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study question: Can the induced pluripotent stem cells (iPSCs) derived from women with primary ovarian insufficiency (POI)
differentiate into germ cells for potential disease modeling in vitro?

summaryanswer: The iPSC lines derived from POI patients with 46, X, del(X)(q26) or 46, X, del(X)(q26)9qh+ could differentiate into
germ cells and expressed lower levels of genes in the deletion region of the X chromosome.

what is known already: iPSC technology has been envisioned as an approach for generating patient-specific stem cells for disease
modeling and for developing novel therapies. It has also been confirmed that iPSCs differentiate into germ cells.

study design, size, duration: We compared the differentiation ability of germ cells and the gene expression level of germ cell-related
genes in the X chromosome deletion region of iPSC lines derived from POI patients (n ¼ 2) with an iPSC line derived from normal fibroblasts (n ¼ 1).

participants/materials, setting, methods: We established three iPSC lines from two patients with partial Xq deletion-
induced POI and normal fibroblasts by overexpressing four factors: octamer-binding transcription factor 4 (OCT4), sex-determining region
Y-box 2 (SOX2), Nanog homeobox (NANOG), and lin-28 homolog (LIN28), using lentiviral vectors. We then generated stable-transfected fluor-
escent reporter cell lines under the control of the Asp-Glu-Ala-Asp box polypeptide 4 (DDX4, also called VASA) promoter, and selected clonal
derived sublines. We induced subline differentiation into germ cells by adding Wnt3a (30 ng/ml) and bone morphogenetic protein 4 (100 ng/ml).
After 12 days of differentiation, green fluorescent protein (GFP)-positive and GFP-negative cells were isolated via fluorescence-activated cell
sorting and analyzed for endogenous VASA protein (immunostaining) and for germ cell markers and genes expressed in the deleted region of
the X chromosome (quantitative RT–PCR).

main results and the role of chance: The POI- and normal fibroblast-derived iPSCs had typical self-renewal and pluripotency
characteristics. After stable transfection with the VASA-GFP construct, the sublines POI1-iPS-V.1, POI2-iPS-V.1 and hEF-iPS-V.1 produced green
fluorescent cells in the differentiated cultures, and the percentage of GFP-positive cells increased over the 12 days of differentiation to a maximum
of 6.9+0.33%, 5.3+ 0.57% and 8.5+ 0.29%, respectively, of the total cell population. Immunohistochemical analysis confirmed that endogen-
ous VASA was enriched in the GFP-positive cells. Quantitative reverse transcription-PCR revealed significantly higher expression of germ cell
markers [PR domain containing 1, with ZNF domain (PRDM1, BLIMP1), developmental pluripotency-associated 3 (DPPA3, STELLA), deleted in
azoospermia-like (DAZL), and VASA (DDX4)] in GFP-positive cells than in GFP-negative cells. Moreover, the GFP-positive cells from POI-
iPSCs had reduced expression of the family with sequence similarity 122C (FAM122C), inhibitor of kappa light polypeptide gene enhancer in
B-cells, kinase gamma (IKBKG), and RNA binding motif protein, X-linked (RBMX), genes located in the deleted region of the X chromosome
and that are highly expressed in differentiated germ cells, compared with cells from normal iPSCs.

limitations, reasons for caution: Gene expression profiling indicated that the germ cells differentiated from POI-iPSCs were
pre-meiotic. Therefore, how the differentiated primordial germ cells could progress further to meiosis and form follicles remains to be determined
in the study of POI.
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wider implications of the findings: Our results might provide an in vitro model for studying germ cell development in patients
with POI.
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Introduction
Primary ovarian insufficiency (POI), also termed premature ovarian failure
(POF), is characterized by primary or secondary amenorrhea of .4–
6-month duration before the age of 40 years. LH and FSH are elevated
(FSH . 40 mIU/ml), and estrogen is in the menopausal range (Coulam,
1982). The incidence of POI is increasing and is prevalent in up to 1–3%
of females (Christin-Maitre and Braham, 2008). Currently, POI is one of
the main diseases causing female infertility and threatening women’s
health. However, there are few effective methods for treating POI. Estro-
gen and progestin hormone replacement therapy or oocyte donation are
used in the clinic to alleviate the post-menopausal symptoms and for egg
donation cycles in patients with POI. Nevertheless, both approaches
have their own limitations: the former can only improve rather than cure
the ovaries; the latter faces the prospect of donated oocyte shortage.
Therefore, further understanding of the disease is required to develop
new strategies for treating POI effectively.

Chromosomal abnormalities have been acknowledged as a frequent
cause of POI (Castillo et al., 1992; Portnoi et al., 2006; Ceylaner et al.,
2010; Janse et al., 2010; Baronchelli et al., 2011; Jiao et al., 2012; Rao
Kandukuri et al., 2012). Overall, X chromosome abnormalities, especial-
ly Xq terminal deletions, are the most frequently detected in the clinic
(Jiao et al., 2012). It has been shown that X chromosome deletion
could result in primary or secondary amenorrhea (Forges et al., 2006;
Nippita and Baber, 2007; Sinha and Kuruba, 2007). These observations
suggest that critical genes for normal ovarian development and function
are located on the X chromosome (Cordts et al., 2011). Moreover, cyto-
genetic and molecular analyses of women with POI with balanced
X-autosome translocation have defined two critical regions for POF:
POF1 Xq26-Xqter (Tharapel et al., 1993) and POF2 Xq13.3-Xq21.1
(Sala et al., 1997). Haploinsufficiency or disruption of genes in these
regions may explain why X chromosome deletions and translocations
affect ovarian function (Davison et al., 2000). In addition, heterochroma-
tin rearrangements of the Xq13-Xq21 region down-regulate oocyte-
expressed genes during oocyte and follicle maturation, indicating that
X-linked POI may also derive from epigenetic alterations (Rizzolio
et al., 2009).

