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A B S T R A C T

The self-renewal capacity of germline derived stem cells (GSCs) makes them an ideal source for research and use
in clinics. Despite the presence of active gene network similarities between embryonic stem cells (ESCs) and
GSCs, there are unanswered questions regarding the roles of evolutionary conserved genes in GSCs. To determine
the reprogramming potential of germ cell- specific genes, we designed a polycistronic gene cassette expressing
Stella, Oct4 and Nanos2 in a lentiviral-based vector. Deep transcriptome analysis showed the activation of a set
of pluripotency and germ-cell-specific markers and the downregulation of innate immune system. The global
shut down of antiviral genes included MHC class I, interferon response genes and dsRNA 2′-5′-oligoadenylate
synthetase are critical pathways that has been affected . Individual expression of each factor highlighted sup-
pressive effect of Nanos2 on genes such as Isg15 and Oasl2. Collectively, to our knowledge this is the first report
showing that Nanos2 could be considered as an immunosuppressive factor. Furthermore, our results demonstrate
suppression of endogenous retrotransposons that harbor immune response but further analysis require to un-
cover the correlation between transposon suppression and immune response in germ cell development.

1. Introduction

Regulation of gene expression and global (epi) genomics modifica-
tion in germ cell progenitor cells serves them as an interesting topic in
molecular genetics. Primordial germ cells (PGCs) as sole progenitors of
spermatogonia and oocytes apply exclusive genetic programs to guar-
antee the safe genetic information transfer to the next generation.
Scrutinizing the similarities and differences of gene expression patterns,
regulatory mechanisms and surveillance machinery between PGCs and

other stem cells uncovered several critical features dealing with main-
tenance of pluripotency [7]. Once sexual differentiation begins, PGCs
follow different paths in the female and male gonads. At approximately
E13.5, meiosis starts in female PGCs, whereas the male germ cells
(called “gonocytes”) remain quiescent until birth and form germline
stem cells (GSCs) as male germ cells. However, the short period of time
between E10.5 to E13.5 is a unique state that will be discussed more.

During a short phase of development, from E10.5 to E13.5 germline
progenitor cells express pluripotency and germ cell specific factors. In
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this critical step gamete progenitor cells show a highly similar (epi)
genetics pattern to embryonic stem cells. Several sequences of re-
markable events take place in this short period of time, make a globally
hypomethylated genome for PGCs with erased imprinting regions and
rearranged histone markers. This uncommon circumstance is ex-
clusively observed in PGCs and oocytes. Despite the considerable
amount of spatiotemporal gene expression, there are many unanswered
questions about this process. This state has exclusive transcriptional
and translational features that can be used as a model for study dark
sides of gene expression regulation in germ cell reprogramming.

One of the novel intriguing field is study of “immunologic home-
ostasis” in germ cells. Interestingly, the negative regulation of immune
response in germ cell development has been highlighted [1]. The notion
that immune response to exogenous nucleic acids is suppressed started
from competent nature of oocytes to accept sperm genome during fer-
tilization and have been surveyed recently [1].

Stella or Dppa3 (NM_139218) is a low molecular weight, nucleo-
cytoplasmic protein. Its expression begins at E7.0–E7.25 and continues
during the migrating phase of PGCs as well as in in vitro culture of GSCs
and SSCs [10]. Oct4 (NM_013633) is a master regulator of pluripotency.
It has been studied most extensively in ES cells and has crucial role in
evoking and maintaining pluripotency [20]. Nanos2 (NM_194064) is a
GSC inducer gene from RNA-binding protein family that promotes GSC
development.

To obtain insight into the mysterious interactive cooperation of
germ cell-specific factors, we evaluated the transcriptome of mouse
embryonic fibroblasts (MEFs) by concurrent overexpression of three
specific germ cell factors: Stella, Oct4 and Nanos2. We designed a
polycistronic gene cassette to overexpress these three GSC-specific
genes (Stella-Oct4-Nanos2, or “SON”, for their order in the expression
cassette) in mouse embryonic fibroblast (MEF) cells to investigate
whether this combination of factors is sufficient to induce differentiated
cells to a GSC-like state and to determine what transcriptome changes
accompany this reprogramming. Our RNA sequencing (RNA-seq) re-
sults indicate that many genes related to self-renewal and germ cell
programs are activated in MEF-SON cells. Surprisingly, innate immune
response genes with specific retrotransposon transcripts were among
the downregulated genes.

2. Material and methods

2.1. Mice

Pregnant BALB/c mice were purchased from Razi Institute of
Mashhad and kept in the animal facility at the faculty of Science of
Ferdowsi University of Mashhad. Animal ethics committees of Ferdowsi
university of Mashhad authorized the animal procedures described
here. All animal procedures, protocols and experiments were carried
out in accordance with the approved guidelines for care and use of
animals for research project.

