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Abstract
Our understanding of human germ cell development is limited in large part due to inaccessibility
of early human development to molecular genetic analysis. Pluripotent human embryonic stem
cells (hESCs) and induced pluripotent stem cells (iPSCs) have been shown to differentiate to cells
of all three embryonic germ layers, as well as germ cells in vitro, and thus may provide a model
for the study of the genetics and epigenetics of human germline. Here, we examined whether
intrinsic germ cell translational, rather than transcriptional, factors might drive germline formation
and/or differentiation from human pluripotent stem cells in vitro. We observed that, with
overexpression of VASA (DDX4) and/or DAZL (Deleted in Azoospermia Like), both hESCs and
iPSCs differentiated to primordial germ cells, and maturation and progression through meiosis was
enhanced. These results demonstrate that evolutionarily unrelated and divergent RNA-binding
proteins can promote meiotic progression of human-derived germ cells in vitro. These studies
describe an in vitro model for exploring specifics of human meiosis, a process that is remarkably
susceptible to errors that lead to different infertility-related diseases.
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Introduction
Human germ cell development is poorly understood at least in part due to inaccessibility of
early stages of human embryo development, in general. Thus, most of the information
regarding human germ cell development has been extrapolated from studies of mouse germ

© AlphaMed Press

Correspondence: Carlos Simon, MD, Ph.D., Fundacion Instituto Valenciano de Infertilidad (FIVI), Parc Cientific Universitat De
Valencia, Catedrático Agustín Escardino 9, 46980 Paterna, Valencia, Spain. Telephone: +34 963903305; Fax: +34 963902522;
carlos.simon@ivi.es.

Disclosure of Potential Conflicts of Interest: The authors indicate no potential conflicts of interest.

Author contributions: J.V.M.: conception and design, collection and assembly of data, data analysis and interpretation, and manuscript
writing; C.R. and H.N.N.: collection and assembly of data and data analysis and interpretation; C.S.: financial support, data analysis
and interpretation, and final approval of manuscript; R.A.R.P.: conception and design, financial support, provision of study material,
data analysis and interpretation, manuscript writing, and final approval of manuscript.

NIH Public Access
Author Manuscript
Stem Cells. Author manuscript; available in PMC 2013 June 28.

Published in final edited form as:
Stem Cells. 2012 March ; 30(3): 441–451. doi:10.1002/stem.1012.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



cell development in vivo [1–4]. However, other studies have explored derivation of germ
cells in vitro from mouse embryonic stem cells (mESCs) [5–7], while parallel studies have
reported the derivation of germ cells from human embryonic stem cells (hESCs) and
induced pluripotent stem cells (iPSCs) [8–12]. However, in both the mouse and human in
vitro systems, progression of meiosis has limited the success of production of mature
gametes, perhaps due to deficiencies in internal or external factors that regulate meiosis.

Germ cell development is inherently dependent upon transcriptional regulation; however,
there is extensive transcriptional silence at several stages of development, indicative of the
major role of translation regulation [13–16]. A large number of RNA-binding proteins have
been shown to be critical for germ cell development, with several demonstrating
conservation across species [14–16]. The DAZ (Deleted in Azoospermia) gene family
contains some of the most highly conserved reproductive genes and encodes RNA-binding
proteins that have been implicated in multiple stages of germ cell development, including
maintenance of premeiotic germ cell populations and meiotic initiation and progression, in
species as diverse as flies, worms, frogs, mice, and humans [17–20]. In fact, we previously
demonstrated that overexpression of distinct members of the human DAZ gene family
members may function in germ cell formation and initiation and progression through
meiosis in vitro [21, 22].

Although not related to the DAZ gene family, the VASA gene (also called DDX4) encodes
another RNA-binding protein that is highly conserved across species and expressed
specifically in the germline in several model organisms from flies, worms, frogs, mice, and
humans [23–27]. VASA encodes a member of the DEAD-box family of proteins with an
ATP-dependent RNA helicase; the protein is cytoplasmic and expressed in mammals from
premeiotic stages (beginning during migration or shortly thereafter at arrival of germ cells in
the gonadal ridge) throughout gametogenesis [23]. Although the cellular function of VASA
protein remains unclear, it has been suggested that, as a member part of the DEAD (asp-
gluala-asp)-box family of proteins, VASA might serve as a chaperone to ensure proper
folding of different target RNAs and translational regulation [28]. In mice, disruption of
Vasa resulted in male infertility whereas homozygous mutant female mice were fertile [29].
Finally, notably, it has also been reported that ectopic expression of VASA may mediate the
reprogramming of chicken embryonic stem cells into germ cells [30].

Here, we used in vitro differentiation of pluripotent stem cells into germ cells to examine the
results of ectopic expression of human VASA; we sought to determine if overexpression of
VASA would mimic results with the divergent RNA-binding protein, DAZL. Thus, we also
examined whether the divergent RNA-binding proteins encoded by the human VASA and
DAZL genes might function independently or synergistically during germ cell development.

