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Germline stem cells (GSCs) are attractive biological models because of their strict control on pluripotency
gene expression, and their potential for huge epigenetic changes in a short period of time. Few data exists
on the cooperative impact of GSC-speciﬁc genes on differentiated cells. In this study, we over-expressed 3
GSC-speciﬁc markers, STELLA, OCT4 and NANOS2, collectively designated as (SON), using the novel
polycistronic lentiviral gene construct FUM-FD, in HEK293T cells and evaluated promoter activity of the
Stra8 GSC marker gene We could show that HEK293T cells expressed pluripotency and GSC markers
following ectopic expression of the SON genes. We also found induction of pluripotency markers after
serum starvation in non-transduced HEK293T cells. Expression proﬁling of SON-expressing and serumstarved cells at mRNA and protein level showed the potential of SON factors and serum starvation in the
induction of ESRRB, NANOG, OCT4 and REX1 expression. Additionally, the data indicated that the mouse
Stra8 promoter could only be activated in a subpopulation of HEK293T cells, regardless of SON gene
expression. We conclude that heterogeneous population of the HEK293T cells might be easily shifted
towards expression of the pluripotency markers by ectopic expression of the SON factors or by growth in
serum depleted media.
© 2016 Published by Elsevier Inc.
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1. Introduction
Primordial germ cells (PGCs) and their culture-adapted derivatives, germline stem cells (GSCs), possess unique features in
transcriptional regulation and epigenetic remodeling that set them
apart from other stem cell types. They can activate several gene
networks by DNA demethylation or histone mark replacement in a

Abbreviations: AP, alkaline phosphatase; GSC, Germline stem cell; HEK, Human
embryonic kidney; SON, STELLA plus OCT4 plus NANOS2.
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manner highly conserved in germ cell development from invertebrates to mammals. The molecular functions of these evolutionary conserved pathways are however largely unknown.
GSC speciﬁcation starts with the expression of speciﬁc genes
that induce germ cell programs in the primitive epiblast cells of the
fertilized embryos from E.7 to E13.5 [1]. Pluripotency markers OCT4
and STELLA (DPPA3) are expressed in both GSCs and ESCs, but the
other markers, like NANOS2, are only expressed in GSCs. Intricate
interplays between pluripotency genes and licensing factors like
Stra8 trigger cells to enter meiosis [2]. Notably, the expression
levels and combinatorial effects of these factors determine the
destiny and end stage differentiation of the GSCs.
Recent studies have shown that cocktails of germ cell-speciﬁc
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factors can reprogram cells to primitive spermatogonial cells [3].
Conversely, it is also possible to derive pluripotent cells from the
mouse PGCs [4,5]. Massive mRNA translational control including
targeted mRNA decay, alternative polyadenylation and deadenylation based RNA degradation are other common features between GSCs, ESCs and oocytes [6]. Moreover, there is an intriguing
overlap between oocyte- and PGC-speciﬁc genes: Both express
maternal factors like STELLA. We selected STELLA for our reprogramming study, mainly based on its probable role in alternative
splicing [7] a very frequent event in oocytes [8] and its facilitating
role in generation of the mature oocytes through transcriptional
suppression [9]. GSC, ESC and oocyte pluripotency depends on the
expression of genes like OCT4 [10e12]. This well-determined
transcription factor is a crucial factor for iPS generation in cooperation with the SOX2, KLF4 and c-MYC genes. NANOS2 protects the
self-renewal state of the GSCs by targeting some speciﬁc mRNAs
and recruiting of the CCR4-NOT deadenylation complex [13]. To
address gene expression changes upon co-expression of the germ
cell-speciﬁc factors, we used STELLA, OCT4 and NANOS2 (SON) and
designed a reprogramming-reporter construct for evaluation of
concurrent expression of the SON factors in the human embryonic
kidney 293 (HEK293T) cells.
