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Background: Pathophysiology for Klinefelter syndrome (KS) is poorly explained due to the lack of adequate models.
Results: KS-iPSCs exhibit aberrantly expressed genes associated with the clinical features of KS.
Conclusion: KS-iPSCs can potentially serve as a cellular model for KS research.
Significance:Our study will significantly accelerate the understanding, diagnosis, and treatment of Klinefelter syndrome.

Klinefelter syndrome (KS) is themost commonmale chromo-
some aneuploidy. Its pathophysiology is largely unexplained
due to the lack of adequate models. Here, we report the deriva-
tion of induced pluripotent stem cell (iPSCs) lines from a KS
patient with a karyotype of 47, XXY. Derived KS-iPSCs meet all
criteria of normal iPSCs with the potential for germ cell differ-
entiation. Although X chromosome inactivation occurs in all
KS-iPSCs, genome-wide transcriptome analysis identifies aber-
rantly expressed genes associated with the clinical features of
KS. Our KS-iPSCs can serve as a cellular model for KS research.
Identified genes may become biomarkers for early diagnosis or
potential therapeutic targets for KS and significantly accelerate
the understanding, diagnosis, and treatment of Klinefelter
syndrome.

Klinefelter syndrome (KS)4 is the most common genetic
form of male hypogonadism due to a supernumerary X chro-
mosome, with an estimated frequency between 1/1000 and
1/500 (1). About 90% of KS patients bear the 47, XXY karyo-
type, whereas the 46, XX/47, XXY mosaic karyotype and, less
frequently, additional X chromosomes (48, XXXY, and 49,

XXXXY) are found in the remaining KS patients (2). Clinically,
KS is generally characterized by a reduced testicular volume,
azoospermia, and some other features such as tall stature, gyne-
comastia, increased serum FSH excretion, and androgen defi-
ciency, although its clinical picture exhibits a broader spectrum
of phenotypes (2). Moreover, compared with normal males,
KS patients have a higher risk to suffer from many other
disorders, such as osteoporosis, metabolic syndrome, diabe-
tes, breast cancer, and subtle cognitive deficits (3–6). There
is currently no effective treatment for KS. Intracytoplasmic
sperm injection with spermatozoa obtained by testicular
sperm extraction techniques would give some KS males a
chance to father a child, whereas for most of the patients,
infertility is still unresolved due to the failure of sperm
retrievals or spermatogenesis (1, 2). Therefore, further
understanding of the disease and developing new strategies
are required for effective treatment of KS.
Despite extensive studies in the past decades, the link of

supernumerary X chromosomes to KS phenotypes and molec-
ular mechanisms underlying the testicular degeneration
remain a mystery due to the lack of adequate and convenient
experimental models. The advent of induced pluripotent stem
cells (iPSCs) by defined transcriptional factors, particularly
those derived frompatients, provides a new and attractive alter-
native for the in vitro diseasemodel (7, 8). Similar to embryonic
stem cells (ESCs), iPSCs have characteristics of unlimited self-
renewal and pluripotent developmental potential. Disease-spe-
cific iPSCs would not only provide a renewable cell source but
also recapitulate the disease in a Petri dish to model the devel-
opment of the disease in vitro (9). Until now, iPSCs derived
from somatic cells of various diseases have been applied in dis-
ease models and have presented the unique opportunity to
develop novel disease treatment strategies that have thus far
not been possible (10).
In this study, we generated four lines of iPSCs from foreskin

fibroblast cells of a KS patient with the 47, XXY karyotype and
explored their potential usage formodeling the development of
KS disease in vitro. The results obtained here will facilitate our
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understanding of this particular disease and identify potential
new targets for its treatment.

EXPERIMENTAL PROCEDURES

Derivation and Culture of Primary Fibroblast Cells from the
Foreskin—Discarded foreskins of a normal subject and a
Klinefelter syndrome patient were obtained from the Renji
Hospital with the approval of the Reproductive Ethical Com-
mittee of the hospital after getting the written informed con-
sents from the donors. The procedures of the derivation and
culture of the fibroblast cells were same as described previously
(11).
iPSC Derivation and Culture—For iPSC derivation, the virus