Materials and Methods
Cell Culture

Cell culture was as previously described [21, 22]. Essentially, undifferentiated pluripotent
stem cell lines, hESC lines H9 (46, XX) and HSF1 (46, XY) and human adult-derived iPSC
lines iHUF3 (46, XX) and iHUF4 (46, XY), and fetal-derived iPSC line iPS(IMR90) (46,
XX), were maintained on irradiated mouse embryonic fibroblasts (MEFs) in Dulbecco's
modified Eagle's medium (DMEM)/F12 supplemented with 20% KnockOut serum replacer,
2 mM L-glutamine, 0.1 mM nonessential amino acids, 10 ng/ml basic fibroblast growth
factor (bFGF) (Invitrogen, San Diego, CA, www.invitrogen.com), and 0.1 mM 2-
mercaptoethanol (Milli-pore, Billerica, MA, www.millipore.com) at 37°C, 5% CO2 . Cells
were passaged every 4–5 days using 1 mg/ml Collagenase IV (Invitrogen). The feeder-free
culture was maintained on Matrigel (BD Biosciences, Sparks, MD,
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www.bdbiosciences.com)-coated plates with conditioned medium obtained by incubating
culture medium with MEFs for 24 hours. Cells were differentiated on Matrigel-coated plates
with differentiation medium composed of DMEM/F12 supplemented with 20% fetal bovine
serum (Hyclone, Logan, UT, www.thermoscientific.com), 2 mM L-glutamine, 0.1 mM
nonessential amino acids, and 0.1 mM 2-mercaptoethanol for 7 and 14 days. All cell lines
used in this study were between passages 15 and 55. All differentiation experiments were
performed in triplicate.

Construction of VASA Expression Vector (iVASA)
The construction of the vector to express VASA was made by using the same backbone as
the previously reported DAZL and VASA-green fluorescent protein (GFP) vectors [21].
Briefly, 2.2 kb VASA open reading frame (ORF) sequence (GenBank accession no.
NM_024415.2) was isolated from human testis cDNA obtained from reverse transcription of
adult human testis total RNA (Clontech). The isolated polymerase chain reaction (PCR)
product was cloned into the p2K7 lentiviral backbone under the control of the elongation
factor 1α (EF1α) constitutive promoter using the Gateway system (Invitrogen). Expression
of VASA cDNA resulted in a 76 kDa protein as detected by mouse anti-VASA antibodies
on Western blot (Abcam, Cambridge, UK, www.abcam.com).

Transduction of Cell Lines
Undifferentiated cells were transduced on Matrigel-coated plates with DAZL and VASA
lentiviral overexpression vectors along with viral supernatant supplemented with 8 μg/ml
polybrene (Sigma-Aldrich, Gmbh Munich, Germany, www.sigmaaldrich. com) as
previously described [21, 22]. After 6 hours, conditioned medium was added in a dilution
1:3, and cells were further incubated overnight. Virus supernatants were washed off, and
conditioned medium was added until the following day. Subsequently, cells were selected
with 2 μg/ml blasticidin (Invitrogen) for 3 days in conditioned media after which, the
differentiation was started. For the transduction of the lentiviral vector carrying GFP gene
under control of the VASA promoter, cells were transduced as previously described, but the
selection was started the following day with 200 μg/ml geneticin (Invitrogen) for 7 days.
Cells were passaged onto MEFs and then moved back to Matrigel followed by
differentiation. Untransduced cells or cells transduced with the empty vehicle were used as a
control in all differentiation experiments. We note that it was necessary to adjust the amount
of viral particles used in all double infections to half of that used in single infection
experiments to minimize viral toxicity and maximize the effectiveness of overexpression;
for example, in the case of overexpression of both DAZL and VASA.

Gene Expression Analysis
Total RNA was prepared per manufacturer's instructions via the RNeasy Mini Kit (Qiagen).
Approximately, 1 μg total RNA from each sample was used for random primed reverse
transcription, via the SuperScript III First-Strand Synthesis System for retrotranscription-
polymerase chain reaction (RT-PCR) (Invitrogen). Endogenous or ectopic VASA expression
was assayed by using two different forward primers that aligned specifically with the 5′
sequence upstream the starting codon of the ORF in the first exon of the endogenous VASA
RNA or with the 5′ sequence upstream the starting codon in the p2K7 lentivector.
Transcription levels were determined in triplicate reactions and normalized to the average of
the housekeeping gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH) with the
formula 2−(ΔCt). Primer sequences are as follows: VASA-ENDO F 5′-
CACGTGCAGCCGTTTAAGT-3′; VASA-ECTOPIC F 5′-
CAAGTTTGTACAAAAAAGCAGGCT-3′; VASA R 5′-
TGATGATGAAGCTGGAGTCCT-3′. For microfluidic PCR analysis, cDNA was
preamplified using a mix of 0.2× Taqman assays (Applied Biosystems) as primers in a
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reaction containing 5 μl 2× buffer (from CellsDirect One-Step qRT-PCR kit, Invitrogen),
2.5 μl Taqman assay mix, 1 μl Platinum Taq (Invitrogen), and 1.5 μl cDNA. Reactions were
completed using a PCR reaction of 95°C for 10 minutes and 14 cycles of 95°C for 15
seconds, and 60°C for 4 minutes. Preamplified cDNA was diluted 1:2 with TE buffer and
used for gene expression analysis on the Biomark 96.96 microfluidic qPCR chip (Fluidigm).
Expression was determined in triplicate reactions, and fold change for each marker was
calculated based on the geometric mean of multiple control genes [31] by the Qbase Plus
software (Biogazelle).