X chromosome deletions, translocations, or mutations in POI patients
have been used to identify genes or gene regions involved in ovarian devel-
opment and/or ovarian maintenance. X-linked genes associated with POI
include dachshund family transcription factor 2 (DACH2), membrane-
bound X-prolyl aminopeptidase (aminopeptidase P) 2 (XPNPEP2)
(Prueitt et al., 2002), progesterone receptor membrane component 1
(PGRMC1) (Mansouri et al., 2008), choroideremia (Rab escort protein 1)
(CHM) (Lorda-Sanchez et al., 2000), collagen type IV, alpha 6 (COL4A6)

(Nishimura-Tadaki et al., 2011), premature ovarian failure 1B (POF1B)
(Bione et al., 2004), diaphanous-related formin 2 (DIAPH2) (Bione et al.,
1998), and fragile X mental retardation 1 (FMR1) (Gleicher et al., 2009).
However, with the exception of PGRMC1 and FMR1, most of these
genes have not been investigated for molecular perturbations. Mutation
screening and RNA expression studies of PGRMC1 have shown that
mutant or reduced PGRMC1 may cause POI through impaired activation
of the microsomal cytochrome P450 and increased apoptosis of ovarian
cells (Mansouri et al., 2008). FMR1 is expressed in oocytes and encodes
an RNA-binding protein involved in translation (Rife et al., 2004).
Another study suggested that FMR1 served a special function during
germ cell proliferation (Bachner et al., 1993).

Despite extensive studies on POI-related X chromosome abnormal-
ities, the X chromosome abnormality link to POI phenotypes and mo-
lecular mechanisms remains unclear due to the lack of adequate and
convenient experimental models. Current studies envisioned cellular
reprogramming and the generation of induced pluripotent stem cells
(iPSCs) from adult cell types as approaches to generating patient-specific
stem cells for studying disease mechanisms and developing specific ther-
apies. To date, iPSCs derived from the somatic cells of various disorders
have been used in disease models. Some examples include amyotrophic
lateral sclerosis (Dimos et al., 2008), Rett syndrome (Marchetto et al.,
2010), spinal muscular atrophy (Ebert et al., 2009), Angelman syndrome
(Chamberlain et al., 2010) and Timothy syndrome (Pasca et al., 2011).
When differentiated into disease-relevant cell types, most of the iPSCs
manifested observable disease-specific phenotypes. In this study, we
generated iPSC lines from two POI patients with terminal Xq deletions
and explored their potential for germ cell differentiation.

Materials and Methods

Patients
We included two women with POI in this study. They donated skin samples for
iPSC derivation and late differentiation study after providing written informed
consent. The CITIC-Xiangya Reproductive and Genetic Hospital ethical com-
mittee approved the study. The history of these patients is detailed below.

Case 1
A 28-year-old woman was referred with a history of secondary amenorrhea.
Her onset of menarche was at the age of 14 years and she had regular men-
strual periods from age 15–22 years; the menstrual period duration was
27–28 days. She had unexplained amenorrhea at the age of 23 years. Endo-
crinological examination revealed elevated serum FSH of 64.59 mIU/ml
(normal range: 3–20 mIU/ml) and LH of 39.25 mIU/ml (normal range:
0.8–10.4 mIU/ml), and normal estradiol (E2) of 48.70 pg/ml (normal
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range: 10–77 pg/ml). Her external genitalia were normal. Pelvic ultrasound
revealed small bilateral ovaries without obvious follicles. Chromosomal
Giemsa (G)-band analyses revealed a 46, X, del(X)(q26) karyotype.

Case 2
A 34-year-old woman was referred with a history of secondary amenorrhea.
Her onset of menarche at the age of 14 years and she complained of irregular
menstrual cycles of 1–2 times per year since the age of 15 years.Amenorrhea
began at the age of 17 years. Endocrinological examination revealed elevated
serum FSH of 64.02 mIU/ml and LH of 34.56 mIU/ml, and decreased E2 of
5.0 pg/ml. Her external genitalia were normal. Pelvic ultrasound revealed
small bilateral ovaries without obvious follicles and a small uterus. Chromo-
somal G-band analyses revealed a 46, X, del(X)(q26)9qh+ karyotype.

Derivation of primary fibroblast cells
Human dermal fibroblasts were derived from the skin via operative incision
under local anesthetic. The skin tissues were digested into cell aggregates
and plated onto Matrigel-coated tissue culture dishes for adherent culture
with Dulbecco’s modified eagle medium (DMEM; HyClone, USA) containing
10% (v/v) fetal bovine serum (FBS; Gibco, New York, USA). Typical fibro-
blast cells grew and migrated out of the aggregates after 2–3 days. Normal
human embryonic fibroblasts (hEFs) were obtained from the National Engin-
eering and Research Center of Human Stem Cell (Zhou et al., 2008).

