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Somatic cells could be directly converted into induced neural stem cells (iNSCs) by ectopic expression of defined
transcription factors. However, the underlying mechanism of direct lineage transition into iNSCs is largely
unknown. In this study, we examined the effect of genetic background on the direct conversion process into
an iNSC state. The iNSCs from two different mouse strains exhibited the distinct efficiency of lineage conversion
as well as clonal expansion. Furthermore, the expression levels of endogenous NSC markers, silencing of
transgenes, and in vitro differentiation potential were also different between iNSC lines from different strains.
Therefore, our data suggest that the genetic background of starting cells influences the conversion efficiency as
well as reprogramming status of directly converted iNSCs.

© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Recent studies in the stem cell field have demonstrated that cell fate
transition could be achieved by introducing lineage-specific transcrip-
tion factors with appropriate extrinsic signals. The ectopic expression
of Oct4, Sox2, KlIf4, and c-Myc with distinct culture conditions could
induce either an embryonic stem cell- (Takahashi and Yamanaka,
2006) or epiblast stem cell-like state (Han et al., 2011) on somatic
cells. Moreover, the different combinations of cell type specific tran-
scription factors could directly convert the somatic cells not only into
distinct somatic cell types such as dopaminergic neurons, endothelial
cells, cardiomyocytes, embryonic sertoli-like cells, motor neurons, and
hepatocytes (Buganim et al., 2012; Caiazzo et al., 2011; Huang et al.,
2011; leda et al., 2010; Margariti et al., 2012; Sekiya and Suzuki, 2011;

Abbreviations: iNSCs, induced neural stem cells; iPSCs, induced pluripotent stem cells;
iEpiSCs, induced epiblast stem cells; MEFs, mouse embryonic fibroblasts; qPCR,
quantitative polymerase chain reaction; cNSCs, control neural stem cells.
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Son et al., 2011) but also the self-renewing somatic stem cells or pro-
genitor cells including definitive endoderm-like cells, neural crest
cells, neuroepithelial progenitors, cardiac progenitors, and hepatic
stem cells (Li et al.,, 2014; Kim et al., 2014a; Lu et al., 2013; Efe et al,,
2011; Yu et al,, 2013).

Although previous studies have developed a variety of technologies
to directly convert somatic cells into distinct cell types, the conversion
efficiency into the target cell types is very low. Therefore, to facilitate
the cell fate transition into distinct cellular identities and also to under-
stand the underlying mechanisms of lineage transition, many previous
studies screened factors boosting or inhibiting cell fate transition, such
as epigenetic modifiers, chromatic remodeling complexes, microenvi-
ronments, additional transcription factors, non-transcription factors,
and genetic backgrounds. First, the early chemical screening studies
revealed the inhibitory factors including histone methyltransferases,
DNA methyltransferases, and histone deacetylases whose inhibition by
small molecules could improve the reprogramming efficiency into
iPSCs (Shi et al., 2008; Mikkelsen et al., 2008; Huangfu et al., 2008).
Second, the boosting effects of chromatin remodeling complexes, DNA
hydroxylase and its associated factor, and even basic transcription
machinery have been also well documented throughout previous
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reprogramming studies (dos Santos et al.,, 2014; Singhal et al., 2010; Gao
et al., 2013; Doege et al., 2012; Pijnappel et al., 2013). Third, the effects
of microenvironment such as hypoxia condition, soluble factors
including Vitamin C, and the metabolic switch from the somatic state
into the pluripotent state were also carefully investigated during the
iPSC generation (Yoshida et al., 2009; Esteban et al., 2010; Mathieu
et al.,, 2014). Fourth, the additional transcription factors and also non-
transcription factors even including microRNAs in combination with
Oct4, Sox2, KIf4, and c-Myc also displayed a positive effect on the induc-
tion of pluripotency (Buganim et al,, 2014; Han et al., 2010; Hanna et al.,
2008; Maekawa et al., 2011; Redmer et al., 2011; Subramanyam et al.,
2011). Finally, the genetic background could also influence the induc-
tion and maintenance of pluripotency (Schnabel et al., 2012; Hanna
et al., 2009). However, the effects of the above-mentioned additional
genetic and epigenetic factors on the direct conversion into distinct
somatic cell fates are largely unknown.