Western Blot Analysis
Cells were harvested and lysed in RIPA buffer (Sigma) plus 1 × protease inhibitors
(Complete Mini, Roche Diagnostics, GmbH Mannheim, Germany, www.roche.com).
Samples were rocked on ice for 20 minutes and centrifuged for 20 minutes at 16,000g at
4°C. Supernatant was measured for protein concentration, and 20 μg per sample was
denatured with 6× Laemmli buffer at 95°C for 5 minutes and then loaded onto 10% sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gel. The gels were run at
150 V for 70 minutes and transferred to a polyvinylidene fluoride (PVDF) membrane for 1
hour at 100 V in CAPS buffer (10 mM CAPS, 10% methanol, pH 11). Membranes were
blocked in a 5% solution of nonfat dry milk for 1 hour at room temperature and then
incubated overnight at 4°C with primary antibodies: 1:1,000 for monoclonal anti-VASA
(clone number MM0598-11G15) and 1:10,000 polyclonal anti-GAPDH (all Abcam).
Subsequently, membranes were washed with TBS-T (TBS with 0.1% Tween 20) and
incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies
(Calbiochem, Darmstadt, Germany, www.emdchemichals.com) in a 1:10,000 dilution in 5%
nonfat milk for 1 hour at room temperature. HRP signal was detected by incubating washed
membranes with Supersignal West Dura Extended Duration Substrate (Thermo Scientific,
Barrington, IL, www.thermoscientific.com) on film.

Meiotic Spreads
Meiotic spreads were performed as previously described [21, 22]. Essentially, cells were
collected and resuspended in hypoextraction buffer (30 mM Tris [Sigma-Aldrich], 50 mM
sucrose [Sigma-Aldrich], 17 mM citric acid [Sigma-Aldrich], 5 mM EDTA [Invitrogen],
two tablets of Complete Mini [Roche]; pH 8.2). Solution was incubated for 30 minutes on
ice and cytospun onto slides. The slides were fixed with 4% paraformaldehyde for 15
minutes, washed with phosphate buffer salt (PBS), and permeabilized 5 minutes with 0.04%
photoflo (KODAK, St. Rochester, NY, www.kodak.com) followed by blocking for 60
minutes with 4% goat serum in 1% bovine serum albumin (BSA), 0.1% Tween 20 in PBS.
Rabbit polyclonal anti-synaptonemal complex protein 3 (SCP3) primary antibody (Novus
Biologicals, Littleton, CO, www.novusbio.com) was used with 1:1,000 dilution and mouse
polyclonal anti-centromeric protein A (CENPA) antibody (Abcam) was used at 1:500
dilution and incubated for 3 hours at room temperature. Slides were washed with 1% BSA +
0.1% Tween 20 in PBS, and goat anti-rabbit Alexa 594 and goat anti-mouse Alexa 488
secondary antibodies (Invitrogen) were applied in 1:1,000 dilution and incubated for 1 hour
at room temperature. ProLong Gold antifade reagent with 4′,6-diamidino-2-phenylindole
(DAPI) (Invitrogen) was applied. Finally, cells were counted under fluorescence
microscope.

Fluorescence-Activated Cell Sorting Analysis
For the DNA content-fluorescence-activated cell sorting (FACS), cells were harvested into a
single cell suspension and then fixed with ethanol 70% for 1 hour at room temperature.
Subsequently, cells were washed off and incubated in staining solution (0.2 mg/ml RNase A
and 0.02 mg/ml propidium iodide [Invitrogen] in BD Perm/Wash buffer [BD] containing
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saponin and fetal calf serum (FCS)) for 30 minutes at 37°C. Both VASA-GFP and DNA
content-FACS were performed using a FACS Aria cytometer system (BD).

