
The ontogeny of cKIT+ human primordial germ cells: A resource
for human germ line reprogramming, imprint erasure and in vitro
differentiation

Sofia Gkountela1,2, Ziwei Li1,2, John J. Vincent1,2,3, Kelvin X. Zhang4, Angela Chen5, Matteo
Pellegrini1, and Amander T. Clark1,2,3,6

1Department of Molecular Cell and Developmental Biology, University of California Los Angeles,
Los Angeles, California, 90095; United States of America
2Eli and Edythe Broad Center of Regenerative Medicine and Stem Cell Research, University of
California Los Angeles, Los Angeles, California, 90095; United States of America
3Molecular Biology Institute, University of California Los Angeles, Los Angeles, California, 90095;
United States of America
4Department of Biological Chemistry, Howard Hughes Medical Institute, University of California
Los Angeles, Los Angeles, California, 90095; United States of America
5Obstetrics & Gynecology, David Geffen School of Medicine, University of California Los Angeles,
Los Angeles, California, 90095; United States of America
6Jonsson Comprehensive Cancer Center, University of California Los Angeles, Los Angeles,
California, 90095; United States of America

Abstract
Generation of research quality, clinically relevant cell types in vitro from human pluripotent stem
cells (hPSCs) requires detailed understanding of the equivalent human cell types. Here we
analyzed 134 human embryonic and fetal samples from 6–20 developmental weeks and identified
the stages in which cKIT+ primordial germ cells (PGCs), the precursors of gametes, undergo
whole genome epigenetic reprogramming with global depletion of 5mC, H3K27me3, H2A.Z and
the time where imprint erasure is initiated and 5hmC is present. Using five alternate in vitro
differentiation strategies combined with single-cell microfluidic analysis and a bona fide human
cKIT+ PGC signature, we show the stage of cKIT+ PGC formation in the first 16 days of
differentiation. Taken together, our study creates a resource of human germ line ontogeny that is
essential for future studies aimed at in vitro differentiation and unveiling mechanisms necessary to
pass human DNA from one generation to the next.

The foundation of human health at a cellular and molecular level is built upon accurate
lineage differentiation during embryonic and fetal life. In recent years, a major barrier to
study human development was overcome through the generation of human pluripotent stem
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cells (hPSCs), including human embryonic stem cells (hESCs) and human induced
pluripotent stem (hIPS) cells which can be used to differentiate to embryonic and fetal cell
types. However, a major caveat for using hPSCs as a surrogate model for human fetal
development is the dearth of studies that provide accurate human-specific details to validate,
guide and quality control differentiation in vitro.

All adult human cells are created from four major embryonic lineages, ectoderm, mesoderm,
endoderm and the germ line. The first three lineages contribute a variety of cell types to
multiple organs. In contrast, the germ line has one purpose that is to generate gametes,
which function solely to pass DNA from one generation to the next. There is considerable
interest in generating germ line from hPSCs cells, as they could serve as a potential stem
cell-based intervention for infertility1,2, or a model to understand the genetic-basis of human
infertility3. However, before this can be achieved, the major landmarks of human germ line
development during embryonic and fetal life must be characterized.

Human germ line development begins with the formation of primordial germ cells (PGCs)
that express the tyrosine kinase receptor cKIT4–10. Very little is known about the
developmental progression (ontogeny) of cKIT+ PGCs, however based on the mouse model,
it is clear that PGCs must undergo whole genome epigenetic reprogramming in order to
remove cytosine methylation from imprinted genes and restore totipotency11–14. Given the
fundamental role of epigenetic reprogramming in the germ line, it is essential to characterize
reprogramming in human PGCs since mouse and human genomes are separated by ~170
million years and diverse strategies may have evolved to execute it. Once the major
molecular landmarks of human PGC reprogramming are known, we propose that this
information will be critical to assessing PGC differentiation and reprogramming in vitro, or
identifying bottlenecks that must be overcome to generate a functional germ line from
hPSCs.

By evaluating 134 human embryonic and fetal gonadal samples from 6–20 developmental
weeks, we provide the first comprehensive transcriptional and epigenetic roadmap of human
cKIT+ PGCs in testes and ovaries and pinpoint the timing of major epigenetic events
including whole genome reprogramming and initiation of imprint erasure. Using the
endogenous human cKIT+ PGCs as a reference, we can now more accurately interpret the
identity of the cKIT+ subpopulation of PGCs acquired with in vitro differentiation from
hESCs. Our results clearly demonstrate that single cell analysis at both RNA and protein
level is critical to defining PGC identity in vitro, and indisputably shows that established
hESC lines are not equivalent to human PGCs.