Lentiviral transduction and iPS cell generation
The day before transduction, 293FT cells were seeded at 3 × 106 cells per
6-well plate. On the next day, four lentiviral vectors [pSin-EF2-Oct4-Pur
(Plasmid 16579), pSin-EF2-Sox2-Pur (Plasmid 16577), pSin-EF2-Nanog-Pur
(Plasmid 16578), pSin-EF2-Lin28-Pur (Plasmid 16580), all purchased from
Addgene (Addgene, Massachusetts, USA), were introduced into 293FT cells
in similar concentrations by Lipofectamine 2000 (Invitrogen, Carlsbad, CA,
USA) according to the manufacturer’s instructions. The inserted size of the
four lentiviral vectors was 600, 900, 1000 and 1100, respectively. After 36 h,
virus-containing supernatants generated from 293FT cultures were filtered
through a 0.45-mm filter (Millipore, Boston, MA, USA) and supplemented
with 8 mg/ml polybrene (Sigma-Aldrich, USA). For iPSC derivation, human
fibroblast cells were incubated in the virus/polybrene-containing supernatants
overnight. After infection, the cells were digested into single cell suspensions
and replated onto irradiated mouse embryonic fibroblasts (MEFs). The
culture medium was replaced with DFSR medium [DMEM/F12 supplemented
with 15% (v/v) knockout serum replacer (knockout SR, Batch numbers:
942630, 1001565, 1036840 and 1099211), 2 mM L-glutamine, 2 mM non-
essential amino acids, 0.1 mMb-mercaptoethanol,4 ng/ml humanbasic fibro-
blast growth factor (bFGF) (all from Invitrogen)]. The medium was changed
every other day. Fifteen or twenty days after infection, clones were picked
up and plated onto MEFs in 6-well plates for culture using standard procedures
(Lin et al., 2009).

iPSC culture and stable transfection
with reporter construct
The VASA-GFP reporter was gifted by Professor Renee A. Reijo Pera (Stan-
ford University, USA) and was prepared as above. POI-iPSC and hEF-iPSC
clones were released from the feeder layers by mechanical cutting and trans-
ferred onto Matrigel-coated 6-well plates. The cells were cultured with con-
ditioned medium (CM, DFSR medium collected afterovernight incubation on
irradiated MEFs) supplemented with 10 ng/ml bFGF. After 24 h, the medium
was replaced with supernatant containing VASA-GFP reporter and 8 mg/ml
polybrene. The selection of stable transformants was based on the expres-
sion of the bacterial neomycin phosphotransferase gene (neo) under the
control of the simian virus 40 (SV40) promoter. POI-iPSC and hEF-iPSC

clones resistant to geneticin (200 mg/ml) were selected after 15 days. Undif-
ferentiated iPSC cultures were maintained with CM plus 10 ng/ml bFGF
during selection. After selection, the remaining cells were digested into
single cell, which were picked up and transferred onto MEFs in 24-well
plates (one cell per well) to prepare sublines. The sublines were tested for
the presence of the VASA-GFP construct by PCR using genomic DNA
(gDNA) as the template and two sets of primers spanning the insert
promoter sequence into the GFP and nested in the GFP coding sequence.
Additionally, we checked the function of the reporter system by inducing
differentiation of positive sublines and monitoring the reporter gene fluores-
cence under fluorescence microscopy during the time course. POI1-iPS-V.1,
POI2-iPS-V.1 and hEF-iPS-V.1 VASA-GFP-transduced sublines were used
throughout this analysis.

Primordial germ cell differentiation
POI1-iPS-V.1, POI2-iPS-V.1 and hEF-iPS-V.1 cells were detached from the
feeder layers and suspended for 24 h in DFSR medium without bFGF to
form embryoid bodies (EB). For primordial germ cells (PGCs) differentiation,
EBs were initially cultured in DFSR medium containing 30 ng/ml Wnt3a
(2324-WN; R&D, Minneapolis, MN, USA) for 24 h, and then the medium
was changed to DFSR medium supplemented with 100 ng/ml bone morpho-
genetic protein 4 (BMP4, 314-BP; R&D, Minneapolis, MN, USA) for another
24 h. Subsequently, the EBs were plated on Matrigel-coated 6-well plates and
cultured in DFSR medium containing 100 ng/ml BMP4. The medium was
replaced every other day in the subsequent 14-day differentiation (Fig. 3A).
The emergence of green fluorescent cells was monitored every 2 days by epi-
fluorescence microscopy. Samples were collected on Day 8, 10, 12, 14 and
16 for fluorescence-activated cell sorting (FACS).

In vivo and in vitro differentiation
For the in vivo differentiation assay, 0.5–1 × 106 iPSCs were collected and
injected intramuscularly into the leg of 6–8-week-old non-obese/severe
combined immunodeficiency (NOD-SCID) mice. About 2 months later,
the xenografts were collected for histological analysis by hematoxylin and
eosin (H&E) staining. Anti-human nuclei antibody was used for immunofluor-
escence staining to identify human cell origin of the teratomas.

For the in vitro differentiation assay, iPSCs were harvested by treating with
1 mg/ml collagenase IV(Gibco, New York, USA). The clumps of the iPSCs
were transferred to bacterial culture dishes in the DFSR medium without
bFGF to form embroid bodies (EBs). After 10 days as a floating culture,
EBs were collected and replated onto matrigel-coated 6-well plates for an
additional 5 days for immunofluorescence analysis. Meanwhile, the attached
cells were then collected for quantitative RT–PCR to detect the expression
of lineage markers representing the three germ layers.