2.2. Cell lines and culture conditions

For MEF cell preparation, E12.5–14.5 mouse embryos were dis-
sected in a 10-cm dish with 1X phosphate buffered saline (PBS Buffer).
After removing the brain, limbs, and internal organs, the embryos were
minced with a sterile razor blade and trypsinized for 10min at 37 °C.
The suspension was divided in several equal volumes and placed in 10-
cm dishes coated with 0.1% gelatin (Sigma-Aldrich, Germany). MEFs
were cultured in Dulbecco’s Modified Eagle Medium with 4.5 g/l glu-
cose (Gibco, Life Technologies, USA), supplemented with 10% heat-
inactivated fetal bovine serum (FBS), 1X penicillin/streptomycin, and
1X non-essential amino acids (all from Gibco) and incubated at 37 °C in
a humidified 5% CO2 atmosphere. All MEFs at passages 2 and 3 were
used for viral transduction. HEK293T (ATCC CRL-3216) and P19 (ATCC
CRL-1825) cells were obtained from the Pasteur Institute of Iran
(Tehran, Iran) and were cultured in Dulbecco’s Modified Eagle Medium
and a-MEM (Sigma-Aldrich, Munich, Germany) respectively, with 10%
heat- inactivated FBS.

2.3. Constructs

Our previously reported construct, FUM-FD [5], containing the
Stella, Oct4, Nanos2 genes in a translational fusion, was used as a
template of PCR for sub-cloning of the Stella-2A-Oct4-2A-Nanos2 (SON)
cassette. It was amplified by PCR with proofreading capable TaKaRa Ex
Taq DNA Polymerase (TaKaRa, Japan) and EcoRI-Stella (5′-AATATTA
CTGAA GAATTC ATGGAGGAACCATCAGAGAAAG-3′) and NotI-Nanos2
(5′-AATATATCTTAA GCGGCCGC CTATCGCTTGACTCTGCGACCAG-3′)
primers were used from the FUM-FD construct. The resulting PCR
fragment was cloned into the pCDH-513b lentiviral vector (System
Biosciences, Palo Alto, CA, USA) using the EcoRI-NotI sites as shown

Fig. 1. Polycistronic lentiviral vector expressing STELLA,
OCT4 and NANOS2 (SON). (A) Map of the polycistronic
lentivirus expressing 3 selected genes; hydrolyzing 2A
peptides separate genes in the construct. (B) Western
blotting of OCT4 shows appropriate cleavage of the gene
cassette. P19 and HEK293T cells are the positive and ne-
gative control, respectively. Whole-cell lysates were de-
rived from 1×107 cells per sample. (C) Florescent mi-
croscopy of MEFs transduced with SON lentivirus.
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(Fig. 1A) and confirmed by Sanger sequencing. Moreover, all of the
genes separately cloned by specific primers (Stella-F: AATATTAC
GAATTC ATGGAGGAACCATCAGAGAAAG, Stella-R: AATATATCT
GCGGCCGC CTAATTCTTCCCGATTTTCGC, Oct4-F: AATATTAC
GAATTC ATGGCTGGACACCTGGCTTCA, Oct4-R: AATATATCT GCGG
CCGC TCAGTTTGAATGCATGGGAGA, Nanos2-F: AATATTAC GAATTC
ATGGACCTACCGCCCTTTGAC , Nanos2-R: AATATATCT GCGGCCGC
TTATCGCTTGACTCTGCGACC) in the pCDH-513b vector and con-
firmed by sequencing.

2.4. Lentiviral particle production and transduction

A total of 21 µg of pCDH-SON or pCDH-513b (as a negative GFP
control) were transfected into HEK293T cells together with 21 μg
psPAX2, and 10 μg pMD2.G, (both kindly provided by the Trono lab;
http://tronolab.epfl.ch/) using the calcium phosphate method. After
16 h, the culture medium was replaced with fresh medium. Viral par-
ticles were harvested at 48, 72 and 96 h after transfection and were
then filtered through a 0.45-μm filter (Orange Scientific, Braine-
l’Alleud, Belgium), pelleted by ultracentrifugation at 28,000g for 1 h at
4 °C using an Ultracentrifuge XL-100 K (Beckman-Coulter, Indianapolis,
IN, USA), re-suspended in fresh medium, and stored at -70 °C until use.
The titration of viruses was determined using a qPCR Lentivirus
Titration Kit (Applied Biological Materials, Richmond, Canada). One
day before transduction, 150,000 mouse embryonic fibroblasts (MEFs)
were seeded into each well of a 6-well plate and transduced with a
multiplicity of infection (MOI) of approximately 8. At 48 h post trans-
duction the cell were selected with 2 μg/ml puromycin (Invitrogen, CA,
USA) for 72 h.