was prepared as described previously (12, 13). About 105 fibro-
blast cells were cultured in the medium with four viruses con-
taining supernatant and Polybrene overnight. About 24 h later,
the fibroblast cells were digested into single cells and replated
onto gelatin-coated dishes. Culture medium was replaced by
the iPSC culture medium the next day. The iPSC culture
medium was the KO-DMEM with 20% knock-out serum
replacement (Invitrogen), 100 units/ml penicillin, 100 �g/ml
streptomycin, 0.1 mM �-mercaptoethanol (Sigma), 2 mM L-glu-
tamine, 1% nonessential amino acid (Invitrogen), and 4 ng/ml
bFGF (R&D Systems). iPSC colonies were passaged by colla-
genase IV (5 mg/ml, Invitrogen) or the mechanical method
every 5 days.
Alkaline Phosphatase Staining—iPSC colonies were fixed

with 4% paraformaldehyde in PBS and permeabilized by 0.1%
Triton X-100 in PBS. The colonies were treated with alkaline
phosphatase staining solution as instructed by the alkaline
phosphatase substrate kit IIImanual (Vector Laboratories, Inc.)
for 30–45 min in 37 °C.
GBandingAnalysis—Cellswere culturedwith 100 ng/ml col-

chicine (Sigma) for 12–16 h. Then the cells were digested by
0.25% trypsin/EDTA (Invitrogen) into single cells, treated by
hypotonic solution, including 0.16 g of potassium chloride and
0.125 g of sodiumcitrate in 50ml of deionizedwater, for 30min,
and fixed by glacial acetic acid and methyl alcohol at a 1:3 ratio
for 30 min. Then samples were analyzed at the Da An Co.
(Shanghai, China).
Immunofluorescence Staining—Cells were plated on glass

slides and fixed with 4% paraformaldehyde in PBS. Immunoflu-
orescence staining was performed as reported previously (12).
The information regarding the primary antibodies is shown in
Table 1.
RT-PCR and Quantitative RT-PCR—Total RNA of cells was

extracted by TRIzol (Invitrogen) and reverse-transcribed
into cDNA using ReverTra Ace reverse transcriptase and
oligo(dT)15. PCRswere carried out in the systems reported pre-
viously (14). For quantitative PCR, manufacturer’s instructions
(ABI PRISM 7900) were followed. For detection of the expres-
sion levels of germ cell lineage markers, GAPDH and RPLPO
were used as internal controls, and averages of the �Ct values
were calculated for analysis. For other detections, only GAPDH
was used as an internal control. The sequences of primers for
RT-PCR, pMXs-OCT4, pMXs-SOX2, pMXs-KLF4, pMXs-C-
MYC and RPLPO have been reported previously (12, 15–18).
Sequences of primers used to amplify MAGEA2B, MAGEH1,

NRK, andTMEM47were fromPrimerBank. Sequences of other
primers are shown in Table 2.
Bisulfite Sequencing PCR—Two �g of genomic DNA was

treated according to the procedures of Active Motif. Nested
PCR was carried out with primers provided in Table 2. PCR
products were purified and ligated to the pGEM-T easy vector
(Promega) for sequencing.
DNA FISH Assay—Cells were digested into single cells with

0.25% trypsin/EDTA and suspended in PBS. Then the cells
were treated with hypotonic solution with 0.16 g of potassium
chloride and 0.125 g of sodium citrate in 50 ml of deionized
water and fixed by solution with glacial acetic acid and metha-
nol in a 1:3 volume ratio. Cell nuclei were collected, and DNA
FISH assays were performed by Da An Co. (Shanghai, China).
EB Formation—iPSCs were cultured on low attachment

dishes with the human EB medium containing KO-DMEM,
20% fetal bovine serum (Hyclone), 100 units/ml penicillin, 100
�g/ml streptomycin, 0.1 mM �-mercaptoethanol, 2 mM L-glu-
tamine, 1% nonessential amino acid for 9 days. Then EBs were
collected and replated onto Matrigel-coated glass covers for
additional 2 days.
Teratoma Formation—About 5 � 106 iPSCs were cultured

in the presence of 10 �M Y27632 (Calbiochem) overnight,

TABLE 1
Information of antibodies

Protein Company

Vimentin Abcam
OCT4 Prepared by our laboratory
SOX2 Prepared by our laboratory
NANOG R&D Systems
SSEA4 Millipore
TRA-1–60 Millipore
TRA-1–81 Chemicon
AFP DAKO
SOX17 R&D Systems
FLK1 Santa Cruz Biotechnology
NESTIN Millipore
TUJ1 Promega
VASA Abcam
H3K27me3 Millipore
macroH2A1 Active Motif