We have previously shown that the ectopic expression of Brn4/
Pou3f4, Sox2, KIf4 and c-Myc (BSKM) could enable the direct conversion
of mouse embryonic fibroblasts (MEFs) into a neural stem cell (NSC)-
like state, namely induced NSCs (iNSCs) (Han et al., 2012; Kim et al.,
2014b). The directly converted iNSCs closely resemble control NSCs
from brain-tissue in terms of the gene expression pattern, epigenetic
status, self-renewal capacity and their in vitro and in vivo differentiation
potential (Han et al,, 2012; Kim et al., 2014b). Furthermore, iNSCs exhib-
ited the therapeutic potential after transplantation into disease model
without forming tumor up to 6 months (Hong et al., 2014; Hemmer
et al., 2014), suggesting the potential clinical application of iNSCs in
neuronal diseases. However, our previous studies demonstrated the
iNSC generation only using MEFs from the C3H mouse strain back-
ground (Han et al.,, 2012; Kim et al., 2014b).

In the current study, we compared two different genetic back-
grounds on the induction and maintenance of multipotency by generat-
ing clonal iNSC lines from two distinct mouse strains (C57BL/6 vs. C3H).
Clonal iNSC lines from distinct genetic backgrounds exhibited the
distinct levels of conversion efficiency, endogenous NSC markers, trans-
gene expression, and in vitro differentiation although iNSC lines from
both strains shared typical features of NSCs such as morphology, gene
expression pattern, and epigenetic status, indicating that the genetic
backgrounds influence the cell fate transition into an iNSC state. In addi-
tion, the comparative analysis of clonal iNSC lines could serve as a
platform for screening the most suitable and functional iNSC line for
clinical translation of direct conversion technology.

2. Materials and methods
2.1. Cell culture

Mouse embryonic fibroblasts (MEFs) were isolated from C57BL/6
and C3H mouse strains on E13.5 after carefully removing the head,
spinal cord, and all the internal organs. MEFs were maintained in
DMEM (Biowest) containing 10% fetal bovine serum (FBS) (Biowest),
1x MEM/NEAA (Gibco), and 1x penicillin/streptomycin/glutamine
(Invitrogen). Both NSCs and iNSCs were maintained in neural stem
cell medium (NSM): DMEM/F-12 (Gibco) containing, 1x B27 supple-
ments (Gibco), 1x penicillin/streptomycin/glutamine (Invitrogen),
0.05% BSA fraction V (Invitrogen), 10 ng/ml of basic fibroblast growth
factor (bFGF) (Peprotech), and 10 ng/ml of epidermal growth factor
(EGF) (Peprotech).

2.2. Retrovirus production

The retroviral particles were produced by transfection of pMXs
vectors into Platinum E cells (Plat-E cells, Cell Biolabs). Briefly, 9 pg of
pMXs vectors was transfected into the Plat-E cells using 27 pl of FuGENE
6 transfection reagent (Promega). After 48 h, the supernatants

containing viral particles were carefully collected and filtered through
a 0.22-um syringe filter (Minisart).

2.3. Generation of iNSCs

For generating iNSCs, 5 x 10* MEFs were plated onto gelatin-coated
35 mm cell culture dish. Next day, MEFs were transduced with retroviral
particles encoding BSKM and cultured as previously described (Han
etal, 2012; Kim et al., 2014b). Briefly, the transduced MEFs were main-
tained in NSM, which was replaced with fresh medium every other day
until the initial clusters were observed. Once the initial clusters become
mature, whole cells were split in a 1:1 ratio for the iNSC expansion.

24. Establishment of clonal iNSC lines

For establishment of clonal iNSC lines, FACS-mediated single cell
sorting was performed at 6 weeks after viral transduction. The
iNSCs were carefully dissociated with Trypsin/EDTA (Gibco), and
collected with DMEM (Biowest) containing 10% FBS, and then
washed with PBS (Biowest). The cells were incubated with FITC-
conjugated SSEA1 antibody (Santa Cruz Biotechnology, 1:10) for
15 min at room temperature. The SSEA1-positive single cells were
sorted using BD FACSAria™ (BD Biosciences) and plated onto
laminin/poly-p-lysine-coated 96-well plates. To measure the cell
survival, the expanded colonies were counted 10 days after sorting.
Three clonal iNSC lines from each strain were expanded and main-
tained for comparative analysis.