Alkaline phosphatase activity
and immunofluorescence staining
We detected alkaline phosphatase (AKP) activity using a Fast Red Substrate
Pack (Zymed Laboratories, South San Francisco, USA) according to the man-
ufacturer’s protocol. For immunofluorescence staining, cells were fixed for
15 min in 4% (w/v) paraformaldehyde in phosphate-buffered saline (PBS)
at room temperature, and then blocked with PBS containing 0.25% (v/v)
Triton X-100 (Sigma-Aldrich), 4% (v/v) goat serum or 10% (v/v) donkey
serum, and 1% (v/v) bovine serum albumin at room temperature for
30 min. After blocking, the cells were incubated with primary antibodies
(diluted in blocking buffer) overnight in a humidified chamberat48C, followed
by incubation with secondary antibodies at room temperature in the dark for
1 h. Between each step, the cells were washed with PBS. We used the follow-
ing antibodies: mouse anti-octamer-binding transcription factor (OCT) 3/4
(OCT3/4, 1:50, sc5279; Santa Cruz, California, USA), mouse anti-stage-
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specific embryonic antigen 4 (SSEA4, 1:50, MAB1435; R&D, Minneapolis,
MN, USA), mouse anti-TRA-1-60 (1:50, MAB4360; Chemicon, California,
USA), mouse anti-b-tubulin (1:800, T8660; Sigma-Aldrich, Pittsburgh,
USA), mouse anti-smooth muscle antigen (SMA, 1:100, CBL171; Chemicon,
California, USA), goat anti-sex-determining region Y-box 17 (SOX17, 1:100,
AF1924; R&D, Minneapolis, MN, USA), mouse anti-human nuclei (1:200,
MAB1281; Millipore), and goat anti-VASA (2 mg/ml, AF2030; R&D, Minne-
apolis, MN, USA). We visualized antigen localization using goat anti-mouse
Alexa Fluor 488 (1:1000, A11017), donkey anti-goat Alexa Fluor 488
(1:1000, A11055) and goat anti-rabbit Alexa Fluor 488 (1:1000, A11070;
all from Invitrogen). Nucleuses were stained with diamidino-phenylindole
(DAPI, 1 mg/ml, D1306; Invitrogen).

Semiquantitative and quantitative reverse
transcription–PCR
Total RNA was extracted with TRIzol (Invitrogen). We synthesized comple-
mentary DNA (cDNA) using 1 mg total RNA in a 20-ml reaction using a
RevertAid First Strand cDNA Synthesis Kit (Fermentas Life Sciences, Burling-
ton, Canada) according to the manufacturer’s instructions. Semiquantitative
reverse transcription (RT)-PCR was carried out under the following condi-
tions: 5 min at 958C; 30 cycles of 30 s at 948C, 30 s at 56–618C, 30 s at
728C, and 5-min extension at 728C. Quantitative PCR reactions were per-
formed with FastStart Universal SYBR Green Master (Roche, Basal, Switzer-
land). The transcript levels were determined by using the Roche LightCycler
480 II System (Roche, Basal, Switzerland). We used glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) as the internal standard, and calculated
the average comparative threshold cycle (DCt) values for analysis.
Supplementary Table SI lists the primers used.

Transgene copy number analysis
To examine the integrated copies of transgenes (OCT4, SOX2, NANOG and
LIN28) in iPS clones, genomic DNA was purified and primers specific for
each transgene were used to analyze the established iPS clones. Real-time
quantitative PCR reactions were performed using 25 ng of gDNA with the

FastStart Universal SYBR Green Master and run on a Roche LightCycler
480 II System. The relative copy numbers of the four transgenes in iPSCs
were calculated according to the relative quantity of endogenous genes to
b-globin in origin fibroblasts. The primers are provided in Supplementary
Table SI.

Flow cytometry analysis
Adherent cells were harvested by trypsin treatment (0.05% (w/v) Trypsin/
0.5 mM EDTA, Invitrogen, USA). The treated cells were fixed in 4% (w/v)
paraformaldehyde for 10 min at room temperature (RT) and then filtered
through a 40-mm mesh. About 1 × 106 cells were used in Stage-specific em-
bryonic antigen (SSEA-4, 1:40, MAB1435; R&D, Minneapolis, MN, USA) la-
beling. Both primary and secondary antibody incubation were carried out at
room temperature for 1 h. Control samples were stained with IgG3 (1:100,
MAB007; R&D, Minneapolis, MN, USA). After washing, the cells were
re-suspended in 500 ml of FACS buffer [PBS containing 1% (v/v) FBS and
0.1% (w/v) sodium azide], and proceeded for analysis on a Becton Dickinson
FACSAria (FACSARIA, BD Biosciences, San Diego, CA, USA). A total of 10
000 events were acquired. For Fluorescence-Activated Cell Sorting of
VASA-GFP positive cells, differentiated cells were incubated with 1 mg/ml
of Collagenese IV for 10 min and with trypsin for 20 min by periodic pipetting
to yield single cell suspensions. Cells were collected by centrifugation (600 g
for 5 min), washed twice with FACS buffer, and then re-suspended in FACS
buffer (1 ml). GFP positive and negative cells were sorted using a Becton
Dickinson FACS with exclusion of cell debris. Sorted cells were pelleted
by centrifugation (600 g for 5 min) and then used for subsequent analysis.
The overall experimental design is illustrated in Fig. 1.

Telomerase activity assay
Quantitative measurement of telomerase activity (TRAP assay) was
performed using the TRAPeze Telomerase detection kit or TRAPeze RT Tel-
omerase detection kit (Millipore). Briefly, the cells were lysed on ice for
30 min in CHAPS buffer and then centrifuged at 12 000 g for 20 min at
48C. The supernatant was collected and the protein concentrations were

Figure 1 Primary ovarian insufficiency (POI) disease modeling using induced pluripotent stem cell (iPSC) technology. iPSC-based disease model gener-
ation begins with cells isolated from POI patients by skin punch biopsy. Upon reprogramming, POI-iPSC clones are selected, expanded and characterized.
Undifferentiated POI-iPSCs are stably transfected with an Asp-Glu-Ala-Asp box polypeptide 4-greenfluorescent protein (VASA-GFP) construct.After that,
clonal derived sublines are selected. Sublines are induced to differentiate into germ cells in vitro. After 12 days of differentiation, GFP-positive and
GFP-negative cells were isolated with a fluorescence-activated cell sorter (FACS) and analyzed for the expression of VASA protein, early germ cell
markers, and genes located in Xq26.3-q28.
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determined by bicinchoninic acid (BCA) protein assay. The TRAP assay was
carried out according to the manufacturer’s instructions, using a total of
200 ng protein in each reaction. Telomerase activity was determined by elec-
trophoresis of the PCR products in a 12.5% (w/v) non-denaturing polyacryl-
amide gel with silver staining, or by fluorometric detection and real-time
quantification of the PCR products using an ABI Prism 7500.