RESULTS
cKIT positive PGCs undergo molecular progression with fetal development

Temporal and spatial expression of cKIT in fetal testes and ovaries from 7–19 weeks of
development was evaluated by immunofluorescence together with the evolutionarily
conserved germ cell marker VASA. All testes samples procured had characteristic
seminiferous cords by histology indicating that sex determination had been initiated15

(Supplementary Fig. S1). We identified cKIT on the surface of all VASA positive cells in
testes from 7–11 weeks and ovaries from 7–9.5 weeks (Fig. 1a,b, and Supplementary Fig.
S2a). However, from 12.5 weeks in testes, and 11 weeks in ovaries, cKIT and VASA protein
expression becomes uncoupled, with only 10% of cKIT+ cells co-expressing VASA (arrows
in Fig. 1a,b, quantified in Fig. 1c,d and Supplementary Fig. S2b). Upon uncoupling, the ratio
of single cKIT+ to single VASA+ cells was 1:1. We also evaluated SSEA1, and found that
although PGCs are SSEA1+ in fetal testes at the “common PGC progenitor stage” and after
cKIT/VASA uncoupling, SSEA1 alone is not specific for the human germ line since it was
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also expressed on cKIT and VASA negative cells (not germ cells) (Supplementary Fig.
S3a,b).

To assess the stem cell identity of cKIT+ gonadal cells we examined the germ/stem cell
enriched protein OCT4A using antibodies against the N-terminal region that discriminates
OCT4A from the splice variant OCT4B16,17 (Fig. 1e,f). OCT4A localized to the nucleus of
cKIT+ cells from 7–10.5 weeks in testes and 6–8.5 weeks in ovaries (just prior to VASA
repression). Similarly, expression of the pluripotency marker TRA-1-81 highly correlated
with nuclear OCT4A in both sexes (Supplementary Fig. S3c,d). After this time, our data
indicates that OCT4A+ cells become a subpopulation of cKIT+, and the majority of cKIT+

PGCs localize OCT4A protein to the cytoplasm. In addition a number of cKIT+ cells no
longer express OCT4A (Fig. 1g,h). At 17 weeks in fetal testes and from 16.5 weeks in fetal
ovaries OCT4A is again identified in the nucleus of a large fraction of cKIT+ cells (Fig.
1g,h). Therefore, using cKIT, OCT4A and VASA expression, we propose a common PGC
progenitor stage in humans that lasts to 11 weeks in testes and 9.5 weeks in ovaries.
Thereafter two major populations are established in males and females, the cKIT+

population that expresses OCT4A in most cells, and the single VASA+ cells.

To isolate individual cKIT+ cells, we performed fluorescence-activated cell sorting (FACS)
of 49 testes and 42 ovaries from 8–20 developmental weeks (Table S1), using the gating
strategy shown in Figures 2a,b. Applying this sorting strategy on a 15.5-week testis, in
combination with quantitative (q) qRT-PCR, we verified that germ line identity was
specifically enriched in the cKIT bright fraction compared to cKIT dim or single SSEA1
expressing cells (Supplementary Fig. S4a–c). We speculate that the cKIT dim gate is a
heterogeneous mixture of PGCs and non-PGCs given that all germ line genes including
VASA are reduced relative to the cKIT bright fraction. Therefore, to avoid potential
contamination with gonadal somatic cells in down-stream applications, we excluded cKIT
dim cells from all future FACS. Using the cKIT bright gate (which we call cKIT+) we sorted
an average of 2.83% cKIT+ cells per testis at 8–11 weeks and 2.45% cKIT+ cells per ovary
at 8–9.5 weeks. Then at 11.1–20 weeks we sorted an average of 0.9% cKIT+ cells from
individual testes and 4.75% cKIT+ cells per ovary at 9.6–16.5 weeks (Fig. 2a,b). The
absolute number of cKIT+ cells sorted from an individual testis was as low as 150 for a 20-
week sample, with the majority of samples yielding 2,500–3,000 cKIT+ cells per testis.
Similarly, fetal ovaries yielded on average 4,500–5,000 cells per ovary, ranging from as low
as 276 cells for an 8-week ovary to 30,000 cells, for a 16.5-week ovary. This range in
absolute numbers most likely reflects variability in sample quality (intact gonads verses
fragments) and viability (which ranged from 14.4%–64.7%). However, the variability in the
percentage of cKIT+ cells in the ovary did not correlate with overall sample viability, and
instead we speculate that this variability was due to the presence of small amounts of
attached non-gonadal tissue that varied from sample to sample.