TABLE 2
Information on primers

Gene Sequences

For quantitative PCR
NANOG F,GAATGAAATCTAAGAGGTGGCA

R,CCTGGTGGTAGGAAGAGTAAAGG
VASA F,TCGGATAACCATTTAGCACAG

R,ATCATCTACTGGATTGGGAGC
STRA8 F,CAACCCAGAAAACCCAGAGGAGA

R,CTTCATCAACGGGAAAGGATGCT
BLIMP1 F,ACGGCCTTTCAAATGTCAGACTTG

R,TCTTGAGATTGCTGGTGCTGCTAA
IFITM1 F,TCACTCAACACTTCCTTCCCCAAA

R,TCGCCAACCATCTTCCTGTCCCTA
PELO F,AGTGAAGACCGACAACAAACTGCT

R,CTCCACCTGCTTGAGTCCATAGAA
GAPDH F,TCCACCCATGGCAAATTCC

R,TCGCCCCACTTGATTTTGG
XIST F,GGCACTCTAGCACTTGAGGAT

R,GAGAAACATGGAAATGGGTAA
ZXDA F,TTCACCACCTCTTACAAGCTCA

R,CTCACATTTGAACGAGTTCTCCT

For BSP
OCT4 (outside) F,GTTAAGGTTAGTGGGTGGGATT

R,ATCACCTCCACCACCTAAAAA
OCT4 (inside) F,AGAGAGGGGTTGAGTAGTTTTTT

R,ACCTCCACCACCTAAAAAAAAC
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and then collected and injected intramuscularly into SCID
mice. About 2 months later, teratomas were collected for
H&E staining.
Microarray Analysis—For each kind of cells, three biological

repeats of samples were prepared. All experiments were per-
formed with Affymetrix U133 plus 2.0 gene chips at Shanghai
Biotechnology Corp. Raw data were normalized by MAS 5.0
algorithm, and DEGs were analyzed by Gene Spring Software
11.0 (Agilent Technologies, Santa Clara, CA). Scatter plots
comparing the global gene expression profiles were con-
structed by the R software. Differentially expressed geneswith a
fold change of 1.5 were analyzed in the context of Gene Ontol-
ogy and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway using DAVID 6.7 (david.abcc.ncifcrf.gov). The
microarray data from this publication have been submitted to
GEO database (ncbi.nlm.nih.gov) with an accession number of
GSE37258.
Germ Cell Lineage Differentiation—For spontaneous differ-

entiation, iPSCs at 5 � 104 were plated to 6-well plates and
cultured in iPSC medium without bFGF. For BMP induction,
iPSCs at 5� 104 were plated to 6-well plates and cultured in the
human EBmedium supplemented with 10�M of BMP4, BMP7,
and BMP8a (R&D Systems). For both methods, the medium
was replaced every 7 days. Samples on the 7th, 14th, or 21st day
were collected for gene expression analysis.
VASA Immunofluorescence Staining—Cells were digested by

0.25% trypsin/EDTA into single cells and plated on glass slides
by cytospin at 200 � g for 3 min. The prepared samples were
fixed with 4% paraformaldehyde in PBS for immunofluores-
cence staining.
Statistical Analysis—All values except as otherwise indicated

were analyzed by Student’s t test to determine the significance

of the differences. p value � 0.05 was considered statistically
significant.

RESULTS

Derivation of iPSC Lines from Foreskin Fibroblast Cells of a
KS Patient and a Normal Subject—We established fibroblast
cell lines from the foreskin tissue of a normal male and a KS
patient, designating them as normal fibroblasts (N-fs) and KS
fibroblasts (KS-fs), respectively (Fig. 1,A andB). TheKS patient
is 27 years oldwith typical KS symptoms such as hypogonadism
and small size of testes in the clinical diagnosis. G banding
examination indicated the karyotype of 46, XY for N-fs and 47,
XXY for KS-fs (Fig. 1C). All of the cells of KS-fs carried the 47,
XXY karyotype, implying that the KS foreskin donor might
belong to the group of themost commonKS caseswith a homo-
geneous 47, XXY karyotype.
Reprogramming of both types of fibroblasts was induced by