Fluorescent In Situ Hybridization
Sorted cell populations were collected by cytospinning as previously described [22]. Slides
were fixed with Carnoy's fixative (1:3 acetic acid/methanol) for 5 minutes and air-dried. The
slides were treated with 50 μg/ml pepsin in 0.01 N HCl for 5 minutes, washed twice in PBS
for 5 minutes each, and then dehydrated in ice-cold 70%, 80%, and 100% ethanol, and air-
dried. Fluorescence in situ hybridization (FISH) probes against chromosomes 16 and 18
(Vysis, Abbott Park, Illinois, www.abbottmolecular.com) were denatured on slides at 85°C
and hybridized at 37°C overnight. Slides were then washed with 50% formamide 2× SSC at
43°C and in 2× SSC at 43°C, 5 minutes each. ProLong Gold antifade with DAPI was
applied to slides. Cells were counted under fluorescence microscope.

Immunostaining of Fixed Cells
For sorted cell populations, cells were cytospun as described above; the slides were then
fixed with 4% paraformaldehyde for 15 minutes and then permeabilized with 1% Triton
X-100 for 15 minutes, followed by washes with 0.1% Tween 20 in PBS. Slides were
blocked with 4% goat serum in PBS for 1 hour at room temperature and stained with
polyclonal antibodies against ACROSIN, DAZL, or VASA (all Abcam) diluted 1:300 with
1% goat serum in 4°C overnight. Slides were washed and incubated with Alexa (Invitrogen)
secondary antibodies at a dilution of 1:1,000 for 1 hour at room temperature, followed by
washes and mounted as described above.

Bisulfite Sequencing
Genomic DNA was extracted via the QIAamp DNA Mini kit (Qiagen, Valencia, CA,
www.qiagen.com). After determining the efficiency of bisulfite conversion of the genomic
DNA, 100 ng of genomic DNA was processed using the Epitect Bisulfite Kit (Qiagen)
according to manufacturer's instructions. One microliter of bisulphite-treated genomic DNA
was PCR amplified following previously reported protocols 12 in the presence of 5 mM
MgCl2 , 0.2 mM dNTPs, 10 pmol each primer, and 1 Unit Platinum Taq polymerase
(Invitrogen). PCR amplifications for H19 were initiated at 94°C for 3 minutes followed by
45 cycles of 94°C for 30 seconds, 58°C for 30 seconds, and 72°C for 30 seconds. Primer
sequences are as follows, hH19F 5′-TGTATAGTATATGGGTATTTTTG-GAGGTTT-3′,
hH19R 5′-TCCTATAAATATCCTATTCCCAAA-TAACC-3′. The resultant PCR products
were gel-extracted using the Qiaquick gel extraction kit (Qiagen) and cloned into the TOPO
TA vector (Invitrogen). At least 20 clones were sequenced using ABI BigDye v3.1 dye
terminator sequencing chemistry (Applied Biosystems, Carlsbad, CA,
www.appliedbiosystems.com) and ABI PRISM 3730×l capillary DNA analyzer for
sequence analysis. Sequenced clones were aligned by Geneious software (Biomatters,
Auckland, New Zealand, www.biomatters.com) and CpG methylation analysis was
performed by BiQ Analyzer software (Max Planck Institut Informatik, Saarbrücken,
Germany, www.mpi-inf.mpg.de).

Statistical Analysis
Statistical analysis for gene expression results was performed with one-way ANOVA
(analysis of variance) and Student's t pairwise comparison by SPSS software (SPSS Inc,
Chicago, IL, www.ibm.com). Significance was accepted at p < .05.
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Results
Germ Cell Properties of VASA-Positive Cells Differentiated In Vitro

To compare the potential of different pluripotent stem cell lines to spontaneously
differentiate into primordial germ cells, we transduced two hESC lines (H9 [46, XX] and
HSF1 [46, XY]) and one iPSC line (iHUF3 [46, XX]) with a VASA-GFP lentiviral reporter
system, as we and our collaborators previously described [21]. Subsequently, cells were
selected for antibiotic resistance, spontaneously differentiated in the absence of bFGF with
fetal bovine serum (FBS) for 7 days, and isolated by FACS. Examination of FACS profiles
revealed variation across lines in their potential to differentiate to VASA-GFP positive cells
as shown (Fig. 1A). Immunocytochemistry of all cell lines further confirmed that
endogenous VASA protein expression was observed in more than 90% of all the VASA-
GFP positive sorted cells and was not observed in VASA-GFP negative cells (Fig. 1B).

Further examination of gene expression demonstrated that early germ cell markers were
enriched in VASA-GFP positive cells relative to the GFP-negative cell populations (Fig.
2A). Comparisons of expression profiles of late and meiotic germ cell markers within the
VASA-GFP positive populations also demonstrated significantly higher expression of these
markers relative to the GFP-negative populations in all analyzed cell lines (Fig. 2B). These
results confirmed findings from previous studies suggesting that VASA-positive sorted cell
populations were enriched for germ cells that were at early to more-advanced stages of
development, with some indication of meiotic initiation as evidenced by the expression of
meiotic markers such as SCP3, MutL homolog 1, and dosage suppressor of MCk 1 [21, 22].
Based on these results and previous findings, we then sought to address our hypothesis that
divergent intrinsic germ cell translational factors might drive germline formation and
promote differentiation from human pluripotent stem cells in vitro. Thus, we examined the
potential of induced expression of VASA to regulate meiotic initiation and/or progression in
germ cells, alone and in combination with DAZL, a member of the DAZ gene family
previously shown to enhance human germ cell specification and meiotic progression.

