. Childs AJ, Cowan G, Kinnell HL, Anderson RA, Saunders PTK. Retinoic acid
signalling and the control of meiotic entry in the human fetal gonad. PloS
one 2011;6:e20249.

62. Clark AT, Bodnar MS, Fox M, Rodriquez RT, Abeyta MJ, Firpo MT, et al.
Spontaneous differentiation of germ cells from human embryonic stem
cells in vitro. Hum Mol Genet 2004;13:727–39.

63. Bucay N, Yebra M, Cirulli V, Afrikanova I, Kaido T, Hayek A, et al. A novel
approach for the derivation of putative primordial germ cells and sertoli
cells from human embryonic stem cells. Stem Cells 2009;27:68–77.

64. Park TS, Galic Z, Conway AE, Lindgren A, van Handel BJ, Magnusson M,
et al. Derivation of primordial germ cells from human embryonic and in-
duced pluripotent stem cells is significantly improved by coculture with hu-
man fetal gonadal cells. Stem Cells 2009;27:783–95.

65. GeensM, Sermon KD, Van de Velde H, Tournaye H. Sertoli cell-conditioned
medium induces germ cell differentiation in human embryonic stem cells. J
Assist Reprod Genet 2011;28:471–80.

66. West FD, Machacek DW, Boyd NL, Pandiyan K, Robbins KR, Stice SL. En-
richment and differentiation of human germ-like cells mediated by feeder
cells and basic fibroblast growth factor signaling. Stem Cells 2008;26:
2768–76.

67. Eguizabal C, Montserrat N, Vassena R, Barragan M, Garreta E, Garcia-
Quevedo L, et al. Complete Meiosis from human induced pluripotent
stem cells. Stem Cells 2011;29:1186–95.

68. Kee K, Angeles VT, Flores M, Nguyen HN, Reijo-Pera RA. Human DAZL,
DAZ and BOULE genes modulate primordial germ-cell and haploid gamete
formation. Nature 2009;462:222–5.

69. Medrano JV, Ramathal C, Nguyen HN, Simon C, Reijo-Pera RA. Divergent
RNA-Binding Proteins, DAZL and VASA, Induce Meiotic Progression in Hu-
man Germ Cells Derived In vitro. Stem Cells 2012;30:441–51.

70. Tilgner K, Atkinson SP, Golebiewska A, Stojkovic M, Lako M, Armstrong L.
Isolation of primordial germ cells from differentiating human embryonic
stem cells. Stem Cells 2008;26:3075–85.
VOL. 97 NO. 6 / JUNE 2012



Fertility and Sterility®
71. Aflatoonian B, Ruban L, Jones M, Aflatoonian R, Fazeli A, Moore HD.
In vitro post-meiotic germ cell development from human embryonic stem
cells. Hum Reprod 2009;24:3150–9.

72. Hayashi K, Ohta H, Kurimoto K, Aramaki S, Saitou M. Reconstitution of the
mouse germ cell specification pathway in culture by pluripotent stem cells.
Cell 2011;146:519–32.

73. Tilgner K, Atkinson SP, Yung S, Golebiewska A, Stojkovic M, Moreno R,
et al. Expression of GFP under the control of the RNA helicase VASA per-
mits fluorescence-activated cell sorting isolation of human primordial
germ cells. Stem Cells 2010;28:84–92.

74. Panula S, Medrano JV, Kee K, Bergstr€om R, Nguyen HN, Byers B, et al. Hu-
man germ cell differentiation from fetal- and adult-derived induced plurip-
otent stem cells. Hum Mol Genet 2011;20:752–62.

75. Teramura T, Takehara T, Kawata N, Fujinami N, Mitani T, Takenoshita M,
et al. Primate embryonic stem cells proceed to early gametogenesis
in vitro. Cloning Stem Cells 2007;9:144–56.

76. Yamauchi K, Hasegawa K, Chuma S, Nakatsuji N, Suemori H. In vitro germ
cell differentiation from cynomolgus monkey embryonic stem cells. PloS
one 2009;4:e5338.

77. Fukunaga N, Teramura T, Onodera Y, Takehara T, Fukuda K, Hosoi Y. Leu-
kemia inhibitory factor (LIF) enhances germ cell differentiation from pri-
mate embryonic stem cells. Cellular Reprogramming 2010;12:369–76.

78. Vogt PH, Edelmann A, Kirsch S, Henegariu O, Hirschmann P, Kiesewetter F,
et al. Human Y chromosome azoospermia factors (AZF) mapped to differ-
ent subregions in Yq11. Hum Mol Genet 1996;5:933–43.

79. Ruggiu M, Speed R, Taggart M, McKay SJ, Kilanowski F, Saunders P, et al.
The mouse Dazla gene encodes a cytoplasmic protein essential for game-
togenesis. Nature 1997;389:73–7.

80. Lee JY, Dada R, Sabanegh E, Carpi A, Agarwal A. Role of genetics in azo-
ospermia. Urology 2011;77:598–601.

81. EdsonMA, Nagaraja AK, MatzukMM. The mammalian ovary from genesis
to revelation. Endocrine Reviews 2009;30:624–712.

82. Wong EWP, Cheng CY. Impacts of environmental toxicants on male repro-
ductive dysfunction. Trend Pharmacol Sci 2011;32:290–9.

83. Hoyer PB. Damage to ovarian development and function. Cell Tissue Res
2005;322:99–106.

84. Angenard G, Muczynski V, Coffigny H, Pairault C, Duquenne C,
Frydman R, et al. Cadmium increases human fetal germ cell apoptosis. En-
viron Health Persp 2010;118:331–7.