The HEK293T is an often studied cell line that expresses SV40 Tantigen under a neomycin promoter, allowing replication of all DNA
constructs with SV40 origin of replications. Its dynamic genome is
well-characterized [14]. We used HEK293T as a model to evaluate
the expression of the SON germ cell factors, and uncover their effect
on cellular reprogramming induction. In addition, we found that
HEK293T cells are highly responsive to starvation: decreasing the
serum concentration in the culture medium is sufﬁcient to induce
the pluripotency markers. We compared the SON gene expression
with the serum starvation for the presence of pluripotency markers
at mRNA and protein level and found that serum starvation could
be sufﬁcient to trigger the stemness factor expression. We also
showed that the promoter of Stra8 (as a GSC marker gene) could
only be activated in a subpopulation of the HEK293T cells in this
experiment, indicating that complex transcriptional regulatory
mechanisms exist in the HEK293T cells.

2. Material and methods
2.1. Construction of the FUM-FD lentiviral vector
The novel lentivirus vector FUM-FD was designed, synthesized,
and veriﬁed by sequencing by GenScript (Piscataway, NJ) (Fig. 1A).
The SON reprogramming genes (STELLA, OCT4, and NANOS2), and
the ﬂuorescent marker DsRed2 are expressed by the pGK promoter
as a single polycistronic mRNA. The stop codons of these genes
were removed, and the genes separated by different hydrolyzing 2A
peptides [15]. The ﬂuorescent marker ZsGreen and the puromycin
selection marker are expressed as a bi-cistronic cassette under the
Stra8 promoter. The Stra8 promoter sequence was derived from the
pLSG (Stra8) vector (#21619, Addgene, Cambridge, MA). The FUMFD lentiviral backbone sequences were derived from FUW-OSKM
(#20328, Addgene). Regulatory elements of SPA, TactB, cHS4, Tkpa
and sMAR8 were from constructs reported by Tian and Andreadis
(10), and were located in an antisense orientation to the viral LTRs
(Fig. 1). The lentivirus packaging constructs of psPAX2 and pMD2G
were kindly provided by Didier Trono (EPFL, Switzerland; http://
tronolab.epﬂ.ch/). Red and green cells, co-stained with 4,6diamidino-2-phenylindole (DAPI), were assessed by ﬂuorescent
microscopy.

2.2. Cell culture
HEK293T (CRL-3216) was provided by the Pasteur Institute Cell
Bank of Iran (http://en.pasteur.ac.ir/) and used at low passage
numbers only. Cells were cultured in Dulbecco's Modiﬁed Eagle
Medium (DMEM; Gibco, Life Technologies, Grand Island, NY) with
4.5 g per liter of glucose, supplemented with 10% heat-inactivated
fetal bovine serum (FBS; Gibco) and incubated at 37  C in a humidiﬁed 5% CO2 atmosphere.
2.3. Alkaline phosphatase (AP) staining
To identify whether the transduced cells are positive for activity
of the alkaline phosphatase (AP) germ cell marker, they were ﬁxed
with 4% PFA for 10 min. The cells were rinsed three times with an
AP buffer, and covered with AP solution. Following 10 min incubation at room temperature, the cells were rinsed with PBS and
observed. Cells or colonies expressing AP activity were appeared
violet in color.
2.4. Lentivirus production and transduction
Lentivirus production and transduction were performed as
described previously [16]. PCDH513b (System Biosciences, Palo
Alto, CA) was used as a GFP-expressing control vector. Brieﬂy,
HEK293T cells were transfected with 30 mg of FUM-FD or 21 mg of
PCDH513b, together with 21 mg of psPAX2 and 10 mg of pMD2G,
using the Trono calcium phosphate protocol. After 24 and 48 h, the
virus-containing supernatants were harvested, ﬁltered and
concentrated using ultracentrifugation.