transduction of retroviral OCT4, SOX2, KLF4, and c-MYC as
shown in Fig. 1D. The human embryonic stem cell (hESC)-like
colonies were picked on day 12 of infection and expanded to
establish the stable iPSC lines. In total, we established one nor-
mal iPSC line (N-iPSC-1) and four KS iPSC lines (KS-iPSC-1,
-4, -8, and -11). There was no discernible difference in terms of
reprogramming speed and efficiency between N-fs and KS-fs.
iPSCs from bothN-fs and KS-fs exhibited a typical morphology
of hESCs and had the same karyotypes as their cognate fibro-
blasts, suggesting the maintenance of initial karyotypes
throughout the reprogramming process (Fig. 1, E and F). The
XXY karyotype of KS-iPSCs was further verified by fluores-
cence in situ hybridization assays (Fig. 1G). In addition, the
pattern of seven short tandom repeat sites further verified the
origin of N-iPSCs and KS-iPSCs (Table 3).

FIGURE 1. Generation of iPSC lines from fibroblast cells (fs) of a normal subject and a KS patient. A, primary culture of N-fs and KS-fs. Upper panel shows
fs migrating from foreskin tissue clumps. Bottom panel shows the morphology of fs. Scale bars, 100 �m. B, immunofluorescence staining of N-fs and KS-fs with
an antibody against Vimentin. Scale bars, 50 �m. C, G banding karyotypes of N-fs and KS-fs. N-fs have a normal 46, XY karyotype, and KS-fs display an abnormal
47, XXY karyotype. D, flow diagram of the iPSC induction. E, morphology and alkaline phosphatase staining of cells from N-iPSC-1 and KS-iPSC-1, -4, -8, and -11.
Scale bars, 100 �m. F, G banding analysis of cells from N-iPSC-1 and KS-iPSC-1 and -4. G, DNA FISH assays identify the two X chromosomes and a Y chromosome
in cells of KS-iPSC-1, -4, -8, and -11. Scale bars, 25 �m.
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Characterization of iPSC Lines—To characterize iPSC lines
described above, we first determined the expression of pluripo-
tency-associated markers in comparison with hESCs of the
SHhES2 line, which carried a normal 46, XY karyotype and was
fully characterized previously (15). Cells of all established iPSC
lines were alkaline phosphatase-positive (Fig. 1E), and endoge-
nous expression ofNANOG, REX1, FGF4, LEFTY, andTDGF-1
as well as OCT4, SOX2, KLF4, and c-MYC was activated (Fig.
2A). Immunofluorescence staining assays also demonstrated
the expression of OCT4, SOX2, NANOG, SSEA4, TRA-1–60
and TRA-1–81 in iPSCs (Fig. 2B). Simultaneously, the expres-
sion of transgenic genes in iPSCswas silenced significantly (Fig.
2C). Furthermore, similar to hESCs, the OCT4 promoter was
hypomethylated in all iPSCs, whereas it was hypermethylated
in the starting fibroblasts, further verifying the reprogramming
of fibroblasts (Fig. 2D).
Next, we assessed the developmental potential of our iPSCs

through both in vitro and in vivo assays. EBs formed when
iPSCs were cultured in suspension. Various types of cells grew
out of EBs after attachment. Immunofluorescence staining
revealed the presence of cells expressing endoderm (SOX17
and AFP), mesoderm (Vimentin and FLK1) and ectoderm
(NESTIN and TUJ1) markers (Fig. 2E). In addition, teratomas,
which contained the respiratory epithelium and goblet cells
(endoderm), muscles and cartilage (mesoderm), and neural
rosettes and pigmented cells (ectoderm), were detected 4–8
weeks after iPSCs were injected into immune-deficient mice
(Fig. 2F).
To further define the iPSCs at a global transcriptional level,

we compared the transcriptomic feature by scatter plots. As a
result, all iPSCs tested approximated to hESCs (correlation
coefficient �0.97) but not to their cognate fibroblasts (correla-
tion coefficient �0.65) (Fig. 2G). Therefore, N-fs and KS-fs
were successfully reprogrammed into the pluripotent state at a
genome-wide transcriptional level.
X Chromosome Inactivation in KS-iPSCs—In female cells

with a 46, XX karyotype, one of two X chromosomes is inacti-
vated to balance the expression dosage of X chromosome-
linked genes with 46, XY male cells. X chromosome inactiva-
tion (XCI) is one of the epigenetic regulations in mammalian
cells and is initiated by coating of noncoding XIST RNA on X
chromosomes followed by exclusion of active chromatinmark-