85. Angenard G, Muczynski V, Coffigny H, Duquenne C, Frydman R, Habert R,
et al. In vitro effects of Uranium on human fetal germ cells. Reprod Toxicol
2011;31:470–6.

86. Lambrot R, Coffigny H, Pairault C, L�ecureuil C, Frydman R, Habert R, et al.
High radiosensitivity of germ cells in human male fetus. J Clin Endocr
Metab 2007;92:2632–9.
VOL. 97 NO. 6 / JUNE 2012
87. Kee K, Flores M, Cedars MI, Reijo-Pera RA. Human primordial germ cell for-
mation is diminished by exposure to environmental toxicants acting
through the AHR signaling pathway. Toxicol Sci 2010;117:218–24.

88. Coutts SM, Fulton N, Anderson RA. Environmental toxicant-induced germ
cell apoptosis in the human fetal testis. Hum Reprod 2007;22:2912–8.

89. Osafune K, Caron L, Borowiak M, Martinez RJ, Fitz-Gerald CS, Sato Y,
Cowan CA, et al. Marked differences in differentiation propensity among
human embryonic stem cell lines. Nat Biotechol 2008;26:313–5.

90. Miura K, Okada Y, Aoi T, Okada A, Takahashi K, Okita K, et al. Variation in
the safety of induced pluripotent stem cell lines. Nat Biotechol 2009;27:
743–5.

91. Hockemeyer D, Soldner F, Beard C, Gao Q, Mitalipova M, DeKelver RC,
et al. Efficient targeting of expressed and silent genes in human ESCs
and iPSCs using zinc-finger nucleases. Nat Biotechol 2009;27:851–7.

92. Hockemeyer D, Wang H, Kiani S, Lai CS, Gao Q, Cassady JP, et al. Genetic
engineering of human pluripotent cells using TALE nucleases. Nat Biote-
chol 2011;29:731–4.

93. Soldner F, Lagani�ere J, Cheng AW, Hockemeyer D, Gao Q, Alagappan R,
et al. Generation of isogenic pluripotent stem cells differing exclusively at
two early onset Parkinson point mutations. Cell 2011;146:318–31.

94. Kanatsu-Shinohara M, Ogonuki N, Inoue K, Miki H, Ogura A, Toyokuni S,
et al. Long-term proliferation in culture and germline transmission of
mouse male germline stem cells. Biol Reprod 2003;69:612–6.

95. Izadyar F, Wong J, Maki C, Pacchiarotti J, Ramos T, Howerton K, et al. Iden-
tification and characterization of repopulating spermatogonial stem cells
from the adult human testis. Hum Reprod 2011;26:1296–306.

96. Virant-Klun I, Zech N, Rozman P, Vogler A, Cvjeticanin B, Klemenc P, et al.
Putative stem cells with an embryonic character isolated from the ovarian
surface epithelium of women with no naturally present follicles and oo-
cytes. Differentiation 2008;76:843–56.

97. White YAR, Woods DC, Takai Y, Ishihara O, Seki H, Tilly JL. Oocyte forma-
tion by mitotically active germ cells purified from ovaries of reproductive-
age women. Nat Med 2012;18:413–21.

98. Hua J, Pan S, Yang C, Dong W, Dou Z, Sidhu KS. Derivation of male germ
cell-like lineage from human fetal bone marrow stem cells. Reprod Biomed
Online 2009;19:99–105.

99. Drusenheimer N, Wulf G, Nolte J, Lee JH, Dev A, Dressel R, et al. Putative
humanmale germ cells from bonemarrow stem cells. Society of Reproduc-
tion and Fertility supplement. United Kingdom: Nottingham University
Press, 2007;63:69–76.

100. Huang P, Lin LM,Wu XY, Tang QL, Feng XY, Lin GY, et al. Differentiation of
human umbilical cord Wharton's jelly-derived mesenchymal stem cells into
germ-like cells in vitro. J Cell Biochemi 2010;109:747–54.

101. Eggan K, Jurga S, Gosden R, Min IM, Wagers AJ. Ovulated oocytes in adult
mice derive from non-circulating germ cells. Nature 2006;441:1109–14.
1259


	Germline development from human pluripotent stem cells toward disease modeling of infertility
	Molecular signatures and mechanisms of human germline development in vivo
	Regulations on the Study of Human Germline Development
	Differentiation and Characterization of Human PGCs
	Human Germ Cell Maturation and Meiosis

	Germline differentiation from primate and human ESCs/iPSCs
	Toward Efficient Differentiation into Germline by Specific Culture Conditions
	Forced Differentiation by the Manipulation of Gene Expression
	Purification of Germ Cells Differentiated from Human Pluripotent Stem Cells
	Germline Development from hiPSCs
	Germline Differentiation from Non-Human Primate ES/iPSCs

	Disease modeling using human pluripotent stem cells
	Male Genetic Infertility
	Female Genetic Infertility
	Environmental Factors

	Challenges to develop disease models using hESCs/iPSCs
	Inefficient Differentiation and Purification Technologies
	Cell Line Variability of Cultured Pluripotent Stem Cells
	Inconsistency Between In Vivo Development and In Vitro Differentiation of Pluripotent Stem Cells
	Alternative Source 1: Germline Stem Cells Derived From Adult Testis or Ovary
	Alternative Source 2: Trans-Differentiation or Reprogramming into Germ Cells from Somatic Cells

	Conclusions
	Acknowledgments
	References