2.5. RNA extraction, cDNA synthesis and qRT-PCR
Total RNA was extracted, 2 weeks after transduction, using the
Tripure reagent (Roche, Mannheim, Germany). After DNase I
(Thermo Fisher Scientiﬁc, Waltham, MA) treatment, the ﬁrst strand
cDNA synthesis was carried out with M-MuLV Reverse Transcriptase (Thermo Fisher Scientiﬁc). Experiment sets were evaluated by
SYBR Green (Parstous, Mashhad, Iran) according to the manufacturer's protocol and data were normalized to the expression of
housekeeping genes GAPDH and RPLP0 using the 2DDCt method.
All experiments were conducted with a Bio-Rad CFX-96 instrument
(Bio-Rad, Hercules, CA). qRT-PCR reactions were performed using
the following primers. GAPDH-F: GGAAGGTGAAGGTCGGAGTCA,
GAPDH-R:
GTCATTGATGGCAACAATATCCACT,
RPLP0-F:
TGGTCATCCAGCAGGTGTTCGA, RPLP0-R: ACAGACACTGGCAACATTGCGG, ESRRB-F: CAGAGGGCTGCTGAACAGGATG, ESRRB-R:
AGCATGTACTCGCACTTGATGG, G9a-F: CAAAATCGGGAACTTGGAGA,
G9a-R:
CTCGTTGTCAGTGAGGGTGA,
GLP-F:
CGCAAGACCATGCCGAAGTC, GLP-R: GCTGCTGTCGTCCACATTCAG, NANOGF: CCAACATCCTGAACCTCAGCTAC, NANOG-R: GCCTTCTGCGTCACACCATT, OCT4-F: CTCCTGGAGGGCCAGGAATC, OCT4-R: CCACATCGGCCTGTGTATAT, PLZF-F: TGGGGTCGAGCTTCCTGATA, PLZFR:
TAAGTGCATTCTCAGCCGCA,
REX-1-F:
TGGTGTTACTAAGATGCTCCTAC, REX-1-R: TTATCACTGACCTTCCTGTTGG, SOX2-F:
AGCTACAGCATGATGCAGGA, SOX2-R: GGTCATGGAGTTGTACTGCA,
STRA8-F:
CCTCAAAGTGGCAGGTTCTGAA,
STRA8-R:
TCCTCTAAGCTGCTTGCATGC.
2.6. Flowcytometry
Cell surface antigens were detected using the following Alexa
Fluor647-labeled antibodies: Goat Anti-Mouse IgG H&L (ab150115),
Goat Anti-Mouse IgM mu chain (ab150123), Goat Anti-Rabbit IgG
H&L (ab150079), Anti-CD90/Thy1 (ab225) Anti-GPR125 (ab51705)
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Fig. 1. Validation of the novel FUM-FD construct. (A) Map of the lentiviral construct. STELLA, OCT4, NANOS2 (SON) and the red ﬂuorescent marker DsRed2 are expressed as a
single polycistronic mRNA from the pGK promoter, and separated by different 2A peptides. The green ﬂuorescent marker ZsGreen and the puromycin antibiotic selection marker are
expressed as a single bicistronic mRNA from the mouse Stra8 promoter, also separated by a 2A peptide. Transcription terminator (SPA), poly A signal (Tactb) and insulator (cHS4)
sequences separate these two expression units on the construct. (B) HEK293T cells were transfected with 30 mg FUM-FD. 72 h post transfection Stra8-positive cells (green), STELLAOCT4-NANOS2-DsRed2 positive cells (red), and nuclei stained with DAPI (blue) were observed using ﬂuorescent microscopy. (C) Cells were transduced with FUM-FD virus, and
selected for 5e7 days using puromycin. Stra8-positive cells (green) and SON cells (red) were evaluated by ﬂowcytometry, using FL1 and FL2 channels, respectively. (D) Scatter plot
showing the expression of green and red markers in HEK293T 72 h post transfection. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the
web version of this article.)