Karyotype analysis
The iPSC clones were transferred onto Matrigel-coated dishes for propaga-
tion and prevention of MEF contamination. After 2–3 passages, cells were
treated with demecolcine solution (Sigma-Aldrich, Pittsburgh, USA) for
2.5 h and then used in standard G-banding karyotype analysis. The analysis
was based on 50 metaphase cells per sample.

Array comparative genomic hybridization
We performed array comparative genomic hybridization (aCGH) assays
(Cytochip Focus constitutional, BlueGnome, Cambridge, UK) based on
the principle of competitive hybridization. Based on the manufacturer’s
protocol, gDNA was digested into 200–500-bp fragments, random
prime–labeled with cyanine-5/cyanine 3-dUTP, mixed, and precipitated.
Then, gDNA was hybridized on array slides for 17–21 h, and the slides
were washed with 2 × standard saline citrate/0.05% (v/v) Tween 20.
Lastly, the slides were scanned using a 10-mm laser scanner (Innopsys
710A; Innopsys, France) and the images analyzed (BlueFuse Multi software;
BlueGnome, Cambridge, UK). We analyzed the aCGH ratio plots of each
gDNA sample for gains and losses, and predicted the normal/abnormal
status of the corresponding cells.

Statistical analysis
Independent sample t-tests between groups were used to evaluate the stat-
istical significance of mean values by using SPSS 18.0 for Windows. Homogen-
eity of variance was analyzed before the independent sample t-test, in which
statistical significance levels of the two variance estimates was P . 0.1. If the
variance was not equal, unequal-variances t-test was used. Statistical signifi-
cance levels were P , 0.05 (denoted as *). All P values were two-tailed.

Results

Derivation and characterization of iPSC lines
We established fibroblast cell lines from the skin tissues of two POI
patients, designating them POI1 and POI2; normal human fibroblasts
were termed hEF. To generate iPSCs, we introduced lentiviruses con-
taining human OCT4, Nanog homeobox (NANOG), SOX2 and lin-28
homolog (LIN28) into the three fibroblast cell lines. Approximately 7
days after transduction, small cell colonies clearly distinguishable from
the fibroblast cells began to appear. Clones with human embryonic
stem cell (hESC) morphology first became visible at Day 15. At around
20 days, the clones had become tightly packed and each cell in the
colony had a high nuclear-to-cytoplasmic-ratio morphology similar to
that of hESCs (Supplementary Fig. S1). The reprogramming efficiency
of POI1, POI2 and hEF was 0.0064+0.0027%, 0.0081+ 0.0092%
and 0.0077+0.0054%, respectively.

The generated iPSC colonies shared similar characteristics to hESC.
All the iPS cells were positive for AP activity and expressed the
pluripotent-specific surface antigens SSEA-4 and TRA-1-60, and the
nuclear transcription factor OCT4 (Fig. 2A). Moreover, semiquantitative
RT–PCR showed that all iPSCs expressed the pluripotency-associated
genes, including OCT4, NANOG, SOX2, RNA exonuclease 1 homolog

(REX1), left-right determination factor (LEFTY), Thy-1 cell surface
antigen (THY1), and telomeric repeat binding factor (NIMA-interacting)
1 (TERF1) when compared with a previously established hESCs (Fig. 2C).

Three clones (POI1-iPSCs, POI2-iPSCs, and hEF-iPSCs) with minimal
differentiation were successfully selected for continuous expansion up to
50 passages, which maintained undifferentiated states during in vitro
culture as detected by surface marker SSEA-4 at 40 to 50 passages (Sup-
plementary Fig. S2A). POI1-iPSCs, POI2-iPSCs and hEF-iPSCs also
expressed high telomerase activity (Supplementary Fig. S2B), which
reflect their immortal replication ability. We did not observe discernible
differences in the self-renewal and pluripotent markers of the repro-
grammed cells derived from POI patients and healthy donors.

Next, we evaluated the developmental potential of the established
iPSCs through both in vitro and in vivo assays. Various types of cells
grew out of EBs after attachment. Immunofluorescence staining revealed
the presence of cells expressing ectoderm (b-tubulin), mesoderm (SMA)
and endoderm (SOX17) markers (Fig. 2B). Also, quantitative RT–PCR
results showed that paired box 6 (PAX6) and NESTIN (ectoderm),
kinase insert domain receptor (KDR, FLK1) and heart and neural crest
derivatives expressed 1 (HAND1) (mesoderm), GATA binding protein
4 (GATA4) and SOX17 (endoderm) were expressed in the differentiated
cells (Supplementary Fig. S3A) and there were no significant differences
found between the three iPSCs. In addition, teratomas, which contained
neural epithelium and melanocyte epithelium (ectoderm), cartilage
(mesoderm), and gut epithelium (endoderm), were detected 2
months after iPSCs were injected into NOD-SCID mice (Fig. 2B). Immu-
nostaining revealed that all the teratomas consisted of human cells, which
clearly show that the tumors were of iPSC origin (Supplementary Fig.
S3B). Both EB differentiation and teratoma formation demonstrated
that all three of the reprogrammed iPS clones had the developmental
potential to give rise to differentiated derivatives of all three primary
germ layers.