ers and subsequent accumulation of repressivemarkers, such as
H3K27me3 and macroH2A1 (19). It has been shown that the
mosaic pattern of XCI in normal female fibroblasts was con-
verted to be clonal in human iPSCs after reprogramming (20).
The question of whether XCI occurs in KS-iPSCs has not been
addressed. We began by examining XIST expression levels in
different types of fibroblasts and found that the level of XIST in
KS-fs was similar to that in normal female fibroblasts (F-fs) but
was significantly higher than that in male normal fibroblasts
(N-fs) and hESCs (SHhES2) (Fig. 3A). Moreover, we found an
extraordinarily highmRNA level ofXIST in KS-iPSCs (Fig. 3B).
These observations suggested the undergoing of XCI in both
normal female and KS cells. Furthermore, inactive X chromo-
some (Xi)-like accumulations of H3K27me3 and macroH2A1
were detected in almost all of the KS-iPSCs, whereas only part
of KS-fs displayed this enrichment pattern (Fig. 3, C and D).
This phenomenon of differential XCI patterns detected
between KS-fs and KS-iPSCs was similar to that observed
between normal female fibroblasts (data not shown) and nor-
mal female iPSCs (F-iPSC), a previously reported iPSC line
derived from human amniotic fluid-derived cells (hAFDC-
iPS-4) (12). As a negative control, the staining for H3K27me3
and macroH2A1 was not found in normal male fibroblasts
(N-fs) (Fig. 3,C andD). Thus, one of the X chromosomes in our
KS-iPSCs was inactive as in normal female cells.
Aberrant Transcriptome of KS-iPSCs—Althoughwe detected

the Xi-like accumulation of repressive markers in all KS-iPSCs,
which differentiated into various cell types of the three germ
layers in a manner similar to N-iPSCs, there might be aberrant
gene expression inKS-iPSCs. First, XCI escaping has beendem-
onstrated in females aswell as inKS patients, implying that cells
fromKSpatientsmay have two active copies of strictly X-linked
genes (21). Second, KS-iPSCs could have three active copies of
X-Y homologous genes frompseudoautosomal regions (22). To
address this issue, global gene expression profiles of KS-iPSCs
(KS-iPSC-1 and -4) were compared with those of normal con-
trol cells (N-iPSC-1 and SHhES2). A total of 105 genes was
identified as differentially expressed genes (DEGs) with more
than a 1.5-fold difference (p� 0.05). Among them, 76 genes had
higher expression levels, and 29 genes had lower expression
levels in KS-iPSCs than in control cells. The pathway analysis in
the DAVID (Database for Annotation Visualization and Inte-

TABLE 3
STR detection of normal and KS iPSCs

CSFIPO D5S818 D7S820 D13S317 D16S539 TH01 TPOX

SHhES2 305.31 147.5 204.75 173.36 154.58 156.05 231.61
SHhES2 309.4 155.86 217.24 189.68 162.71 168.11 239.82
N-fs *a 147.39 221.4 173.57 150.71 168.13 231.52
N-fs 309.71 151.81 * 181.63 158.84 171.23 243.8
N-iPSC-1 * 147.48 221.33 173.45 150.71 168.17 231.65
N-iPSC-1 313.48 151.81 * 181.59 158.84 171.22 243.87
KS-fs 305.4 151.82 212.93 185.55 146.23 155.96 231.56
KS-fs 313.64 155.91 217.08 189.65 154.77 168.01 243.91
KS-iPSC-1 305.51 150.8 212.88 186.03 146.01 155.86 231.47
KS-iPSC-1 313.68 154.93 217.02 190.01 154.58 167.88 243.75
KS-iPSC-4 305.32 150.81 213.03 185.55 146.09 156.11 231.5
KS-iPSC-4 313.51 154.93 217.15 189.56 154.68 168.2 244.41
KS-iPSC-8 305.36 151.81 212.93 185.77 146.51 155.91 231.51
KS-iPSC-8 313.48 155.95 217.05 189.84 155.07 167.94 243.76
KS-iPSC-11 305.37 150.81 212.93 185.45 146.3 155.96 231.48
KS-iPSC-11 313.53 154.98 217.08 189.55 154.82 167.97 243.75