all from Abcam (Cambridge, UK). Anti-SSEA-4, Anti-TRA-1-60, AntiTRA-1-81 and Anti-CD15 (SSEA-1) were generous gifts from Prof.
P.W. Andrews (University of Shefﬁeld, UK). To analyze the dual
color expression of the lentiviral constructs and minimalize
ﬂuorescence-interference, Alexa Fluor647 signals with distinct
excitation/emission wavelets were selected in the FL4 channel. To
examine the expression of the different cell surface pluripotency
markers, single-cell suspensions were incubated with a 1:50 antibody dilution, washed with PBS, incubated with a 1:1000 secondary antibody dilution, and washed with PBS again. The cells were
assessed by FACScalibur (BD Biosciences, San Jose, CA) using the FL1
or FL4 channels and data was analyzed using FlowJo software (Tree
Star, Ashland, OR). ZsGreen and DsRed2 expression was evaluated
using the FL1 and FL2 channels as previously described [16].
2.7. Statistical analysis
All experiments were performed in triplicate. Data are presented as mean ± SD for statistical comparison. Two-group comparisons were performed using the Student's t-test. P < 0.05 was
considered to represent a signiﬁcant difference.
3. Results
3.1. Validation of the FUM-FD construct
HEK293T cells were transfected with FUM-FD, and 48 h later

inspected with ﬂuorescent microscopy for the detection of green
and red cells (Fig. 1B). Flowcytometry data showed about 25% green
(indicating an active Stra8 promoter) and only 5% red (indicating
expression of the SON genes) cells. We have previously shown activity and functionality of the red and green markers using FUM-M,
a FUM-FD derivative [16]. Puromycin activity, also previously
shown for FUM-M [16], was conﬁrmed by the fact that after puromycin selection, cells can be enriched to 96% green and 85% red
ﬂuorescence (Fig. 1C).

3.2. Ectopic expression of SON: surface pluripotency markers and
gene expression proﬁling
We evaluated GCS and pluripotency surface antigen expression
in HEK293T cells. Our results show that also non-transduced
HEK293T could express GCS markers like GPR125, SSEA-4 and
Thy-1 to up to 85%, 9% and 14%, respectively, and pluripotency
markers SSEA-1, Tra-1-60 and Tra-1-81, to 46%, 4% and 3%,
respectively (Fig. 2A). Following HEK293T transduction with FUMFD or the PCDH513b GFP control, we detected no signiﬁcant
changes in surface pluripotency markers between HEK293T-SON
and HEK293T-GFP cells (Fig. 2B). We therefore performed qRTPCR for the quantiﬁcation of speciﬁc marker mRNAs. Interestingly, although the surface protein markers did not change significantly, ESRRB, NANOG and REX1 mRNA were shown to be
consistently over-expressed (Fig. 2C). Expression of GSC genes like
PLZF was stable, consistent with another study that did not detect a
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role for NANOS2 in PLZF induction [17]. The basal gene expression
levels of GCS and pluripotency markers in HEK293T cells inferred
from ectopic lowcytometry and qRT-PCR data lead us to suggest
that HEK293T cells form a heterogeneous population with the potential to express GCS and pluripotency markers. To synchronize
HEK293T cells, we applied previously reported methods such as
serum starvation [18,19] and studied the resulting gene expression
proﬁles.
3.3. Serum starvation induces stemness markers in HEK293T cells
Previous studies have shown that serum can inhibit cell
reprogramming, and that conversely serum starvation can synchronize cells along the reprogramming route [18]. We decided that
decreasing serum concentration to 1.5% was useful as an independent parameter in our experiments. We found that HEK293T
cells could form aggregated spheres after two weeks of culture in
serum-starved medium, independent of SON transduction (Fig. 3A).