To determine the molecular identity of cKIT+ PGCs, we performed single cell analysis with
five PGC signature genes including OCT4, BLIMP1, DAZL, VASA and NANOS3 using
FACS, followed by microfluidic qRT-PCR at the common progenitor and cKIT/VASA
uncoupled stage (Fig. 2c–g). We also confirmed expression of cKIT in individual cells (Fig.
2f). Our single cell approach was first validated in HEK 293 cells (Supplementary Fig. S4e–
h). At the common PGC progenitor stage, 14/16 cKIT+ cells in the testis, and 13/20 cKIT+

cells in the ovary coordinately expressed the five PGC signature genes (Fig. 2c,d). However,
in the ovary 7/20 cKIT+ cells did not express VASA and/or DAZL at this stage and instead
were OCT4/BLIMP1 double positive (O/B) or OCT4/BLIMP1/NANOS3 triple positive (O/
B/N3). In testes, NANOS2 expression was also evaluated and found in <20% of cKIT+ cells
in the common progenitor and this was maintained upon cKIT/VASA uncoupling in the
cKIT+ cell (Fig. 2c,e). In the ovary during the uncoupled stage when OCT4A is either in the

Gkountela et al. Page 3

Nat Cell Biol. Author manuscript; available in PMC 2013 September 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



cytoplasm or no longer expressed, NANOS3 mRNA is also no longer expressed in a fraction
of cells, and these NANOS3 negative cells correlated with no or low levels of OCT4 and
BLIMP1 (Fig. 2f). At 16.5 weeks, when OCT4A is again localized to the nucleus or not
expressed, ovarian cKIT+ cells become even more heterogeneous, most notably involving
loss of NANOS3, OCT4 and BLIMP1 mRNA in some cells, with DAZL and VASA being
absent in others (Fig. 2g). SYCP3 was used to indicate meiotic potential, and was expressed
in every cell at 14 and 16.5 weeks (Fig. 2f,g). Furthermore, at 16.5 weeks SYCP3 and
VASA mRNA expression levels were significantly enriched in the NANOS3 negative
population (Supplementary Fig. S4d). Despite SYCP3 mRNA expression in every cell at a
single cell level, on the protein level, only VASA+ cells are immunopositive for SYCP3 in
the fetal ovary from 14 weeks and not cKIT+ (Supplementary Fig. S3e), indicating that
VASA+ cells are the first to acquire meiotic potential.

Loss of 5mC from imprinted DMRs is locus specific and occurs weeks after global 5mC
depletion

By immunofluorescence, 5-methyl cytosine (5mC) was below the level of detection at all
stages of PGC development compared to somatic cells (open arrowheads on Fig. 3a,b). To
evaluate cytosine methylation at differentially methylated regions (DMRs) of imprinting
control centers, we used Bisulfite Sequencing (BS) followed by PCR (BS-PCR) on cKIT+

sorted PGCs (Fig. 3c,d). We evaluated two paternally methylated DMRs, H19 and MEG3
and two maternally methylated DMRs, PEG3 and KCNQ1. Primers were first verified using
the BJ primary fibroblast cell line and H1 hESCs (Supplementary Fig. S5a). For the
paternally methylated H19 and MEG3 DMRs, we observed CpG methylation at all
developmental ages in male cKIT+ PGCs. In contrast, maternally methylated DMRs in the
testis displayed a sharp reduction in CpG methylation between 16–17 weeks, and for
KCNQ1 methylation was completely lost in the one 20-week sample consented to our study.
Analysis of the ovary revealed a significant reduction of CpG methylation by 16.5 weeks at
all loci. At paternally methylated DMRs, erasure was complete by 14.5–15 weeks for H19,
and near complete by 16.5 weeks for MEG3.

5hmC is the major methylation species in the common PGC progenitor and is localized to
PEG3 DMR prior to demethylation

Immunofluorescence for 5hmC, the oxidized derivative of 5mC revealed robust nuclear
staining in somatic cells at all time points (open arrowheads on Fig. 3e,f), similar to previous
reports in the mouse18. However in the germ line 5hmC expression is dynamic, exhibiting
punctate nuclear staining in the common PGC progenitor stage (arrows on Fig. 3e,f), which
is lost in OCT4A+ PGCs in the testis from 13.5–16 weeks (Fig. 3e). Enrichment of 5hmC is
again detected in some OCT4A+ PGCs by 17 weeks (Fig. 3e). In fetal ovaries 5hmC is
heterogeneous at 11–19 weeks, being enriched in some but not all OCT4A+ cells (Fig. 3f).

Bisulfite conversion does not distinguish between 5mC and 5hmC, therefore we used
combined glycosylation restriction analysis (CGRA) at the PEG3 DMR to identify whether
5hmC is enriched at this imprinted locus in PGCs relative to somatic cells or hESCs (Fig.
3g). We identified 5ghmC at all stages of PGC development in both sexes at the PEG3
DMR. In contrast 5ghmC was not enriched at the PEG3 locus in BJ and H1 cells.