a * means undetected.
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gratedDiscovery) system indicated the enrichment of theDEGs
in some diseases, especially in autoimmune diseases (Fig. 4A),
which might reflect an increased risk for KS patients to suffer
from autoimmune diseases such as systemic lupus erythemato-
sis (23). Additionally, progesterone-mediated oocyte matura-
tion was one of the enriched pathways (Fig. 4A), which could be
linked to the female-like features of KS patients. Moreover,
genes associated with the protein catabolic process were also
differentially expressed (Fig. 4B). In fact, the metabolic syn-
drome is one of important clinical features of KS (1). Gene
Ontology analysis also revealed distinct properties of the KS-
iPSCs. For instance, DEGs encoded molecules with properties
of being intrinsic to plasma membrane parts of the cells. The
enriched biological processes included the immune regulation,
protein catabolic process, and response to DNA damage stim-
ulus (Fig. 4B). The aberrant expression of genes associated with
these biological processes might correspond to the abnormali-
ties of early embryo development inKSpatients and cause com-

plicated disease phenotypes during later development of
embryos or post puberty.
We also analyzed the DEGs between KS-iPSCs and normal

controls based on a 2-fold difference criterion and focused on
the X-linked genes. A total of 39 DEGs were identified. Twenty
nine of themhadhigher levels, and the other 10 genes had lower
levels in KS-iPSCs as compared with the control group (Fig.
4C). Intriguingly, 10 out of 29 genes having higher levels but
none of genes with lower levels in KS-iPSCs were located on X
chromosomes (Fig. 4,D and E), in line with the overdosage of X
chromosomes in KS cells. The quantitative RT-PCR analysis
further verified higher expression levels of X-linked genes, such
as XIST, MAGEA2B,MAGEH1, NRK, TMEM47, and ZXDA, in
KS-iPSCs (Figs. 3B and 4F). These genes have been known to
participate in the pathways or biological processes that were
enriched by the DEGs between KS-iPSCs and normal controls.
For instance,MAGEH1 belongs to the type IIMAGE gene fam-
ily and plays important roles in cell survival, cell cycle progres-

FIGURE 2. Characterization of iPSCs from N- and KS-fs. A, RT-PCR assays for the expression of pluripotency-associated markers in N-iPSC-1 and KS-iPSC-1, -4,
-8, and -11. B, immunofluorescence staining using antibodies against OCT4, SOX2, NANOG, SSEA4, TRA-1– 60, and TRA-1– 81 in iPSCs of N-iPSC-1 and KS-iPSC-1,
-4, -8, and -11. Scale bars, 50 �m. C, quantitative RT-PCR analysis of expression levels of four transgenic factors in N-iPSC-1 and KS-iPSC-1, -4, -8, and -11. The
expression level of each gene in KS fibroblasts transfected with retroviruses containing sequences of transgenic OCT4, SOX2, KLF4, and c-MYC for 5 days was set
as 1. The values were from one experiment. D, bisulfite sequencing analysis of endogenous OCT4 promoter methylation in N-fs, KS-fs, N-iPSC-1, KS-iPSC-1 and
-4, and SHhES2. Open circles denote unmethylated CpG sites, and black circles denote methylated CpG sites. E, immunofluorescence staining of differentiated
cells from the EBs formed by N-iPSC-1 and KS-iPSC-1, -4, -8, and -11 using antibodies against AFP, SOX17 (endoderm), FLK1, Vimentin (mesoderm), NESTIN, and
TUJ1 (ectoderm). Scale bars, 25 �m. F, H&E staining of teratoma sections from N-iPSC-1, KS-iPSC-1, -4, -8, and -11. Respiratory epithelium and goblet cells
(endoderm), muscles and cartilage (mesoderm), neural epithelium, and pigment cells (ectoderm) are shown. Scale bars, 50 �m. G, global gene expression
profiles of N-iPSC-1 and KS-iPSC-1 and -4 were compared with those of SHhES2, N-fs, and KS-fs by scatter plots analysis; r stands for correlation efficient.
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FIGURE 3. Detection of X chromosome inactivation in KS-iPSCs. A and B, quantitative RT-PCR analysis of the expression level of XIST. F-fs stands for normal
female fibroblasts cultured from the human skin. Error bars, S.D.; *, p � 0.05; **, p � 0.01, n � 3. The expression level of genes in SHhES2 was set as 1.
C, immunofluorescence staining of H3K27me3 in KS-fs, KS-iPSC-1, -4, -8, and -11, F-iPSC, and N-fs. The F-iPSC is a line of female iPSCs generated from human
amniotic fluid-derived cells. N-fs stands for normal male fibroblasts. Scale bars, 25 �m. D, immunofluorescence staining of macroH2A1 in KS-fs, KS-iPSC-1, -4, -8,
and -11, F-iPSC, and N-fs. Scale bars, 25 �m.