2.5. Quantitative real-time RT-PCR (qRT-PCR)

Total RNA was extracted 14 and 21 days after transduction using
Tripure reagent (Roche, Mannheim, Germany). DNase I (Thermo Fisher
Scientific, Carlsbad, CA, USA) treatment was used to eliminate DNA
contamination. First strand cDNA synthesis was performed using M-
MuLV Reverse Transcriptase (Thermo Fisher Scientific). qRT-PCR re-
actions were performed with gene-specific primers (Microgene, Seoul,
Republic of Korea; (See S2)) and SYBR Green (Parstous Biotechnology,
Mashhad, Iran) using a CFX-96 machine (Bio-Rad, Hercules, CA, USA).
The qRT–PCR expression levels were normalized to the expression of
the housekeeping genes hypoxanthine–guanine phosphoribosyl-
transferase (Hprt) and β2-microglobulin using the delta-delta Ct method.

2.6. Western blot

HEK293T and P19 cells at 80% confluency in 10-cm plates were
lysed in lysis buffer (20mM Tris HCl, 150mM NaCl, 5 mM MgCl2,
Triton X-100 (1%) and glycerol 10%), separated by 10% SDS-PAGE gel
and transferred to a nitrocellulose membrane (N7892, Sigma-Aldrich,
St. Louis, MO, USA). Anti-OCT4 (sc-5279, 1:400, Santa Cruz), Anti-
OAS2 (ab197655, 1:200, abcam), β-actin (ab25894, 1:5000, abcam),
Anti-γ-Tubulin (T5326, 1:2000, Sigma), anti-mouse IgG peroxidase
(A9044, 1:80,000, Sigma-Aldrich), anti-rabbit IgG Peroxidase (A0545,
1:20,000, Sigma-Aldrich). A goat anti-mouse-HRP kit (170-6464, Bio-
Rad) was used to detect HRP activity on a chemiluminescence detector
system (G Box, Syngene, Cambridge).

2.7. Public mouse Nanos2 dataset analysis

The public mRNA profiling dataset GSE37720, obtained from XX
and XY gonads of E12.5–15.5 mouse embryos [27] was analyzed to
identify genes with a significant expression correlation with Nanos2.

2.8. RNA-seq, mapping and normalization

Sequencing libraries were generated from 1 µg RNA samples with
the TruSeq mRNA kit v2 (Illumina, San Diego, CA, US). The size and
concentration of the sequencing libraries were determined with DNA-
chip 1000 and Bioanalyser 2100 (Agilent, Santa Clara, CA, USA). Four
multiplexed samples (with an adjusted concentration of 8 pM) were
loaded on one sequencing lane. Paired-end reads (2×50 nucleotides)
were obtained using SBS v3 kits on a Hiseq1000 (Illumina). Cluster
detection and base calling were performed using RTA v1.13, and read
quality was assessed with CASAVA v1.8.1 (both from Illumina), re-
sulting in at least 50M reads per sample. The reads were mapped
against the mouse genome (Version UCSC mm10, Dec. 2011, Genome
Reference Consortium m38) using TopHat v2.0.11 (Center for
Computational Biology, Johns Hopkins University, Baltimore, MD,
USA) with the options “-r 180 -mate-std-dev 80 -b2-sensitive -no-novel-
juncs -no-coverage-search -a 5 -p 10 -library-type fr-unstranded”, and
known exon junctions (Ensembl release 75). Gene expression of each
gene was determined with HTSeq v0.5.3p3 (Genome Biology, EMBL,
Heidelberg, Germany) by counting the number of reads overlapping
with the annotation location (Release 75, Mar. 2014, Ensembl, EMBL-
EBI, Cambridge, UK). Differential expression was calculated using the R
package DESeq2 from Bioconductor (https://bioconductor.org). Genes
with 2-fold-change (+/−) and FDR-adjusted p < 0.05 were con-
sidered significantly differentially expressed.