H3K27me3 and H2A.Z are enriched in common PGC progenitor cells
In the mouse, gonadal epigenetic reprogramming of PGCs and imprint erasure occurs from
e11.5-e12.5 coincident with global changes in chromatin, including a transient loss of
H3K27me3 and a permanent loss of the histone variant H2A.Z12. In humans, using
immunofluorescence we show that H3K27me3 is enriched in the nucleus of common PGC
progenitors in testes from 7–10.5 weeks (Fig. 4a,c). However, at 11 weeks, the endpoint of
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the common progenitor stage, H3K27me3 is at or below the level of detection in the
majority of OCT4A+ and VASA+ PGCs (Fig. 4a,c). Interestingly at 17 weeks in testes,
H3K27me3 is again observed the nucleus of ~38% OCT4A+ and VASA+ PGCs. In ovaries,
H3K27me3 is absent in 50–60% of common PGC progenitors at 6–8.5 weeks (Fig. 4b,d),
after which all PGCs are negative for H3K27me3 (Fig. 4b,d). Similarly, H2A.Z is enriched
in the nucleus of common progenitor stage PGCs at 7–9 weeks in the testis and 7.5 weeks in
the ovary (Fig. 4e,f). However, at the end of the common progenitor stage all PGCs become
devoid of H2A.Z until around 17 weeks when H2A.Z reappears in the nucleus of a few
VASA+ cells in both sexes (Supplementary Fig. S5b,c).

RNA-Seq reveals that cKIT+ PGCs are transcriptionally distinct from hESCs
To generate a comprehensive portrait of cKIT+ PGCs in the fetal testis and ovary, we
performed RNA-Sequencing (RNA-Seq) of cKIT+ PGCs sorted at 16–16.5 weeks from fetal
testes (n=2), fetal ovaries (n=2) and H1 hESCs sorted with the pluripotent marker TRA-1-60
(n=3). At this developmental time point, male cKIT+ PGCs are initiating imprint erasure,
whereas in females some imprinted loci show near complete demethylation (H19 and
MEG3). A heatmap of the 5,455 differentially expressed genes in at least one of three pair-
wise comparisons is shown in Figure 5a. Pearson Correlation Coefficient analysis showed
strong correlations between biological replicates in each group (Fig. 5b). Gene Ontology
(GO) analysis of the 13 differentially expressed gene clusters revealed that male and female
cKIT+ PGCs are enriched in GO terms including negative transcription regulation, sex
differentiation, and in females, meiosis and germ plasm when compared to hESCs. In
contrast, hESCs are enriched in GO terms related to macromolecule biosynthetic processing,
RNA processing/splicing and mitosis (Fig. 5a). Comparing testicular and ovarian cKIT+

PGCs revealed 433 differentially expressed genes, with GO terms such as meiosis, oocyte
development and DNA repair. In females this included enrichment in DAZL, VASA, ZP3
and STRA8, and in males NANOS2 and NANOS3 (Fig. 5c).

Given that 5hmC was detected at 16–16.5 weeks by either CGRA and/or
immunofluorescence in cKIT+ PGCs, we also examined expression of Ten Eleven
Translocation (TET) genes, which are responsible for converting 5mC to 5hmC19–21 (Fig.
5c). All three TET family members (TET1-3) are expressed by male and female PGCs, with
a significant enrichment of TET2, and reduced expression of TET1 relative to H1 hESCs.
We also evaluated the DNA Methyltransferases (DNMT) DNMT1, DNMT3A, DNMT3B
and DNMT3L. Male but not female PGCs exhibited a significant decrease in DNMT1
relative to H1 hESCs. Furthermore, all PGC samples had reduced expression of DNMT3A
and DNMT3B relative to H1. AICDA (also known as AID) and TDG were expressed at
variable levels in H1 and also in PGCs of both sexes.

cKIT/TRA-1-81 positive PGCs generated in vitro correspond to immature pre-gonadal
PGCs

We next sought to generate cKIT+ PGCs in vitro from H1 (XY) and UCLA1 (XX)
hESCs22,23. In our sorting strategy we incorporated TRA-1-81, as the second marker with
cKIT, based on the high OCT4/TRA-1-81 correlation in the human gonad prior to 10
developmental weeks (Supplementary Fig. S3d). Given that undifferentiated hESCs
expressed detectable levels of germ line genes by RNA-Seq similar to previously
reported 24,25, we performed single cell analysis of sorted TRA-1-60+ hESCs (Fig. 5d,e) and
TRA-1-81+/cKIT+ hESCs (Fig 5f,g). As expected, analysis of 100-pooled undifferentiated
hESCs resulted in identification of 5/5 or 3/4 PGC signature genes together with OCT4.
However interrogation at a single cell level revealed that the major PGC determinant
BLIMP126 was rarely expressed, and the majority of PGC signature genes were seldom co-
expressed in single cells regardless of sorting strategy.
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Next, PGC differentiation was evaluated for up to 16 days by serum-induced differentiation
of hESCs; 1) as embryoid bodies (EBs) with and 2) without BMP4 addition, 3) adherent
monolayer differentiation on growth factor reduced matrigel (GFR M/G), 4) differentiation
on human fetal gonadal stromal cells (hFGSC), and 5) a combination of EB differentiation,
followed by plating EBs on hFGSCs (Fig. 6 and 7). First we verified that TRA-1-81
faithfully reports OCT4 expression upon hESC differentiation for 28 days by flow
cytometry using the H1 OCT4-GFP line created by homologous recombination27 (Fig. 6a,b).
Using the gating strategy shown in Fig 6c (H1 day 9 EBs), we sorted the brightest
TRA-1-81+/cKIT+ cells upon in vitro differentiation averaging 0.3% of the live population,
with no significant difference in percentage positive cells when comparing differentiation
strategy or length of time in differentiation. Our data show that >97% of TRA-1-81+/cKIT+