In these cell aggregates, Tra-1-60 and Tra-1-81 expression rose to
87% and 84%, and Thy-1 and SSEA-4 expression to 93% and 53%,
respectively (Fig. 3B). All these cells were also positive with AP
staining (Fig. 3C). Notably, the emergence of pluripotency surface
markers was accompanied by signiﬁcant increased mRNA expression of the key stemness genes ESRRB, NANOG and OCT4 in starved
cells. Intriguingly, the induction of endogenous pluripotency genes
in HEK-SON cells was higher than that in serum-starved cells
(Fig. 3D).
3.4. Activation of mouse Stra8 promoter in a subpopulation of
HEK293T cells
Although we were able to transduce HEK293T with >95% efﬁciency (data not shown), we found that only a sub-population of
HEK293T cells (25%) presented Stra8 promoter activity (Fig. 1D).
The unique pattern of Stra8 promoter activation in HEK293T cells
strongly suggested the presence of speciﬁc Stra8 promoter activation mechanisms in a HEK293T subpopulation. Furthermore,
despite the reported reverse expression correlation between
NANOS2 and STRA8 proteins [20], after puromycin selection of
Stra8 positive cells, we detected no signiﬁcant inhibitory effects of
NANOS2 on the selected Stra8 promoter as shown by GFP expression in long term culture of FUM-FD cells. In line with these ﬁndings, the expression of endogenous STRA8 did not show any
signiﬁcant change following SON expression (Fig. 2C). Similarly, the
serum starvation showed no considerable effect on endogenous
STRA8 expression of HEK293T cells (Fig. 3D).
4. Discussion
The molecular machinery for the regulation of gene expression
consists of multifaceted systems for ﬁne tuning of gene expression.
Very intriguing gene expression patterns can be detected in GSCs,
oocytes, and in the ﬁrst developmental programs of fertilized zygotes. Global gene expression proﬁling of oocyte cytoplasm uncovered a group of maternal mRNAs that have the fascinating
potency to reprogram differentiated cells [21]. Oocyte or zygote
extracts can recruit evolutionary conserved pathways that result in
partial or complete cellular reprogramming [22]. Although it is
known that maternal factors like STELLA are critically important in
early fertilized zygotes [23], and have synergic roles with pluripotency genes like OCT4, the exact functions of maternal factors in
cellular reprogramming are still poorly understood.
During primordial germ cell development, GSCs quickly induce
STELLA, OCT4 and NANOS2 expression. STRA8 expression marks
the ﬁnal commitment to enter sex speciﬁc germ cell differentiation.

To induce and simultaneously detect GSC state, we constructed the
novel reprogramming-reporter vector FUM-FD. Since two or more,
rather than just one reprogramming factor was more successful in
most reprogramming/transdifferentiation studies, we evaluated
the cooperative effect of three GSC-speciﬁc factors in the HEK293T
model cell line. The function of STELLA have been shown in the
generation of “fully reprogrammed IPSC” [24], and the self-renewal
maintenance capacity of NANOS2 has been revealed in male progenitor stem cells [25]. Although the mechanisms of pluripotency
induction and self-renewal maintenance might be different for the
SON factors, it seems that their cooperative effects could effectively
induce pluripotency marker expression.
Gene expression proﬁling of HEK293T cells following SON
transduction showed increased expression of pluripotency markers
like ESRRB, NANOG and REX1, and reactivation of endogenous
OCT4. The chromatin-modiﬁer nature of G9a as a histone lysine
(H3K9me2) methyltransferase would provide strong convincing
evidence in reprogramming with SON factors [26,27], so we also
tried to detect G9a suppression. Intriguingly, G9a suppression could
not be consistently shown for all biological replicates: we found no
statistically signiﬁcant G9a down-regulation of G9a, but could
detect considerable suppression at mRNA level in several of our
experiments.