2.9. Gene network analysis

Mouse ENSEMBL gene numbers (ENSMUG….…) were converted to
Mouse NCBI Gene numbers using ENSEMBL (http://www.ensembl.
org), and verified with the Mouse Genome Informatics Database
(http://www.informatics.jax.org/). Human NCBI GeneID numbers were
deduced using the NCBI Homologene, Ortholog, and UniGene (http://
www.ncbi.nlm.nih.gov/gene/) [NCBI Resource Coordinators, 2016],
and OrthoDB (http://orthodb.org/) resources. If these resources did not
yield unanimous results, the longest RefSeq protein sequence from the
mouse NCBI GeneID was used in a protein BLAST search against the
human protein database (http://blast.ncbi.nlm.nih.gov/Blast.cgi)
[NCBI Resource Coordinators, 2016]. The highest scoring human pro-
tein RefSeq, with a minimum score of 70% homology over the full
protein length, was used to finalize deduction of the human gene
homolog. Gene interaction networks were identified using Ingenuity
Pathway Analysis (http://www.ingenuity.com/products/ipa) on the
full list of 596 regulated genes using standard settings. Network of
significantly misregulated genes generated by NetworkAnalyst (http://
www.networkanalyst.ca) as a default setting. Using Gene Set
Enrichment Analysis (GSEA) association of gene sets expression and
phenotypes have been assessed. We used Molecular Signatures
Database (MSigDB) as input pre-defined gene sets in our study. The
dataset has 39,179 native features after collapsing features into gene
symbols, there are: 18,120 genes. Gene set size filters (min= 15,
max=500) resulted in filtering out 1091/4436 gene sets. The re-
maining 3345 gene sets were used in the analysis.

2.10. ERV and repeat transposon expression analysis

The reads were mapped to the mouse genome (Version UCSC
mm10) using STAR 2.4.0j (Cold Spring Harbor Laboratory, Cold Spring
Harbor, NY, USA) with the options “outFilterMultimapNmax 1, keeping
only uniquely mapping reads, allowing for up to 3 mismatches per
read”. ERV expression was quantified using featureCounts (the subread
package) with RepBase v16.08 (http://www.girinst.org/repbase). We
used in-house R scripts for searching ERVs and repeat coordinates in
3 kb upstream, around the transcription start sites, in the gene bodies
and around termination sites of all genes.
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2.11. DNA conservation analysis and qRT-PCR of Ifter LncRNA

Analyses of evolutionary conserved regions between mouse human
and monkey was performed using UCSC and ECR genome browsers
(http://ecrbrowser.dcode.org) with default setting. We designed spe-
cific primers (F: 5′- CCCCCAGGCGAGGTTTTTATTAGG-3′, R: 5′- GTG
TGCTCCATGCCATCCCTTTG-3′) for a 149 bp region upstream of Ifitm1
promoter (Ifter) mm10, chr7:140966925-140967073.

2.12. Statistical analysis

Statistical analysis was performed using the SPSS 19.0 statistical
package (SPSS, Chicago, IL, USA). The normality of distribution was
assessed using the Kolmogorov – Smirnov test, and passed. Descriptive
statistics including mean ± standard deviation were considered for
normally distributed variables. One-Sample T test was used to compare
the log2FC of qRT-PCR results. A p value of less than 0.05 was con-
sidered statistically significant.

2.13. Accession number

RNA-seq data were deposited in the Gene Expression Omnibus
(GEO) database at the NCBI under accession number GSE77351.

3. Results

3.1. Functionality of the SON expression cassette

We investigated whether co-expression of the Stella, Oct4 and
Nanos2 genes in MEF cells was sufficient to push these differentiated
cells to a GS cell-like state. We designed a lentiviral expression con-
struct in which the three genes were present as a translational fusion,
separated by 2A protein cleavage sites (Fig. 1A). MEF cells were suc-
cessfully transduced with the lentivirus, expressing the SON cassette
and GFP (Fig. 1C). To determine 2A site cleavage activity, we analyzed
the expression of the OCT4 protein, the middle gene in the fusion, by
Western blot (Fig. 1B). The OCT4 protein in the MEF transducted was
similar in size to the endogenous OCT4 protein in P19 embryonal car-
cinoma cells, demonstrating that both 2A sites are efficiently cleaved.
We propose that this result shows appropriate cleavage for the other
two genes in the SON cassette. No deleterious effect of SON or GFP gene
expression on the proliferation of MEF cells was detected.

3.2. MEFs with SON expression showed partial germ cell reprogramming

To investigate novel gene programs in MEF cells upon SON ex-
pression, we evaluated several pluripotency and germ cell-specific
markers two weeks after transduction. We selected 14 genes, related to
self-renewal and germ cell stemness, and determined their expression

levels using qRT-PCR in five biological replicates (Fig. 2). Significant
overexpression of the SON genes, as well as Dmrtc1b, Dnmt3l, Esrrb,
Nanog, Prdm14 and Tex19.2 was observed. These results strongly sug-
gest that expression of the SON genes causes partial reprogramming of
the MEF cells to a germ cell-like state. To further delineate the differ-
entiation or stemness programs in the MEF-SON cells, we analyzed their
transcriptomes using RNA-seq.