differentiated cells are negative for CD45, excluding the possibility of contamination with
cKIT+ hematopoietic progenitors28 (Fig. 6c). Single cell analysis of cKIT+/TRA-1-81+ cells
sorted from EBs at day 9 revealed a significant increase in the proportion of cells expressing
BLIMP1 (Fig 6b). We show that the identity of putative PGCs was heterogeneous being
either O/B double positive, or O/B/N3 triple positive with no co-expression of DAZL or
VASA (Fig. 6d and Fig. 7c).

Although rare O/B and O/B/N3 single cells were identified in the undifferentiated state (Fig
5d–f), differentiation resulted in a clear enrichment for both O/B and O/B/N3 cell types. In
particular, EB differentiation for 9 days yielded 9-fold enrichment in O/B and 7.5-fold
enrichment in O/B/N3 cells relative to cKIT+/TRA-1-81+ self-renewing hESCs (quantified
in Fig. 7a,b). Immunofluorescence of day 9 EBs verified that cKIT+ cells co-expressed
OCT4A, exhibited nuclear localization of BLIMP1 and expressed NANOS3 in the
cytoplasm similar to what is observed in cKIT+ PGCs from the human fetus (Fig. 6e,f and
Supplementary Fig. S3c). Immunofluorescence also revealed that all NANOS3/OCT4A+

cells in the day 9 EB were positive for 5mC (Fig. 6i). Taken together, our data suggests that
TRA-1-81+/cKIT+/O/B/N3 cells in EBs correspond to human PGCs prior to gonadal
colonization and loss of 5mC.

Using PGC differentiation in EBs for 9 days as a comparison, we show that O/B/N3 putative
PGCs are transient being lost by day 15 of EB formation (Fig. 7b,c). Transferring day 9 EBs
to hFGSCs for an additional 7 days (16 days total) was consistent with an increase in
survival and/or differentiation of O/B/N3 triple positive cells, however DAZL or VASA
RNA were not induced in the O/B/N3 population (Fig. 7c). Sustaining the O/B/N3 triple
positive population within the TRA-1-81+/cKIT+ fraction for 15 days was also achieved
using adherent differentiation on GFR M/G (Fig. 7c).

DISCUSSION
By analyzing 134 human embryonic and fetal samples from 6–20 developmental weeks and
in vitro PGC differentiation from hESCs we propose the following roadmap of human germ
line development (Fig. 8). Our data reveal that the first 16 days of hESC differentiation in
vitro, either as EBs or as monolayers creates a cKIT+/TRA-1-81+/OCT4A+ PGC population
equivalent to a pre-gonadal, PGC with 5mC. After reprogramming 1 (denoted by the global
depletion of 5mC from the genome followed by enrichment of H3K27me311), we speculate
that DAZL and VASA are next expressed giving rise to the cKIT+/OCT4A+/VASA+

common gonadal PGC progenitors which then embark on reprogramming 2 and uncoupling
of cKIT expression from VASA. This uncoupling of germ cell-expressed genes into separate
populations was previously reported in second trimester testes and ovaries for OCT4 and
VASA protein29. Our data is in agreement with cKIT being on the surface of OCT4+/VASA
negative cells in the fetal gonad29. Furthermore, the SYCP3 staining described here also
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supports the hypothesis that single VASA+ germ cells in the ovary are first to enter the
ovarian reserve in fetal life29.

Our results show that reprogramming 2 in the cKIT+ lineage follows a protracted series of
events that are similar but not identical to the mouse. This begins with the relatively stable
wholesale epigenetic loss of H3K27me3 and H2A.Z in the common progenitor followed by
either loss of OCT4A or expression in the cytoplasm. Traditionally cytoplasmic localization
of OCT4 is due to expression of the OCT4B splice variant16. Here we used an antibody that
discriminates OCT4A from OCT4B17 suggesting that OCT4A in PGCs either translocates to
the cytoplasm, or is attenuated there possibly for degradation. The significance of
cytoplasmic OCT4A is unknown, but is notably coincident with major global epigenetic
changes.

A major event in reprogramming 2 is the erasure of cytosine methylation from DMRs of
imprinted genes, which in mice is hypothesized to be active13. In the current study we show
that 5hmC and the TET enzymes are dynamically expressed by cKIT+ human PGCs, as well
as additional molecular candidates that could actively modify 5mC/5hmC or remove
modified 5hmC from the genome including, AICDA and TDG14,19–21,30,31. In hESCs and
fibroblasts where cytosine methylation at imprinted DMRs is stably inherited, 5hmC is not
detected at PEG3 DMR. In contrast in cKIT+ PGCs, where the fate of this locus is
demethylation, 5hmC is enriched. Despite this tantalizing correlation, future studies are
needed to determine the role of TETs and 5hmC in imprint erasure. One observation from
our reference map is that imprint erasure occurs over weeks and in a locus specific manner.
This relatively long window for imprint erasure in cKIT+ PGCs stands in contrast to the
mouse where erasure at many imprinted loci occur within 24 hours32. Therefore, our data
support the idea that removal of 5mC from imprinted DMRs in humans may involve diverse,
locus-specific and time-dependent strategies.