Quantitative RT–PCR for the four transgenes revealed that OCT4,
SOX2, NANOG and LIN28 were integrated into all three of the iPS
clones and the relative integrated copies were 5–13. The integrated
copies and the proportion of the four transgenes varied for each of the
iPS clones (Supplementary Fig. S4). RT–PCR results showed that the ex-
pression of the endogenous OCT4, SOX2, NANOG and LIN28 was at
levels similar to that of human ES cells, and the exogenous expression
of these genes was silenced significantly after 20 passages (Fig. 2D). As
described in a previous study (Papapetrou et al., 2009), pronounced len-
tivector silencing is a characteristic of successfully reprogrammed iPSC
clones. Thus, our results suggest the successful reprogramming of
POI1-iPSCs, POI2-iPSCs and hEF-iPSCs. More importantly, each of
the three iPS clones had the same karyotypes as their cognate fibroblast
cells, suggesting the chromosomal stability throughout the reprogram-
ming process (Supplementary Fig. S5).

VASA-GFP-transduced iPSCs and induction
of germ cell differentiation
Based on previous studies indicating that VASA is specifically expressed in
germ cell lineage in both mice (Fujiwara et al., 1994) and humans (Castril-
lon et al., 2000), we introduced a GFP-conjugated VASA reporter into
undifferentiated iPSCs. The transduced iPSCs were selected in CM
with geneticin for 15 days. After selection, we prepared sublines. The
subclone formation efficiency of POI1-iPSCs, POI2-iPSCs and hEF-iPSCs
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Figure 2 Characterization of induced pluripotent stem cell (iPSC) clones from primary ovarian insufficiency (POI) patients and healthy donor.
(A) POI1-iPSCs, POI2-iPSCs, and normal human embryonic fibroblast (hEF)-iPSCs morphology, Alkaline phosphatase (AKP) staining, and immunofluor-
escence staining using anti-OCT4, -SSEA4, and -TRA-1–60 antibodies. Scale bars, 100 mm. (B) Immunostaining of differentiated cells from embryoid
bodies (EBs) formed by POI1-iPSCs, POI2-iPSCs, and hEF-iPSCs using antibodies against b-tubulin (ectoderm), SMA (mesoderm), and SOX17 (endo-
derm). Scale bars, 100 mm. Hematoxylin and eosin staining of teratoma sections from POI1-iPSCs, POI2-iPSCs and hEF-iPSCs. Neural epithelium and mel-
anocyte epithelium (ectoderm), cartilage (mesoderm), and gut epithelium (endoderm) are shown, as indicated by arrow. Scale bars, 50 mm. (C) RT–PCR
assays for the expression of pluripotency-associated markers in POI1-iPSCs, POI2-iPSCs and hEF-iPSCs. (D) Endogenous (Endo) and total (Total) expres-
sion levels of OCT4, NANOG, SOX2 and LIN28 were analyzed with semiquantitative RT–PCR and compared with that in hEFs and human embryonic stem
cells (hESCs). GAPDH was used as the positive control.
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was 8.34, 12.5 and 8.34%, respectively (data not shown). Three sublines
(POI1-iPS-V.1, POI2-iPS-V.1 and hEF-iPS-V.1) that stably transfected
with the VASA-GFP reporter were selected from each of iPSCs. Immu-
nostaining and quantitative RT–PCR revealed that each of the three
subline maintained pluripotency after transduced with the VASA-GFP

reporter (Supplementary Fig. S6A). aCGH assays showed that the
POI1-iPS-V.1 and POI2-iPS-V.1 karyotype was consistent with that of
the POI patients: arr (1–22) × 2, Xq26.3q28 (133, 934, 220–154,
500, 683) × 1 and arr (1–22) × 2, Xq26.3q28 (133, 934, 220–154,
500, 683) × 1, whereas hEF-iPS-V.1 had the normal karyotype of arr

Figure 3 Potential of induced pluripotent stem cells (iPSC) derived from women with primary ovarian insufficiency (POI) (POI1-iPS-V.1, POI2-iPS-V.1),
and from normal human embryonic fibroblasts (hEFs) (hEF-iPS-V.1), to differentiate into germ cell lineages. (A) Flow diagram of germ cell differentiation. (B)
Fluorescence-activated cell sorting (FACS) analysis of the percentage of green fluorescent protein (GFP)-positive population at the various time points of
differentiation. Error bars indicate SD, n ¼ 3 (averages from three independently differentiated samples). (C) Adherent monolayer differentiation of
POI1-iPS-V.1, POI2-iPS-V.1 and hEF-iPS-V.1 stably transfected with VASA-GFP construct. Bright field images depict structures arising during the 12-day
differentiation with associated appearance of GFP-positive fluorescent cells by epifluorescence microscopy. Control cells were differentiated from
hEF-iPS-V.1 without the addition of Wnt3a and bone morphogenetic protein 4 (BMP4). Scale bars, 100 mm. (D) FACS analysis of GFP populations differ-
entiated from POI1-iPS-V.1, POI2-iPS-V.1 and hEF-iPS-V.1 at 12 days.
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(1–22, X) × 2 (Supplementary Fig. S6B). These data indicate that the
POI1-iPS-V.1, POI2-iPS-V.1 and hEF-iPS-V.1 sublines maintained stable
karyotypes from their original fibroblasts.