3.3. RNA-seq of MEF-SON cells revealed down-regulation of innate immune
response genes

To study the gene expression program induced by the expression of
Nanos2, Oct4, and Stella, we performed RNA-seq on total RNA from two
biological replicates of MEF-GFP and MEF-SON cells. We generated
58–80 million reads for each sample. About 596 genes were found to be
differentially expressed between MEF-GFP and MEF-SON cells
(p < 0.05), and 501 genes showed an expression fold change > 2
(Fig. 3A) (see S1). Many of the upregulated genes are involved in
neurogenesis, cell proliferation, cell motion, and blood vessel devel-
opment (Fig. 3B and C). In agreement with the qRT-PCR results in
(Fig. 2, RNA-seq showed overexpression of Stella, Oct4 and Nanos2. The
downregulated genes included genes with a role in chondroitin sulfate
metabolism, cell proliferation, cytokine production, and intriguingly
the innate virus immune response. To decipher our RNA-seq data in a
network-based manner and obtain an overall view of innate immunity
gene expression, we used NetworkAnalyst [28] as its default options.
We found that the most significant, largest sub-network contained 916
genes (called nodes), 1129 gene connections (called edges) and 176
most differentially expressed genes (called seed genes). Networks con-
taining overexpressed genes, as depicted in (Fig. 4A), could be seen
near Oct4. Nanos2 was not apparent as a direct hub gene in this net-
work, which could be caused by the fact that it is an RNA-binding
protein that regulates target mRNA translation but is not involved in
transcriptional regulation. A gene ontology analysis revealed that ∼60
genes related to immune response, viral infection, innate immunity and
infection response were downregulated in MEF-SON cells compared to
MEF-GFP cells (Fig. 4B). To confirm the data from RNA-seq analysis, we
checked expression of a selected panel of genes with qRT-PCR (Fig. 4C).

As indicated in supplementary data (S1) the vast majority of
downregulated innate immune response genes are involved in the in-
terferon response pathway. Moreover, GSEA analysis showed the most
prominent pathways are included in interferon response type I, antigen
processing and presentation via MHC class I, RNA pol II promoter re-
sponse, chemokine-mediated signaling and viral genome replication
(S5, S6).

As indicated in supplementary data (S1) the vast majority of
downregulated innate immune response genes are involved in the in-
terferon response pathway. Moreover, GSEA analysis showed the most
prominent pathways are included in interferon response type I, antigen

Fig. 2. The expression of germ cell-specific genes in MEF-SON cells 14 days after transduction. Dynamic expression of germ cell and pluripotency transcription factor genes quantified by
qRT-PCR two weeks following transduction (n= 5). Error bar correspond are mean ± SD. One star represents p < 0.05, two stars represent p < 0.01 and three stars represent
p < 0.001.
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processing and presentation via MHC class I, RNA pol II promoter re-
sponse, chemokine-mediated signaling and viral genome replication
(S5, S6).

According to transcriptome analysis we selected three of RNAi-
mediated response genes for further analysis. Oasl2, Oaslg and Oas2
have an important role in the dsRNA response machinery through 2′-5′
oligoadenylate synthase. To understand the regulatory phase of dsRNA
response pathway, we used OAS2 as a model and evaluated its ex-
pression at the protein level using western blotting. Interestingly we
found that our cells have a low expression of OAS2 at the protein level
(Fig. 4D). Due to significant suppression of Oas2 mRNA, we may con-
clude that SON factors have targeted Oas2 gene transcriptionally. In
addition, Isg15, Irf7, Usp18, Ube2l6, Ifitm1 and Ifitm3 are important
interferon response genes that were significantly downregulated in our
study. Moreover, several MHC class I including H2-D1, H2-Q4, H2-T22,
H2-T24, H2-K1 and H2-T10 were among the suppressed genes.

Due to both MEF-SON cells and MEF-GFP control cells were trans-
duced with the lentivirus at the same multiplicity of infection, it is
unlikely that the immunoregulatory expression patterns were caused by
the lentiviral infection. In contrast, it seems more plausible that these
genes were downregulated as a result of SON gene expression. We
tracked the expression levels of immune response genes presented in
other studies by differential meta-analysis of public RNA-seq data. A
comparison of the male E16.5 PGC transcriptome [22] (data obtained
from European Nucleotide Archive; accession number ERP001953)
with our data showed similar downregulation of Ifitm1 and Ifitm3 and
overexpression of Nanos2 Fig. 5). We also checked GSE61808 [29] data
set and found that Nanos2 overexpressing embryo (cOE GSCs) have
suppressed Ifitm1 and Oasl2 expression. To extend our findings on the
SON downstream transcriptome, we evaluated the genome-wide ex-
pression of transposons and endogenous retrovirus elements (ERVs) in
our RNA-seq data.