Using undifferentiated hESCs we show that germ line genes are expressed in a stochastic
manner in the undifferentiated state, with only rare undifferentiated hESCs expressing the
major PGC determinant BLIMP126. However, with in vitro differentiation using cKIT with
TRA-1-81 we enriched for BLIMP1 expression in cKIT+ cells, called O/B cells that we
speculate represent the first lineage restricted PGCs equivalent to e6.25 in mice33,34.
Differentiation also results in enrichment of O/B/N3 triple positive cKIT+ cells that we
speculate represent the next stage in PGC development after O/B and prior to 5mC loss in
reprogramming 1. O/B/N3 cells were never observed in single hESCs sorted for TRA-1-60
and were found in less than 5% of TRA-1-80+/cKIT+ sorted undifferentiated hESCs. The
fact that at a single cell level VASA and DAZL were never co-expressed with O/B/N3 in
TRA-1-81+/cKIT+ cells with differentiation does not refute previous findings using DAZL
and VASA as markers to define germ line identity4,24,35–41. On the contrary, we propose
that sorting for TRA-1-81+/cKIT+ specifically enriches for newly specified germ line cells
prior to DAZL and VASA expression and that acquisition of this immature cell can be
achieved regardless of differentiation strategy.

In conclusion, we show that accurate interpretation of in vitro differentiation requires not
only a detailed understanding of the human counterpart, but also analysis at a single cell
level to confirm molecular identity and rule out stochastic gene expression. In the long term
for the field to move forward, functional assays to determine human germ line quality are
urgently required. One possibility is using nonhuman primate hPSCs where transplantation
of in vitro derived germ cells is ethically possible. Alternatively, methods for culturing
endogenous PGCs in a format that promotes self-renewal and/or differentiation to
gonocytes, gonia and meiotic cells rather than EGCs is also needed. The human germ cell
lineage is particularly challenging to study due to lack of functional assays to test germ cell
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identity and quality, therefore the generation of robust molecular maps as described here are
the first steps to unveiling this important lineage.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
The dynamics of cKIT, OCT4A and VASA expression in the fetal gonad. (a,b)
Representative immunofluorescence images of cKIT with VASA at the developmental
weeks indicated. Asterisks indicate cKIT dim cells. (a) Shown is a 10-week testis for 7–
11wk (n=5), a 13.5-week testis for 12.5–14wk (n=3) and a 16-week testis for 16–17wk
(n=2). (b) Shown is a 7-week ovary for 7–9.5wk (n=4), an 11-week ovary for 11–14wk
(n=3), and an 18-week ovary for 18–19wk (n=2). (c,d) Quantification of cKIT+, VASA+ and
cKIT+/VASA+ cells (arrows in a,b). (c) In testes, 9 optic fields were counted at 7–11wk
(n=5), 9 optic fields at 12.5–14wk (n=3) and 7 optic fields at 16–17wk (n=2). (d) In ovaries,
7 optic fields were counted at 7–9.5wk (n=4), 8 optic fields at 11–14wk (n=3) and 7 optic
fields at 18–19wk (n=3). (e,f) Representative immunofluorescence images of cKIT with
OCT4A at the developmental weeks indicated. (e) Shown is a 10-week testis for 7–10.5wk
(n=5), a 13.5-week testis for 11–16.5wk (n=4) and a 17-week testis (n=1). (f) Shown is an 8-
week for 6–8.5wk (n=3), an 11-week for 9.5–14wk (n=3) and an 18-week for 16.5–18wk
(n=2). (g,h) Quantification of nuclear or cytoplasmic localization of OCT4A in cKIT+ cells.
(g) In testes, 6 optic fields were counted at 7–10.5wk (n=5), 8 optic fields at 11–16.5wk
(n=4) and 6 optic fields at 17wk (n=1). (h) In ovaries, 6 optic fields were counted at 7–
8.5wk (n=3), 8 optic fields at 9.5–14wk (n=3) and 9 optic fields at 16.5–18wk (n=2). For
immunofluorescence, nuclei were counterstained with DAPI (blue) and scale bars represent
10 um. All data are expressed as mean ± SEM. Abbreviations: wk= week, N/E= Not
Expressed.
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Fig. 2.
Molecular characterization of cKIT+ PGCs from 7–20 developmental weeks. (a,b) Gating
strategy for sorting cKIT+ cells with an APC conjugated anti-human cKIT primary antibody
against side scatter (SSC). (a) Shown is a 9.5-week testis and (b) an 8-week ovary. Also
shown is the percent of cKIT+ cells sorted from the live fraction of testes in (a) and ovaries
in (b) at 8–20 developmental weeks (wk). Each data point represents a single sample
(biological replicate). All data are represented as mean ± SEM. (c–g) Heat map of GAPDH
(G), OCT4 (O), BLIMP1 (B), DAZL (D), VASA (V), NANOS3 (N3), cKIT (K) NANOS2
(N2) and SYCP3 (S) in triplicate (columns) in 100, 50, 10, 0 or single sorted cKIT+ cells
(rows).