Ectopic Expression of VASA Promotes Meiotic Progression in Spontaneously
Differentiated Germ Cells

To test whether ectopic expression of VASA alters the dynamics of human germ cell
formation and/or differentiation, we isolated a segment of DNA from human testis that
encodes the ORF of VASA and cloned it into a lentiviral backbone with transcription under
control of a strong, constitutive mammalian promoter EF1α (Supporting Information Fig.
S1). We then established pluripotent cell lines by selecting them for antibiotic resistance and
spontaneously differentiated them for 14 days to examine how the ectopic expression of
VASA impacts germ cell development.

Ectopic expression of VASA (iVASA) was confirmed by Western blotting with VASA
observed as a 76-kDa protein as expected (Supporting Information Fig. S2A). VASA
expression was maintained at both RNA and protein levels in all transduced cell lines after
14 days of spontaneous differentiation (Supporting Information Fig. S2B, S2C). We also
noted that the majority of VASA expression in transduced cell lines was due to the ectopic
induction, as shown by RT-qPCR analysis with assays specific to endogenous and ectopic
VASA transcripts using testis as a positive control for endogenous expression (Supporting
Information Fig. S2D). We observed that gene expression in response to ectopic expression
of VASA differed from that of controls. There was increased expression in most of the early
and late germ cell markers we analyzed in both hESC lines. This result suggested that
ectopic VASA expression induced spontaneously differentiated germ cells to progress in
their maturation programs (Fig. 3). Surprisingly, the effect of VASA ectopic expression was
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lower in iHUF3 in all our experiments (n = 3), even that some of the germ cell markers we
analyzed were also upregulated in transduced cells compared with their controls. However,
additional preliminary experiments performed over the previously reported iPSC lines
iHUF4 and iPS(IMR90) showed a response more similar to that observed in the two hESC
lines, indicating intrinsic differences in the response to ectopic expression of VASA among
iPSC lines (Supporting Information Fig. S3).

We next examined the extent of differentiation via isolation of putative 1N populations from
whole differentiated samples by FACS. We harvested and stained 14-day spontaneously
differentiated cells with propidium iodide and then sorted for putative 1N cells. There was a
significant increase from approximately 0.5% to 1.5% in the percentage of cells in the
putative 1N cell population from hESC lines with ectopic expression of VASA relative to
controls, and similar levels in the case of iHUF3. In addition, we observed that the putative
1N populations showed an increased percentage of cells positive for both VASA protein and
the postmeiotic marker, ACROSIN protein (Fig. 4A, 4B). Ploidy analysis of the 1N, 2N, and
4N sorted cells was further examined by FISH with probes against chromosomes 16 and 18
(Fig. 4C). We found a significant increase in the percentage of cells monosomic for both
chromosomes in the sorted 1N populations ranging from 4- to 10-fold depending on the cell
line, when VASA was overexpressed; this suggested that overexpression of VASA likely
promoted germ cell progression through meiosis, albeit at low frequency (approximately
0.15% of total cells).

Combined Overexpression of DAZL and VASA Is Not Synergistic
Next, we combined ectopic expression of VASA and DAZL and compared the efficiency of
germ cell formation and maturation. Thus, we ectopically expressed DAZL (iDAZL), as
previously reported [21], and VASA/DAZL (iDAZL+VASA) in all three pluripotent cell
lines and compared key characteristics with VASA overexpressed cells (iVASA) and
controls.

We observed significantly higher expression of some diagnostic germ cell and/or stem cell
markers such as OCT4 (POUF5), LIN28, SOX2, NANOG, DNMT3B, Blimp1 (PRDM1A),
PRDM14, Fragilis (IFITM1), DAZ, DAZL, VASA (DDX4), c-KIT, PELOTA, GCNF,
PRM1, Acrosin, SOX9, LHR, ZP2 and ZP4 in iDAZL+iVASA overexpressed cells
compared with controls. However, we observed very high variability in gene expression
profiles among different cell lines at the RNA level, indicating different potential or
stochastic programming of germline development (Supporting Information Fig. S4).