NANOS protein sequences are well conserved in evolution,
showing the importance of these RNA-binding proteins for GSC
development. Post-transcriptional inhibition of speciﬁc mRNAs by
removal of their polyA tail or inactivation in P bodies is a hallmark
of NANOS2 function [28]. Since as of yet no evidence exists about a
role for NANOS expression in ESCs, we thought it interesting to
study the impact of NANOS2 expression on ESCs. Our data show
that SON factors can induce the expression of several self-renewal
genes, but cannot generate fully reprogrammed cells. As an
example, the Tra-1-60 and Tra-1-81 self-renewal markers [29],
were signiﬁcantly upregulated in serum-starved, but not in SONexpressing cells. We speculate that the inhibitory effect of
NANOS2 is a barrier in complete reprogramming of differentiated
cells, and forced NANOS2 expression in ESCs could pause the cell
cycle and transcription/translation machinery. This hypothesis is
further supported by the observation that NANOS2 inhibits Cyclin B
and CNOT6 transcription [30].
The positive effect of serum starvation on reprogramming has
been previously published [18]. Also, suggested pathways for cell
cycle synchronization and enhancing the reprogramming potency
of starved cells has been reported [31]. Moreover, it has been
shown that partial serum depletion enhanced the tumorigenic
potency of HEK293T cells after xeno-transplantation into nude
mice [32]. Mechanistically, it has been shown that unknown serum
components can activate ERK signaling pathways and consequently down-regulate REX1, NANOG and KLF4 [33,34]. During
starvation, the vast majority of cells cannot adapt, and are removed
by cell death mechanisms. The surviving cells remain by activation
of anti-apoptotic factors and immunity-related signaling pathways. E.g. IL-1, TNFa and NF-kB facilitate survival under serumdeprived conditions [35]. Our unpublished data on the whole
transcriptome of mouse embryonic ﬁbroblasts upon ectopic
expression of the SON factors (GEO data set: GSE77351) leads us to
speculate that decreasing growth factors and complex-inducing
components of the culture medium may remove non-adapted
cells, and by interfering with apoptosis and immunity mechanisms, enables cells to erase epigenetic memory and re-express
pluripotency markers.
In summary, the present study shows that the coordinate
expression of STELLA, OCT4 and NANOS2 can induce pluripotency
markers in HEK293T cells. Also serum starvation could lead to, less
efﬁcient, stemness reprogramming of these cells. The mouse Stra8
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Fig. 2. Characterization of HEK293T-SON cells. (A) SON-expressing HEK293T cells were grown in DMEM with 10% FBS, cells stained with Alexa647, and ﬂorescence was detected
using the FL4 channel. Representative dot plots are shown (B) Statistical analysis of cells expressing surface pluripotency markers in HEK293T-SON cells on day 14 post transduction.
Data are shown as mean ± SD (n ¼ 3 experiments). (C) Gene expression proﬁling of HEK293T-SON cells quantiﬁed by qRT-PCR 14 days post transduction (n ¼ 3). p values were
calculated using an unpaired Student's t-test (*P < 0.05, **P < 0.01, ***P < 0.005).

Fig. 3. Serum starvation effects on HEK293T cells. (A) Aggregated cells were observed 10e14 days following growth in DMEM medium containing 1.5% FBS. These cell aggregations were independent of SON transfection and could also be detected upon transduction with the PCDH-513b-1 GFP expression control vector. (B) HEK293T cells were grown in
DMEM containing 10% or 1.5% FBS, cells stained with Alexa647, and ﬂorescence was detected using the FL4 channel. Representative dot plots are shown (C) HEK293T cells grown
under serum starvation (right panel) but not under normal growth conditions (left panel) formed AP-positive colonies. (D) Gene expression proﬁling of HEK293T-SON and
HEK293T-starved cells quantiﬁed by qRT-PCR 14 days after transduction or start of starvation (n ¼ 3). Data are shown as mean ± SD (n ¼ 3 experiments). Statistical analysis were
shown as mean ± SD and p values (*P < 0.05, **P < 0.01, ***P < 0.005).

promoter could only be activated in a subpopulation of SONtransduced or serum-starved cells. We concluded that HEK293T
cell populations contain only limited numbers of cells capable for
reprogramming.
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