Gkountela et al. Page 12

Nat Cell Biol. Author manuscript; available in PMC 2013 September 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
Global loss of 5mC precedes loss of 5hmC (a,b) Representative immunofluorescence
images shown of 5mC with cKIT or with VASA in (a) testes and (b) ovaries at the
developmental weeks indicated. Open arrowheads indicate 5mC signal in somatic cells. (a)
Shown is a 10-week testis for 7–10wk (n=3) and a 17-week testis for 16–17wk (n=3). (b)
Shown is an 8-week ovary for 6–11wks (n=3) and an 18-week ovary for 18–19wk (n=2).
(c,d) BS-PCR analysis of H19, MEG3, PEG3 and KCNQ1 in cKIT+ PGCs sorted from (c)
testes at 9wk (n=2) and at 16, 17 and 20 weeks, and (d) ovaries at 9.5, 14.5, 15 and 16.5
weeks. (e,f) Representative immunofluorescence images of 5hmC with OCT4A in (e) testes
and (f) ovaries at the developmental stages indicated in weeks. Arrows indicate 5hmC signal
in PGCs, open arrowheads indicate 5hmC signal in somatic cells. (e) Shown is an 8-week
testis for 7–8wk (n=2), a 13.5-week testis (n=1) a 16-week testis (n=2) and a 17-week testis
(n=1). (f) Shown is an 8-week ovary for 7–8wk (n=2), an 11-week ovary, (n=1), 15-week
ovary (n=1) and an 18-week ovary for 18–19 (n=2). (g) CGRA of the PEG3 DMR showing
the percent of total methylation (5mC+5hmC) or 5hmC alone, relative to total amplified
DNA (uncut) at the PEG3 DMR. DNA from BJ fibroblast and H1 hESCs were used as a
negative control (for each, n=2 biological replicates). For immunofluorescence analysis
nuclei were counterstained with DAPI (blue). Scale bars represent 10 um. All data are
represented as mean ± SEM. Abbreviations: N/A= Not Amplified, wk= week.
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Fig. 4.
Epigenetic reprogramming of H3K27me3 and H2A.Z occurs in the common PGC
progenitor. (a,b) Representative immunofluorescence images of H3K27me3 with OCT4A or
VASA in (a) testes from 7–17 weeks, and (b) ovaries from 6–18 weeks. (a) Shown is a
10.5-week testis for 7–10.5wk (n=3), a 16.5-week testis for 11–16wk (n=7) and a 17-week
testis (n=1). Arrow indicates PGC nucleus with H3K27me3Low levels at 17wk relative to the
intensity of staining in the somatic neighbors in the same section (b) Shown is a 7-week for
6–8.5wk (n=3), an 11-week for 9.5–14wk (n=4), and an 18-week for 16.5–18wk (n=3).
Open arrowhead indicates strong H3K27me3 accumulation that is indicative of X
chromosome inactivation42. (c,d) Quantification of H3K27me3 in OCT4A+ or VASA+ germ
cells in (c) testes and (d) ovaries, at the developmental ages indicated. (c) In testes for
quantification in OCT4A+, 6 optic fields were counted at 7–10.5wk (n=3), 14 optic fields at
11–16.5wk (n=7) and 6 optic fields at 17wk (n=1). For quantification in VASA+, 6 optic
fields were counted at 7–10.5wk (n=3), 10 optic fields at 11–16.5wk (n=7) and 6 optic fields
at 17wk (n=1). (d) In ovaries, for quantification in OCT4A+, 6 optic fields were counted at
6–8.5wk (n=3), 10 optic fields at 9.5–14wk (n=4) and 8 optic fields at 16.5–18wk (n=3). For
quantification in VASA+, 4 optic fields were counted at 6–8.5wk (n=3), 10 optic fields at
9.5–14wk (n=4) and 7 optic fields at 16.5–18wk (n=3). (e,f) Representative
immunofluorescence images of H2A.Z with VASA in testes (e) from 7–9 weeks, and ovary
(f) at 7.5 weeks. (e) Shown is a 9-week testis for 7–9wk (n=2) and (f) at 7.5-week ovary
(n=2). For immunofluorescence, nuclei were counterstained with DAPI (blue). Scale bars
represent 10 um. Data are represented as mean ± SEM. Abreviations: wk= weeks.
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Fig. 5.
RNA-Seq reveals the transcriptional identity of cKIT+ PGCs. Single cell analysis of hESCs
shows stochastic expression of germ line genes. (a) Heat map of 5,455 differentially
expressed genes (p value < 0.05) in at least one of three comparisons (male cKIT+ vs H1
hESCs; female cKIT+ vs H1 hESCs; male cKIT+ vs. female cKIT+). The enriched GO terms
in the 13 resulting clusters are shown. (b) Heat map of Pearson Correlation Coefficient
scores between hESCs and cKIT+ male and female PGCs. (c) Heat map of FKPM values for
selected genes in hESCs and cKIT+ male and female PGCs. Abbreviations: M= Male, F=
Female. (d,e) Heat map of GAPDH (G), OCT4 (O), BLIMP1 (B), DAZL (D), VASA (V),
NANOS3 (N3) and NANOS2 (N2) for H1 hESCs in triplicate (columns) in 100, 10, 0 or
single TRA-1-60+ cells (rows) sorted from H1 (d) and UCLA1 (e) hESCs. (f) Heat map as
in d and e plus cKIT (K) for TRA-1-81+/cKIT+ H1 hESCs. (g) Gating strategy to sort
TRA-1-81+/cKIT+ cells from the H1 hESC line. cKIT+ cells are gated from the TRA-1-81+