The localization and distribution of SCP3 along the chromosomes is one of the most
significant indicators of meiosis and much more specific to meiotic progression than just
RNA or protein expression [21, 22]. Subsequently, analysis of the meiotic stages of
differentiated cells was accomplished via observation of the synaptonemal complex. For this
purpose, we coimmunostained cells for SCP3 and CENPA, a centromeric component of
chromosomes (Fig. 5A). We observed that most cells did not show any SCP3 staining,
indicating either that they were not meiotic or had already completed meiosis. However, a
subset of cells showed punctate SCP3 staining pattern, indicative of early meiotic stages,
especially the leptotene stage of prophase I. In addition, some cells demonstrated an
elongated staining pattern of SCP3, indicative of progression through zygotene, pachytene,
or diplotene meiotic prophase I stages, as previously described [21, 22]. We observed that
the punctate staining pattern was present in a subset of cells in all treatments and controls,
ranging from 1% to 6%. In contrast, we observed a significant increase in the elongated
pattern of synaptonemal complex staining indicative of meiotic progression only with
ectopic expression of DAZL or VASA. Efficiency of meiotic progression was highest with
overexpression of DAZL as indicated by the greatest percentage of cells with elongated
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SCP3 (Fig. 5B). We note here that we attempted to differentiate the SCP3-positive cells for
longer time periods to assess the outcomes of extended culture. However, we found that the
optimal time of differentiation remains at 14 days as previously described [21]. Further
culture of the differentiating pluripotent cell lines resulted in significant reduction in the
viability of differentiated cells and a reduction in germ cells suggesting a need to further
optimize the culture conditions.

We next compared the putative 1N populations obtained with ectopic expression of DAZL
and DAZL+VASA to those with ectopic expression of VASA alone and observed that
overexpression of DAZL was also the most effective internal inducer of meiotic progression
as shown by percentage of haploid cells via FISH (Fig. 6A, 6B). However, the percentage of
cells positive for ACROSIN and VASA was greatest when DAZL and VASA were
ectopically expressed together, suggesting potential synergism in translational regulation of
late germ cell markers such as ACROSIN (Fig. 6C). Of special note, when we compare
iDAZL and iDAZL+iVASA, overexpression of VASA seems to decrease the number of
haploid cells when compared with DAZL overexpression. However, this result may reflect
the fact that it was necessary to adjust the amount of viral particles used in the double
infection to half of that used in single infection experiments to minimize the viral toxicity
and maximize the effectiveness of overexpression. Thus, we cannot state whether VASA
overexpression directly reduces production of haploid cells or results in arrest. This effect
was also observed as a decrease of the expression levels for both markers when cells were
subjected to the double transduction compared with the single transduction ones (Supporting
Information Fig. S4C).

Ectopic Expression of VASA Results in Recapitulation of Some Aspects of Germline
Reprogramming at the H19 Locus

Erasure of the epigenetic marks at imprinted loci is a process that occurs specifically during
mammalian germ cell development just prior to, or shortly after, germ cells arrive to the
gonadal ridges. Subsequent reacquisition of a sex-specific imprinted pattern generally occurs
just before or during meiosis depending of the sex [32–34]. To determine if ectopic
expression of VASA alters epigenetic programs, we analyzed methylation status at the CpG
islands of the imprinted, maternally expressed gene H19 [35, 36]. We observed that the H19
locus was hemimethylated in undifferentiated cells, as expected. Following spontaneous
differentiation of controls, H19 methylation patterns showed a slight increase in
methylation, as shown (Fig. 7A). In contrast, overexpression of VASA led to a significant
decrease in the methylation ratio of H19 (Fig. 7B). This effect was specific to VASA;
ectopic expression of DAZL did not lead to significant changes in methylation status at the
H19 locus (Supporting Information Fig. S5).

Discussion
Previous studies demonstrated that both hESCs and iPSCs can form germ cells in vitro,
albeit with different efficiencies observed between different cell types [21, 22]. Here, we
examined the effect of ectopic expression of evolutionarily divergent RNA-binding proteins
on germ cell formation, maintenance, and progression through meiosis. We confirmed key
characteristics of VASA-GFP positive germline cells [21, 22]. We then extended the studies
to examine effects of over-expression of VASA, DAZL, and VASA/DAZL. The human
VASA gene encodes an RNA-binding protein that is highly conserved in evolution in all
metazoans suggesting an essential role for germline development that may also be conserved
in humans [37, 38]. Recently, one study identified 221 candidate mRNAs that may be
targets of VASA in Drosophila [39]. This study suggested that VASA may act by regulating
the translation of mei-P26, a repressor of micro-RNA activity and promoter of
differentiation of germline stem cells; mei-P26 is a component of P-granules or germplasm,
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a perinuclear electron-dense ribonucleoprotein structure that specifically appears in the
germline of several model organisms and also contains other highly conserved RNA-binding
proteins such as Nanos and Piwi. Interestingly, disruption of both the Mvh and Piwi genes in
mice indicates that they are required for meiosis and have a similar phenotype with elevated
retrotransposon expression that leads to defective de novo DNA methylation due to impaired
Piwi-RNA regulation; this suggests that VASA is likely implicated in their regulation [39,
40]. Based on these studies and others, we hypothesized that ectopic expression of VASA
may promote maturation and progression of human germ cells through meiosis.