FIGURE 4. Transcriptome analysis of DEGs between KS-iPSCs and normal controls. A, KEGG pathway analysis of DEGs in KS-iPSCs (KS-iPSC-1 and -4)
compared with those in controls (N-iPSC-1 and SHhES2). Fold change (FC) �1.5, p value �0.05. B, Gene Ontology analysis of DEGs in KS-iPSCs compared with
those in controls. Fold change �1.5, p value � 0.05. C, D, and E, DEGs in KS-iPSCs with 47, XXY compared with normal 46, XY controls. Fold change � 2, p value
�0.05. The number of DEGs is shown in the figure. F, quantitative RT-PCR analysis of X-linked dysregulated genes (fold change �2). Error bars, S.D., *, p � 0.05;
**, p � 0.01, n � 3. The expression levels of genes in SHhES2 were set as 1.
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sion, and apoptosis (24), being related to the enriched biological
process of response to DNA damage stimulus. Also, ZXDA is
associated with ZXDC to positively regulate the transcription
of theMHC II gene (25), which corresponds to the autoimmune
disease pathway and MHC-associated biological processes.
Hence, the abnormal expression of these genesmay provide the
molecular basis for the pathogenesis of KS.
Potentials of iPSCs to Differentiate into Germ Cell Lineages—

We next explored the possibility of utilization of KS-iPSCs to
either model KS disease development or to generate normal
germ cells in vitro as a potential treatment for patients. To this
end, we differentiated our iPSCs into germ cell lineages. Previ-

ous studies have shown the generation of primordial germ cells
andhaploid gamete-like cells fromhESCs and iPSCs in the early
stage of their spontaneous differentiation (26). Consistently,
differentiation of N- and KS-iPSCs took place spontaneously
after withdrawal of bFGF, as evidenced by the down-regulation
of the pluripotency marker Nanog. Simultaneously, expression
of germ cell lineage markers was obviously up-regulated with-
out significant difference between N- and KS-iPSCs (Fig. 5A).
Furthermore, we examined the expression of VASA by immu-
nofluorescence staining, which is specially expressed in the
germ cell lineage of human beings (27). The differentiated cells
expressing VASA were detected at 2 and 3 weeks after induc-

FIGURE 5. Potential of N- and KS-iPSCs to differentiate into germ cell lineages. A, quantitative RT-PCR detection of pluripotency-associated marker NANOG
and the germ cell lineage markers (VASA, STRA8, BLIMP1, IFITM1, and PELO) during spontaneous differentiation of N-iPSC-1 and KS-iPSC-1, -4, and -8 for 1–3
weeks. Error bars, S.D., *, p � 0.05; **, p � 0.01, n � 3. The expression levels of undifferentiated iPSCs were set as 1. B, immunofluorescence staining of
VASA in differentiated cells of N-iPSC-1 and KS-iPSC-1 and -4 during the spontaneous differentiation for 2 or 3 weeks. Scale bars, 7.5 �m. C, immuno-
fluorescence staining examination of VASA in N-iPSC-1 and KS-iPSC-1 and -4 during differentiation induced by BMP4, BMP7, and BMP8a for 1 or 2 weeks.
Scale bars, 7.5 �m.
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tion of differentiation for both N- and KS-iPSCs in a tiny pro-
portion of cells (Fig. 5B). In addition, we also treated iPSCswith
BMPs to induce germ cell differentiation, because they were
reported to promote hESCs and iPSCs to differentiate into pri-
mordial germ cells (28, 29). A small number of VASA-positive
primordial germ cell-like cells was found in BMP-treated cells
of both N- and KS-iPSCs (Fig. 5C). Thus, our results suggested
the potential of KS-iPSCs to differentiate into germ cell
lineages.