3.4. Individual expression analysis of Stella, Oct4 and Nanos2

To separate the effects of SON genes on cell immunity, we in-
dividually trasducted MEFs with Stella, Oct4 and Nanos2 expressing
lentiviral vectors. As shown in Fig. 4E, Nanos2 significantly suppressed
Isg15 and Oasl2 genes ∼7 days after transduction. In addition, Oct4
overexpression could downregulate Ifitm1 gene expression, moderately.

3.5. Expression profiling of ERVs

To further understand the consequences of the innate immune re-
sponse suppression, we performed a genome-wide survey of transposon
transcripts (see S3). Surprisingly, an overall decreased expression of
ERVs in MEF-SON cells was detected (Fig. 6A). Significant down reg-
ulation was observed for the MMVL30-int, RLTR13D5, RLTR19-int,
LTR10-RN and MamGypLTR1c families (Fig. 6B).

3.6. Suppressed genes with local neighborhood ERVs

To examine the distribution of transposons around our misregulated
gene set, we categorized the localization of all transposons and ERVs in
4 categories: 3 kb upstream of (host) gene transcription start sites (TSS),
overlapping with TSS, within the gene and overlapping with the gene
end (see S4). We determined the expression of all 4 categories for each
host gene. The regression analysis (Fig. 7A) shows a linear positive
correlation between the expression level of each host gene and its
transposons. Moreover, categorizing all ERVs with significant expres-
sion (p value < 0.05) showed the scattering of silenced ERVs near
suppressed immunity genes (Fig. 7B,C). The pattern of localization with
the presence of non-exonic fragments in RNA-seq data increase the
probability that transposon elements in suppressed regions tend to have
functional roles in the regulation of host genes. We showed that the vast
majority of transposon reads mapped to upstream regions or intronic 3′
UTRs. In contrast, silenced genes such as Ifitm1 and H2-T10 share
transcription start sites with neighboring transposons. Among the sup-
pressed genes were Ifitm1, Oas1g, Oasl2, and H2-T10, which contain the
downregulated transposons MT2A, MTD-int, RTLR17B and RLTR34D,
respectively (Fig. 7D). A gene ontology analysis showed that the innate
immune response, especially the dsRNA response, was the most im-
portant downregulated pathway containing genes with inactivated
nested transposons. Meanwhile, PANTHER overrepresentation test [15]
(release 20160321) for all downregulated genes with suppressed
transposons showed significant (Bonferroni correction) enriched for the
presence of 2′-5′-oligoadenylate synthetase activity (GO:0001730).

3.7. A Proposed lncRNA expression from Ifitm1 promoter

Inspection of Ifitm1 promoter regions shows a considerable amount
of reads from our RNA-seq experiments (Fig. 8A), we found conserved
regions between mouse, human and monkey (Fig. 8B). These findings

Fig. 3. RNA-seq analysis of MEF-SON at 21 days after transduction. (A) MA Plot of MEF-SON vs. MEF-GFP cells 21 days after transduction. The plots were obtained using DESeq2 package,
where the Y-axis represents the intensity ratio log2 (fold change), and the X-axis represents the average base mean of each genes. Genes with statistically significant changes were
indicated with red dots. (B) Heat map of differentially expressed genes (blue, low; red, high). (C) Numbers of misregulated genes related to their gene ontological category represents here,
immune response genes (n= 57) are the most important suppressed genes. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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raised the possibility of expression a novel lncRNA from Ifitm1 up-
stream promoter (so we called it Ifter). Designing specific primers to
amplify a fragment from this region and qRT-PCR experiment (Fig. 8C)
lead us to a new suppressed locus that may be candidate as a regulatory
element.

4. Discussion

In this study we evaluate the cooperative effects of 3 germ cell
specific factor on mouse embryonic fibroblast by whole transcriptome
analysis and our qRT-PCR gene expression analysis highlighted the role

of Nanos2 as a novel immunosuppressive agent. NANOS family are
highly evolutionary conserved from Hydra [16] to human. During GSC
development, NANOS2 maintains the male germ cell state by inhibiting
meiosis [24]. NANOS2 remains expressed in adult (mouse) spermato-
gonia. Anti-apoptotic and anti-differentiation roles of NANOS proteins
occur via their cooperation with the CCR4-NOT de-adenylation com-
plex [23] and via the targeted degradation of specific mRNAs in the P
bodies of male gonocytes. In addition, ribonucleoprotein (RNP)-medi-
ated gene silencing mechanisms are recruited by NANOS2 and block
differentiating-related transcripts to ensure efficient GSC reprogram-
ming.