We observed that cells with ectopic expression of VASA expressed most of the germ cell
markers analyzed, including markers characteristic of germ cells in both early and later
stages of maturation, similar to results reported in different model systems [30]. However,
the only iPSC line that we analyzed in any detail, iHUF3, demonstrated an apparently less
robust response to overexpression of VASA compared with the hESC lines and the other
two iPSC lines we tested, indicating that different cell lines may have a different response to
ectopic induction of VASA. We hypothesize that these differences among the three iPSC
lines we tested could be due to inherent genetic differences, differences in derivation, or
alternatively linked to epigenetic memory of each cell line because of their different somatic
cell origin. However, a larger comparison across many lines would allow greater
understanding regarding whether this is a generalized observation of iPSC versus hESC
lines.

We also detected a subset of cells with ectopic expression of VASA that appeared able to
complete meiosis as judged by haploidy of two chromosome markers and expression of
ACRO-SIN, a late male-specific germ cell protein widely expressed in spermatid stages
[41]. Additional immunohistochemical markers are not, to our knowledge, available for
robust and specific expression and localization studies of spermatids. Nonetheless,
interestingly, we observed that ACROSIN expression appeared in all cell lines to different
extents independently of chromosomal sex, suggesting that sex-specific expression is likely
to depend on the somatic niche in addition to chromosomal sex of the germ cells, as
previously described [10, 22]. Alternatively, it is possible that the ectopic expression of
VASA directly or indirectly modulates the translation of proteins such as ACRO-SIN on a
background of predominantly female germ cell gene expression. We note that we also found
that the percentage of cells that expressed ACROSIN was greater than the percentage of
haploid cells, suggesting that cells other than haploid cells may also express ACROSIN,
perhaps indicating that the post-meiotic ACROSIN time-related expression found in male
germ cells in vivo may be altered due to the ectopic expression of key meiotic regulators
such as the RNA-binding proteins DAZL and VASA in vitro.

We also compared germ cell development in pluripotent stem cell lines with ectopic
expression of VASA to those with ectopic expression of DAZL and both VASA and DAZL.
We found that both DAZL and VASA promoted progression through meiosis. However, we
observed that the ectopic expression of DAZL induced the formation of haploid cells most
effectively, without any evidence of synergistic effect with the ectopic expression of VASA.
On the other hand, we observed a clear synergistic effect of the combined overexpression of
both DAZL and VASA in the percentage of ACROSIN-positive cells, indicating a possible
relationship of both proteins in the upregulation of this late male germ cell marker (Fig. 6).

Moreover, we did not observe differences in the overall gene expression profiles linked to
ectopic expression of either translational factor (Supporting Information Fig. S4). We
suggest that this may reflect the epistatic relationship of DAZL and VASA function;
previous studies have suggested that DAZL may exert translational control on VASA in the
germ-line [42]. Our studies also identified clusters of VASA-positive cells with
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morphologies that appeared well-rounded and those that appeared elongated/migratory when
subjected to ectopic expression of DAZL; both cell types frequently expressed both VASA
and DAZL and were not observed in controls (Supporting Information Fig. S6). Moreover,
as previously noted, ectopic expression of DAZL appears to be involved in both formation
and maintenance of early populations as well as in promoting meiosis [21]. In contrast,
ectopic expression of VASA resulted in a significantly higher proportion of ACROSIN-
positive cells but did not appear to be involved in formation and maintenance of early germ
cell populations.

Erasure of epigenetic imprints and their subsequent sex-specific re-establishment is a critical
and diagnostic process in germ cell development that is necessary for embryo development,
organogenesis, and viability [32–34]. Erasure and re-establishment of epigenetic signatures
of imprinted loci is a germline-specific process. In this study, we observed that the
maternally imprinted H19 locus showed a significant decrease in the CpG methylation
pattern of its differentially methylated region when cells were subjected to ectopic
expression of VASA; this effect was not observed with ectopic expression of DAZL. These
results suggest that erasure of imprints may be a specialization of VASA in direct or indirect
regulation of RNAs implicated in DNA methylation/demethylation. Further studies should
examine the role of possible targets of VASA that may be implicated in germline epigenetic
reprogramming.

Obviously, the low frequency of haploid cells produced suggests that we still have not
optimized meiotic progression and that other factors must be needed to quantitatively and
qualitatively regulate meiosis in vitro; as other groups have reported previously, we note that
the gonadal niche is likely to be critical for proper meiotic initiation [43, 44]. Nonetheless,
our results suggest that the evolutionarily divergent RNA-binding proteins, DAZL and
VASA, function in promoting meiotic progression.