DISCUSSION

In this study, we generated four lines of KS patient-specific
iPSCs and fully characterized them in terms of pluripotency
both in vitro and in vivo, homogeneous XCI after reprogram-
ming, global gene expression profiles, and the potential to dif-
ferentiate into germ cell lineages. To the best of our knowledge,
this is the first study of the XCI, gene expression patterns, and
germ cell differentiation potential of iPSCs from theKS patient.
The findings obtained here pave the way for our further eluci-
dation of the molecular mechanisms of KS and the develop-
ment of novel therapies for KS patients.
Female cells carry an X chromosome from each parent, but

male cells inherit a single maternal X chromosome. For normal
females, the XCI process randomly silences gene expression on
one of two X chromosomes early in the development to equal-
ize the dosage of X-linked genes to that of males (22). With
respect to KS, a few studies have addressed the issue of XCI in
somatic cells of KS patients, favoring the notion that XCI in KS
follows the same pattern as in females (30, 31). Here, we report
the enrichment of XCI markers (H3K27me3 and macroH2A1)
on an inactivated X chromosome (Xi) in all KS iPSCs. By con-
trast, the proportion of KS fibroblasts with Xi-accumulation of
H3K27me3 and macroH2A1 was substantially lower than in
KS-iPSCs, being 22% versus 100%. Similarly, we also noticed
significantly lower Xi accumulation of H3K27me3 and
macroH2A1 innormal female fibroblasts than in normal female
iPSCs. Currently, we do not know whether the reprogramming
process altered the percentage of cells carrying theseXCImark-
ers or whether our iPSCs originated from single fibroblasts
carrying them. Additionally, it remains elusive whether the
fibroblasts without the Xi enrichment of H3K27me3 and
macroH2A1 retained an inactive X chromosome or not, as
human cells have been shown to display a highly dynamic and
variable epigenetic state of the X chromosome (32, 33).
Recently, Tchieu et al. (20) showed that reprogramming of
human somatic cells could return the inactive X chromosome
from themaintenance phase to a state resembling the initiation
of XCI. The detection of the Xi enrichment of the repressive
markers in all KS-iPSCs may also explain their comparable dif-
ferentiation potential to that of normal iPSCs. Further studies
are warranted to define the XCI process in more detail during
somatic cell reprogramming in cells with supernumerary X
chromosomes.
Nevertheless, the genome-wide comparison of transcrip-

tional profiles of KS-iPSCs with normal 46 XY controls identi-
fied significant DEGs, which are over-represented on the X
chromosome and known to participate in the biological pro-
cesses or pathways related to certain clinical features of KS. The

overexpression of X-linked genes could be explained, at least
partially, by XCI escaping in KS. However, it remains unclear
how the remaining autosomal genes were differentially regu-
lated. One possibility is that the aberrant expression of the
autosomal genes was caused by the disturbed expression of
X-linked genes. Further exploration of correlations among
identifiedDEGswill answer this question. Previously, Vawter et
al. (34) found the differential expression of 129 genes by com-
paring whole genome expression profiles of lymphoblastic cells
in KS patients with those in control XY males. They observed
dysregulation of X-linked genes and the correlation of 12 genes
withmeasures of verbal cognition inKSpatients. Therewere no
overlaps of X-linked DEGs between our work and their data,
which may be ascribed to the different cell types tested in these
two studies. The DEGs in KS samples identified in our study
and other studieswill contribute to the elucidation ofmolecular
mechanisms of KS and may serve as biomarkers of KS for early
diagnosis or potential therapeutic targets for KS treatment.
It appears that aberrant gene expression in KS-iPSC did not

affect their early developmental potential and germ cell lineage
commitment as well. The observation is in agreement with the
fact that KS patients generally do not display significant symp-
toms until puberty and hints at the possibility to generate germ
cells from KS-iPSCs for the treatment of KS patients suffering
from azoospermia. As a matter of fact, mechanisms behind the
degeneration of germ cells inKS currently remain unsolved.On
the one hand, the supernumerary X itself could prevent the
completion of meiosis; on the other hand, an abnormal testic-
ular environment involving somatic Sertoli and Leydig cells
could also lead to the failure of generating germ cells. In prin-
cipal, KS-iPSCs may be induced to differentiate into sper-
matogonia in vitro and then proceed through meiosis. This
assumption is supported by studies showing that 47, XXY
human cells could lose the supernumerary X chromosome to
become 46, XY cells (35). Obviously, more extensive inves-
tigations, in particular, cell type-specific differentiation
from KS-iPSCs, are needed to find out which cell type(s) is
affected by altered gene expression in KS cells. The availabil-
ity of KS-iPSCs and their utilization in disease modeling will
greatly accelerate our understanding, diagnosis, and treat-
ment of Klinefelter syndrome.
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