Fig. 4. Gene expression network: Oct4 as the central hub and downregulated immune response genes. (A) Network of significantly misregulated genes generated with NetworkAnalyst.
Red nodes represent up-regulated genes, green nodes represent downregulated genes; three overexpressed factors Stella, Oct4 and Nanos2 are shown with bigger red dots. Viral defense
genes are shown as blue dots. (B) Network of interaction of downregulated genes was constructed by Ingenuity Pathway Analysis (IPA) software. Red and green shaded protein symbols
indicate up- and downregulated genes, respectively. Proteins not significantly dysregulated are shown as black. Solid lines indicate direct relationship and dashed lines are indirect
connections via other proteins. (C) Suppressed candidate genes in MEF-SON verified by qRT-PCR. Expression levels were normalized to b2-microglobulin and Hprt genes and are shown
relative to MEF-GFP with the mean ± SD values of three biological replicates. (D) Western blotting for OAS2 shows a weak expression of this gene at protein level. (E). qRT-PCR of
overexpreesing of each factor on MEF cells. Nanos2 overexpressing showed significant suppression of Isg15 and Oasl2. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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A notable finding in our study is suppression of a considerable set of
immune response genes in SON and Nanos2 overexpressing MEFs. This
is an intriguing issue that opens new questions applying germ cell
factors as novel immunosuppressive agents. In line with our results, it
has been delineated that immature germ cells are devoid of antiviral 2′-
5′oligoadenylate synthetase (2′-5′AS) expression [14] and the

interferon response. In a recent research highlight, different possibi-
lities of interferon suppression in embryonic stem cells has been dis-
cussed [12]. Maillard et al. showed that in absence of interferon re-
sponse differentiated cell could efficiently degrade long dsRNA to
effective siRNAs [13]. Meanwhile, previous studies have shown that
mammalian cell express endogenous double-stranded RNAs (endo-

Fig. 5. Meta data shows that Ifitm1 and Ifitm3 are common suppressed genes in male E16.5 gonocytes and MEF-SON cells. Scatter plot illustrating log2 fold change in MEF-SON/MEF-GFP
(X axis) vs. log2 fold change E.16.5/E11.5 (Y axis). Red and green dots represent genes that were determined to be induced and repressed, respectively. Nanos2 in the upper right panel is
common overexpressed gene and in the lower left panel Ifitm1 and Ifitm3 is shown with bigger green circles among other suppressed genes. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Expression profiling of repeated sequence and transposons shows a decreasing trend. Volcano plot represents up- and down-regulated ERVs as measured by RNA-seq, red dots
indicate significantly misregulated ERVs between MEF-SON vs. MEF-GFP (fold change> 2 and p-value< 0.05). (A) Each dot represents statistics of the average expressions of entire
subfamily members. (B) Each element with only unique hits in the reference genome represents here. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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siRNAs) from natural intergenic transcripts with regulatory roles on
mRNA stability and translation [18]. In addition, pervasive expression
of dsRNA transcripts has been observed in mammalian oocytes [25] and
prevalent expression of large dsRNAs from intronic regions or UTRs,
which restrict retrotransposon activity, has been identified in different
cell types. Taken together, we could speculate that suppression of in-
nate immunity pave the way for stem cells to express high amount of
dsRNA and consequently regulation of many transcripts including ret-
rotransposons.

In our study, we showed the suppression of dsRNA response genes
including Oas1g, Oasl2, and Oas2, and interferon response genes such as
Isg15, Ifitm1, Ifitm2 and Ifitm3. We assessed Oas2 gene as a model, low
amount of OAS2 protein in western blot analysis and low reads over the
gene in RNA-seq data may indicate suppression of transcription ma-
chinery over this gene. Although it seems that a vast majority of factors
may collaborate to suppress immune response genes at chromatin level
but one possibility might be RNA-induced transcriptional silencing
(RITS) [9] and it would be interesting the similarity of RITS and in-
terferon suppression in applying H3K9me2 histone marks [4]. Intrigu-
ingly, while ectopic expression of Stella, Oct4 and Nanos2 leads to si-
lencing of immune response genes and retrotransposon suppression but
the open question is how these genes promote immunocompromised
situation and it's necessity for germ cells.

Furthermore, in current study we detected a deregulation of ERVs
and transposon transcripts, this is in agreement with other studies
showing transposon derepression in Stella-deficient PGCs [17]. OCT4, a
critical pluripotency transcription factor, binds directly to some ERV
regulatory sequences and can activate specific retrotransposons, such as
the 5′ LTR of HERV-H [21] and LTR5HS of HERV-K [6] in human ES
cells. ChIP-seq assays have showed that approximately 7% of the OCT4
binding sites in mouse ES cells consist of transposable elements [11],
implying the transcriptional deregulation of specific ERV sequences by
OCT4.