We next explored the possibility of differentiating POI1-iPS-V.1,
POI2-iPS-V.1 and hEF-iPS-V.1 into germ cell lineages and used the
VASA-GFP reporter to purify germ cells from the complex cell
mixture. Previous studies had demonstrated that Wnt3a and BMPs
promote differentiation of hESCs or iPSCs to germ cells in vitro (Kee
et al., 2009; Panula et al., 2011; Wei et al., 2008). To this end, we
treated POI1-iPS-V.1, POI2-iPS-V.1, and hEF-iPS-V.1 with BMP4 and
Wnt3a to induce germ cell differentiation (Fig. 3A), finding that all
three sublines produced green fluorescent cells in the differentiated cul-
tures. The fluorescent cells appeared after a minimum culture time of 8
days, and the number of green fluorescent areas in the cultures increased
substantially and reached an apparent peak at Day 12, disappearing at
Day 16 (Fig. 3B). In the differentiated cultures (Days 10–14), green

fluorescent cells were observed in larger, organized aggregates that
were frequently raised above the monolayer (Fig. 3C). After digesting
the differentiated monolayer into single cells, GFP-positive and
GFP-negative cells were enriched by FACS. The percentage of
GFP-positive cells increased over 12 days of differentiation by a
maximum 6.87+0.33%, 5.29+0.57% and 8.45+0.29% in
POI1-iPS-V.1, POI2-iPS-V.1 and hEF-iPS-V.1, respectively (Fig. 3D),
whereas the baseline percentages of GFP-positive cells in undifferenti-
ated cultures were similar and very low (0.54%, 0.37%, 0.62%, respect-
ively) (data not shown). Following sorting, we analyzed GFP-positive and
GFP-negative cells for VASA (immunostaining) and for germ cell markers
(quantitative RT–PCR). Immunostaining confirmed that GFP-positive
cells were enriched for endogenous VASA protein, whereas
GFP-negative cells had very low or no endogenous VASA expression.
VASA protein was localized specifically to the cytoplasm of the
GFP-positive cells (Fig. 4A). Further analysis showed that early germ

Figure 4 Detailed characterization of sorted Asp-Glu-Ala-Asp box polypeptide 4-green fluorescent protein (VASA-GFP) positive and negative cells.
(A) Immunostaining of VASA in sorted VASA-GFP positive and VASA-GFP negative cells (Day 12 of differentiation with Wnt3a and bone morphogenic
protein 4 (BMP4)) shows cytoplasm VASA staining in some VASA-GFP positive cells, but VASA-GFP negative cells do not show VASA staining. (B) Quan-
titative RT–PCR determination of early germ cell markers expression in sorted VASA-GFP positive and VASA-GFP negative cells (Day 12 of differentiation
with Wnt3a and BMP4). Error bars indicate SD; asterisk, significant difference by t-test (P , 0.01), n ¼ 3 (averages from three independently differentiated
samples at 12 days).
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cell markers such as PR domain containing 1 with ZNF domain (PRDM1,
BLIMP1), developmental pluripotency-associated 3 (DPPA3, STELLA),
deleted in azoospermia-like (DAZL), and VASA (DDX4) were significantly
enriched in the GFP-positive population, whereas the expression of syn-
aptonemal complex protein 3 (SCP3), typically expressed during the later

stages of germ cell development, was almost undetected in the
GFP-positive population (Fig. 4B). These results indicate that the
GFP-positive cells were probably pre-meiotic PGCs. Thus, our results
suggest that early-stage germ cells can be differentiated and isolated
from POI1-iPS-V.1, POI2-iPS-V.1 and hEF-iPS-V.1.

Figure 5 Gene expression analyzed within Xq26.3-q28. (A) Venn diagrams showing the numbers of genes highly expressed in Asp-Glu-Ala-Asp box
polypeptide 4-green fluorescent protein (VASA-GFP) positive cells and genes located in the deleted region of Xq26.3-q28. (B) Quantitative RT–PCR ana-
lysis of expression levels of the five potential candidate genes in VASA-GFP positive and VASA-GFP negative cells (Day 12 of differentiation with Wnt3a and
bone morphogenetic protein 4 (BMP4)). The value of each gene in GFP-population was set to 1. Error bars indicate SD; asterisk, significant difference by
t-test (P , 0.05), n ¼ 3 (averages from three independently differentiated samples at 12 days).
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Gene expression in Xq26.3–q28
Chromosomal analysis in our study have identified that there was an
Xq26.3–q28 deletion in the POI patients. A total of 361 genes are iden-
tified within this region through searching in the Database of Human
Genome. On the basis of a previous study, 5, 039 genes were found to
have more than 2-fold increase in the expression of VASA-GFP positive
cells when compared with VASA-GFP negative (Tilgner et al., 2010).
Nineteen genes are located on the deleted X chromosome region,
from which five potential candidate genes with more than 5-folds
change were selected for analysis in our POI-iPS model. The five genes
included RAB39B, inhibitor of kappa light polypeptide gene enhancer in
B-cells, kinase gamma (IKBKG), hypothetical protein LOC286411
(RP1-177G6.2), family with sequence similarity 122C (FAM122C), and
RNA binding motif protein, X-linked (RBMX) (Fig. 5A). We observed
that GFP-positive cells were enriched for expression of RAB39B,
IKBKG, RP1-177G6.2, FAM122C and RBMX (P , 0.05), which was con-
sistent with previous report of their expression in VASA-GFP positive
cells (Tilgner et al., 2010). Moreover, the GFP-positive cells differen-
tiated from POI-iPSCs had reduced expression of FAM122C, RBMX
and IKBKG than cells from normal iPSCs (P , 0.05) (Fig. 5B). There-
fore, our results indicate that X chromosome deletion would cause
altered expression of genes related to germ cell differentiation
located in the deleted region.