Conclusion
This study demonstrates that evolutionarily unrelated and divergent RNA-binding proteins
can promote meiotic progression of human germ cells derived in vitro. Results provide a
framework for exploring specifics of human meiosis, a program that is remarkably
susceptible to errors that manifest commonly in human aneuploidy and disease. The fact that
several families of RNA-binding proteins have been so highly conserved in the evolution of
all metazoans suggests that the formation and maturation of germ cells is dependent on post-
translational regulation by VASA and other RNA-binding proteins that may include
NANOS, PUMILIO, and PIWI as well as their target RNAs and interacting proteins. Further
studies of the role of these conserved factors in human germ cell development will likely
assist in the correctly executed differentiation of pluripotent stem cells to fully functional
germ cells in vitro.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Fluorescence-activated cell sorting (FACS) of VASA-GFP positive and negative
populations. (A): FACS plots and representation of the percentage of VASA-GFP positive
cells we found for each cell line. Data are represented as mean ± SEM. (B): Representative
VASA immunostaining of GFP-positive and -negative sorted populations. The scale bar
represents a distance of 10 μm. Abbreviations: DAPI, 4′,6-diamidino-2-phenylindole; GFP,
green fluorescent protein; PE, phycoerythrin.
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Figure 2.
Gene expression in VASA-GFP positive and negative sorted cell populations. (A):
Comparison of early germ cell markers expression profile among GFP-positive and -
negative sorted populations. (B): Comparison of late and meiotic germ cell markers
expression profile among GFP-positive and their respective negative sorted populations.
Asterisks represent significant differences (*, p, < .05) with controls. Data are represented as
normalized fold change mean ± SEM. Abbreviations: DAZL, Deleted in Azoospermia Like;
DMC1, dosage suppressor of MCk 1; GFP, green fluorescent protein; MLH1, MutL
homolog 1; SCP3, synaptonemal complex protein 3.
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Figure 3.
Expression of early and late germ cell markers in cells with and without ectopic expression
of VASA (iVASA) 7 days postdifferen-tiation. (A): Comparison of expression of early germ
cell markers. (B): Comparison of expression of late and meiotic germ cell markers. Asterisks
represent significant differences (*, p < .05) with controls. Data are presented as normalized
fold change mean ± SEM. Abbreviations: DAZL, Deleted in AZoospermia Like; DMC1,
dosage suppressor of MCk 1; MLH1, MutL Homolog 1; SCP3, synaptonemal complex
protein 3.
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Figure 4.
Analysis of the putative 1N cell populations from cell lines with ectopic expression of
VASA (iVASA), 14 days post-transduction. (A): Representative DNA-fluorescence-
activated cell sorting plot for the isolation of the putative 1N population and percentage of
putative 1N cells we were able to isolate from each cell line. Sperm control was used to set
the sorting parameters. (B): Representative double VASA and ACROSIN immunostaining
of 1N sorted cells and percentage of cells positive for each marker. (C): Representative
fluorescence in situ hybridization results for probes against chromosomes 16 (green) and 18
(red) over putative 1N sorted cells and percentage of haploid cells found in each cell line
based on the analysis of these two probes. Scale bar = 10 μm. Asterisks represent significant
differences (*, p < .05) with controls. Data are presented as mean ± SEM. Abbreviations:
DAPI, 4′,6-diamidino-2-phenylindole.
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Figure 5.
Synaptonemal complex (SCP) formation analysis over cell lines with ectopic expression of
DAZL (iDAZL), VASA (iVASA), and DAZL+VASA (iDAZL+iVASA) and differentiated
for 14 days. (A): Representative SCP3 staining of meiotic spreads. Scale bar = 10 μm. (B):
Percentage of cells with punctuated (leptotene) and elongated (diplotene, pachytene, or
zygotene) SCP3 staining patterns. Abbreviations: CENPA, centromeric protein A; DAPI, 4′,
6-diamidino-2-phenylindole; DAZL, Deleted in Azoospermia Like; SCP3, synaptonemal
complex protein 3.
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Figure 6.
Analysis of the DNA-FACS-sorted putative 1N cell populations with ectopic expression of
DAZL (iDAZL), VASA (iVASA), and DAZL+VASA (iDAZL+iVASA), 14 days
postdifferentiation. (A): Percentage of putative 1N cells isolated from each cell line. (B):
Percentage of haploid cells confirmed by FISH in 1N sorted populations. (C): Percentage of
1N sorted cells positive for VASA and ACROSIN staining. Asterisks represent significant
differences (*, p < .05) with controls. Data are presented as mean ± SEM. Abbreviations:
DAZL, Deleted in AZoospermia Like.
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Figure 7.
CpG methylation analysis at the DMR of H19. (A): Diagrams represent methylation status
of each CpG dinucleotides on individual DNA clones. Lines represent different clones and
columns are different CpG dinucleotides. Methylated CpGs are represented as filled circles
and unmethylated CpGs are represented as open circles. Empty CpG sites represent the
CpGs that could not be determined. (B): Percentage of methylated CpGs found in each
condition at the DMR of H19. Asterisks represent significant differences (*, p < .05) with
controls. Abbreviation: DMR, differentially methylated region.

Medrano et al. Page 20

Stem Cells. Author manuscript; available in PMC 2013 June 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