In line with aforementioned data, our results showed down-
regulation of RLTR6_Mm (VL30) retrotransposons. This ERV family can
induce an interferon response and has regulatory effects on neighboring
genes [8]. The suppression of a MMVL30 element upstream of Oasl2
gene or MTD-int in intronic region of Oas1g (Fig. 7D), may suggest a
role for ERVs in the transcriptional control of dsRNA response genes. It
has been shown that MMVL30 is suppressed by ZFP809 [26] and
emerge a question about probable role of ZFP809 in MMVL30 silencing
in SON-overexpressed MEFs. It is also noteworthy that genes with ERV
common start sites such as Ifitm1 and H2-T10 and their respective si-
lenced ERVs, MT2A and RLTR34D are plausible loci with transposon
gene switches (Fig. 7C).

Taken together, we can offer 2 possible scenarios for immune

Fig. 7. Significant correlation between the expressions of transposons and neighboring genes. (A) Scatter plots of logarithmic fold changes values of genes and their retrotransposons, the
coefficient of determination (R2) is 0.19. Overrepresentation of suppressed dsRNA sensors and interferon signaling with neighbor ERVs (Bonferroni P < 0.005) is seen in the left bottom
panel. Each data point is colored according to location of ERVs nested to genes. Harbored ERVs in the each gene indicated in the parenthesis (B) Scatter plots showing all genes with
significant harbored ERVs (P value < 0.05) (C) Expression of all genes with overlapped ERVs in their transcription start sites (TSS), H2-T10 and Ifitm1 are among downregulted genes
with have common ERVs in their TSSs (D) UCSC genome screenshots of the decayed and active transposons in selected genes are depicted with highlighted blue lines. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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response downregulation in MEF-SON cells (Fig. 9) with attention to
rearrangement in the portrait of protein-RNA interactions following
NANOS2 overexpression and activation of specific pluripotency net-
works through chromatin reorganizing by OCT4 and STELLA.

1. NANOS2 as an immune suppressive gene. The NANOS proteins in-
hibit mRNA translation, and forced expression of Nanos2 can inhibit
meiosis and induce initiation of the male germ cell program [24]. It
has been reported that NANOS2 can act as an immune suppressive
agent by sequestering the mTORC1 protein complex in ribonucleo-
proteins [29]. As the TORC complex is the central coordinator of cell
metabolism and the immune response [19], immune depletion
might be correlated to NANOS2 expression. A different study
showed that suppression of one CCR4-NOT interacting subunit,
Cnot7, could increase interferon response genes such as Ifitm1,
Isg15, Oas1, Oas2, Oas3 and Ube2l6 [2]. Interestingly, this result
agrees with our suppressed gene list, although we could not detect

any significant changes. However, its indirect relationship to
NANOS2 could raise the possibility of the CCR4-NOT- NANOS2 axis
in suppression of the innate immune response. We did not show any
evidence for scavenging effects of NANOS2 on transposon tran-
scripts, but the degradation of transposon RNAs may restrict their
downstream effects.

2. Cooperative roles of OCT4 and STELLA. These self-renewal tran-
scription factors could bind DNA and recruit other elements to ac-
tivate other self-renewal genes and suppress immune response fac-
tors. The probable role of STELLA is through binding to H3K9me2-
enriched regions. H3K9me2 is a regulatory marker of interferon
response genes [4], and removal of epigenetic memory makes fi-
broblasts highly responsive to interferon inducing agents.

5. Conclusion

It has been reported that human cells could adopt retroviral

Fig. 8. Proposed a novel long non-coding RNA from Ifitm1 promoter. (A) UCSC snapshot presence of reads in promoter region of Ifitm1. Highlighted line shows region amplified and
evaluated in qRT-PCR. (B) ECR bowser shows conserved region upstream of expressed locus in mouse human and monkey. (C) qRT-PCR experiment confirmed suppression of RNAs from
Ifitm1 promoter (Ifter) in MEF-SON.
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elements for regulation of immune response and inflammation [3]. This
evidence makes the impact of transposons on germ cell immune sup-
pression and genome surveillance more plausible. We speculate that the
suppression of the innate immunity provides a permissive state for the
expression of endogenous dsRNAs such as cis- or trans-natural antisense
transcripts (NATs).

This study revealed the cooperative effects of three germ cell-spe-
cific genes in the induction of an immunocompromised state by ex-
pression of three germ cell-specific genes and sheds some light on the
probable gene networks involved in such process. We demonstrate
NANOS2 is a critical factor in downregulation of innate immune re-
sponse genes and it might be hypothesized that the consequences of this
immune suppression influence germ cell development. The innate im-
mune response and transposon regulation in the PGC genome are in-
triguing fields for further studies; we suggest that the generation of cells
with an impaired interferon system, knocked-out dsRNA processing
enzymes or RNA-editing machinery will be helpful in further

understanding of germ cell reprogramming.
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