Discussion
We generated two iPSC lines from POI patients with X chromosome
microdeletion. The iPSCs were similar to hESCs in many aspects, includ-
ing morphology, expression of pluripotency-associated genes, in vitro dif-
ferentiation, and teratoma formation. Furthermore, we verified that the
POI-iPSCs could differentiate into germ cells following the addition of
BMP4 and Wnt3a. To the best of our knowledge, this is the first study
of the germ cell differentiation potential of iPSCs from POI. The findings
obtained here pave the way for future elucidation of the molecular
mechanisms of POI and the development of novel therapies for POI.

Lentiviral 4-factor (OCT4, SOX2, NANOG, LIN28) system was previ-
ously demonstrated to successful reprogram somatic cells (Yu et al.,
2007). Using this system, wegenerated iPSCs from POI and healthy fibro-
blasts in the efficiency less than 0.01%. We found that each iPS clone we
analyzed contained 5 to 13 copies of each factor, and the proportion of
integrated copies of the four factors also varied in each of the iPS clones.
But interestingly, we did not observe significant differences in both the
pluripotency and self-renewal ability among these iPSC lines. We sug-
gested that the three iPSC lines we analyzed were selected through long-
term culture and undergo completely reprograming, at this stage the
integrated factors may silenced and had little influence on the iPS charac-
ters. This was in accordance with the RT–PCR results, which confirmed
strong silencing of all the four transgenic genes in the stably expanded re-
programmed cells, indicating that these iPS cells are efficiently repro-
grammed and do not depend on continuous expression of the four
transgenes for self-renewal. Stable VASA-GFP reporter transfection
into hESCs or iPSCs has been reported based on the specificity of
VASA as a germ cell marker in vivo (Kee et al., 2009). Some studies
have shown that the VASA-GFP reporter traces differentiated germ
cells effectively in vitro. In our study, POI1-iPS-V.1, POI2-iPS-V.1 and
hEF-iPS-V.1 all produced green fluorescent cells after 12 days of

differentiation, and the percentage of GFP-positive cells was similar
between POI1-iPS-V.1 and POI2-iPS-V.1 and were slightly lower than
hEF-iPS-V.1. One possibility was that the partial Xq deletion reduced
the germ cell differentiation potential. However, several investigators
have suggested that cellular changes resulting from reprogramming
process or genetic background variability can result in individual iPSC
lines displaying variable biological properties (Bock et al., 2011; Boulting
et al., 2011; Kim and Svendsen, 2011). Thus, more iPSC lines should be
assessed before a truly representative and faithfully reprogrammed iPSC-
based disease model is established. Our results are based on two iPSC
lines derived from two different POI patients. Therefore, the less efficient
potential for differentiating into germ cells of the two lines might indicate
chromosomal abnormalities as the possible etiology.

Previous cytogenetic and molecular characterization of X chromo-
somes in women with POI has defined two critical regions for POI:
POI1 Xq26-q28 and POI2 Xq13.3-q22 (Sala et al., 1997; Portnoi et al.,
2006; De Vos et al., 2010; Jiao et al., 2012). Numerous studies have iden-
tified a group of candidate genes for POI, including FMR1 (309550)
(Coulam et al., 1986), FMR2 (300806) (Persani et al., 2010), POF1B
(300603) (Dixit et al., 2010) and DACH2 (300608) (Berletch et al.,
2011). However, the function of these genes in ovarian physiology
remains unclear, and these genes were insufficient to explain the correla-
tions between the incidence of POI and X chromosomal deletion. Fer-
reira et al. (Ferreira et al., 2010) suggested that the molecular
mechanism leading to the POI phenotype could be due to haploinsuffi-
ciency of ovarian-related genes located within the deleted regions and
usually escaping X inactivation. Here, we found that the expression
level of several genes located in the deletion region of the X chromosome
and previously proven to be highly expressed in differentiated germ cells
(Tilgner et al., 2010) were significantly lower in POI-iPSC-derived PGCs.
Thus, we speculated that these genes might be possible candidate genes
for POI. RBMX is an active X chromosome homolog of the Y chromo-
some RBMY gene and is located in the critical area of POI (Xq26.3)
(Delbridge et al., 1999). RBMY evolves a male-specific function in sperm-
atogenesis (Abid et al., 2013); RBMY deletion corresponds to azoosper-
mia or severe oligozoospermia. RBMX expression is biallelic and escapes
X chromosome inactivation (Delbridge et al., 1999), which indicates that
Xq26.3-q28 deletion might result in reduced RBMX expression. Recent-
ly, it was reported that RBMX plays a role in cell division and may be
related to apoptosis (Adamson et al., 2012; Matsunaga et al., 2012). In
this study, POI-iPSCs exhibited reduced germ cell differentiation poten-
tial and lower expression of FAM122C, RBMX and IKBKG compared with
that of normal iPSCs, whether this phenotype was at least partially due to
the three genes requires further investigation.

In conclusion, our results indicate that human germ cells can be differ-
entiated and isolated from POI-iPSCs. Moreover, we observed that
GFP-positive cells differentiated from POI-iPSCs had reduced expres-
sion of FAM122C, RBMX and IKBKG, located in the deleted region of
the X chromosome and highly expressed in differentiated germ cells,
compared with normal iPSCs. The availability of POI-iPSCs and their util-
ization in disease modeling will accelerate our understanding, diagnosis,
and treatment of POI.

Supplementary data
Supplementary data areavailable athttp://humrep.oxfordjournals.org/.
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