fraction, using a FITC secondary antibody against side scatter (SSC).

Gkountela et al. Page 15

Nat Cell Biol. Author manuscript; available in PMC 2013 September 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 6.
In vitro hESC differentiation generates rare germ line progenitors that are cKIT/TRA-1-81
positive. (a) Percentage of OCT4-GFP+, cKIT+ and total OCT4-GFP+/cKIT+ generated
upon adherent differentiation for the indicated time points. (b) Percentage of TRA-1-81+ and
TRA-1-81− cells within the OCT4-GFP+/cKIT+ population generated by adherent
differentiation of H1 OCT4-GFP for the indicated time points. TRA-1-81 is co-expressed by
the majority of cKIT/OCT4-GFP double positive cells upon hESC differentiation. (c) Gating
strategy to sort cKIT+/TRA-1-81+ cells (shown are H1-EBs differentiated for 9 days). cKIT+

cells are gated from the TRA-1-81+ fraction. Flow cytometry for CD45 in the TRA-1-81+/
cKIT+ cells reveals <3% contamination by CD45 positive cells. (d) Heat map of GAPDH
(G), OCT4 (O), BLIMP1 (B), DAZL (D), VASA (V), NANOS2 (N2) and NANOS3 (N3),
in triplicate (columns) in 50, 10, 0 or single cells (rows) for TRA-1-81+/cKIT+ sorted from
H1 day 9 EBs. (e) Immunofluorescence of cKIT, BLIMP1 and NANOS3 with OCT4A, and
of NANOS3 with 5mC on EBs differentiated for 9 days from H1 hESCs. Staining is
performed on adjacent sections and asterisk and diamond indicate the same cell. (f)
Representative immunofluorescence images of BLIMP1 with VASA in testes from 7–10.5
weeks (n=3), shown is a 10.5-week testis and ovaries from 6–8 weeks (n=3), shown is an 8-
week ovary. Nuclei were counterstained with DAPI (blue). Scale bars represent 10 um.
Abbreviations: wk= week. All data are mean ± SEM.
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Fig. 7.
In vitro PGC differentiation from hESCs using five alternate differentiation techniques. (a,b)
Comparison of (a) the percent of O/B double positive single cells, and (b) O/B/N3 triple
positive within the TRA-1-81+/cKIT+ sorted fraction from five alternate differentiation
techniques. (c) Heat map of GAPDH (G), OCT4 (O), BLIMP1 (B), DAZL (D), VASA (V),
NANOS3 (N3) and NANOS2 (N2) for H1 in triplicate (columns) in 100, 50, 10, 0 or single
TRA-1-81+/cKIT+ cells (rows) sorted from H1 and UCLA1 hESCs using five alternate
differentiation strategies.
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Fig. 8.
Summarized roadmap of human germ line development. Reprogramming 1, occurs prior to
6–7 developmental weeks and is characterized by global loss of 5mC from PGC DNA.
Reprogramming 2 begins in the common PGC progenitor stage after acquisition of
H3K27me3 (10.5 weeks in testes and 8.5 weeks in ovaries) and involves global loss of
H3K27me3 and H2A.Z followed by imprint erasure in cKIT+ PGCs more than 1 month
later. In vitro hESC differentiation using TRA-1-81+/cKIT+ sorting generates a rare cKIT+

PGC population that is O/B double positive or O/B/N3 triple positive and corresponds to
newly specified PGCs, prior to reprogramming 1. Abbreviations: O/B = OCT4/BLIMP1, O/
B/N3 = OCT4/BLIMP1/NANOS3, LOI= Loss Of Imprinting, MPI= Meiotic Prophase I.
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