2.5. RT-PCR and qPCR

Total RNA was isolated from samples by using the Hybrid-R™ RNA
isolation kit (GeneAll) according to the manufacturer's protocol. 1 pg
of isolated RNA was converted to complementary DNA (cDNA)
using the High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems). RT-PCR was performed using the GoTag green master
mix (Promega). qPCR was performed using SYBR green PCR Master
Mix (Applied Biosystems) on the ABI 7500 real-time PCR system
(Applied Biosystems). ACt values were calculated by subtracting
Gapdh Ct value from that of each target genes. Relative expression levels
were calculated by using 2744t methods. The primer sets used are
listed in Supplementary Table S1.

2.6. Bisulfite sequencing

To investigate the DNA methylation status in clonal iNSC lines, bisul-
fite sequencing was performed using EpiTect Bisulfite Kit (QIAGEN). All
unmethylated cytosine residues in genomic DNA were converted into
uracil residues upon sodium bisulfite treatment. SuperTaq polymerase
(Ambion) was used for PCR amplifications. For nested PCR, 3 pl of the
product from the first round of PCR was used as a template for second
round PCR. The amplified products were extracted after electrophoresis
on 1% agarose gels and subcloned into the pCR2.1®-TOPO® TA vector
(Invitrogen) according to the manufacturer's protocol. The QIAprep
Spin Miniprep Kit (QIAGEN) was used to purify the subcloned plasmids.
Individual clones were sequenced (Macrogen, Korea) and analyzed
using QUMA software (http://quma.cdb.riken.jp). The primer sets
used are listed in Supplementary Table S2.

2.7. Immunocytochemistry

The cells were fixed with 4% paraformaldehyde (Chemcruz) for
30 min at room temperature, and then washed 3 times with PBS
(Biowest). After washing, the fixed cells were then permeabilized and
blocked with PBS containing 0.03% Triton X-100 (Sigma Aldrich) and
5% FBS (Biowest) for 1 h at room temperature. The following primary
antibodies were used: mouse anti-NESTIN (Millipore, 1:200), goat
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anti-SOX2 (Santa Cruz Biotechnology, 1:200), rabbit anti-OLIG2
(Millipore, 1:200), mouse anti-SSEA1 (Santa Cruz Biotechnology,
1:100), mouse anti-TUJ1 (Covance, 1:500), rabbit anti-GFAP (Dako,
1:500), and rat anti-MBP (Abcam, 1:100). Cells were incubated with
primary antibodies for 16 h at 4 °C, washed three times with PBS,
and incubated with secondary antibodies for 2 h at room temperature.
The following secondary antibodies were used: Alexa Fluor 488
rabbit anti-goat IgG (Invitrogen, 1:1000), Alexa Fluor 568 rabbit anti-
mouse IgG (Invitrogen, 1:1000), Alexa Fluor 568 goat anti-rabbit
IgG (Invitrogen, 1:1000), Alexa Fluor 488 donkey anti-rabbit IgG
(Invitrogen, 1:1000), and Alexa Fluor 568 goat anti-rat IgG (Invitrogen,
1:1000). Nuclei were counter-stained with Hoechst 33342 (Invitrogen).

2.8. In vitro differentiation of iNSCs

For neuron differentiation, iNSCs were dissociated into single
cells and 5 x 10* cells were plated onto laminin/poly-p-lysine-coated
4-well plates. After 24 h, the medium was replaced with neural
differentiation medium: DMEM/F-12 (Gibco) containing 1x B27 sup-
plements (Gibco), 1x penicillin/streptomycin/glutamine (Invitrogen),
and 10 ng/ml bFGF. 4 days after differentiation, the neural maturation
medium containing 200 mM ascorbic acid (Sigma) without growth
factors was supplied for 8-10 more days. For astrocyte differentiation,
iNSCs were cultured in DMEM/F-12 (Gibco) supplemented with 10%
FBS and 1 x penicillin/streptomycin/glutamine on gelatin-coated dishes
for 5 days. For oligodendrocyte differentiation, 5 x 10* cells of iNSCs
were plated onto laminin/poly-p-lysine-coated 4-well plates. After
24 h, the medium was replaced with oligodendrocyte differentiation
medium: DMEM/F-12 (Gibco) containing 1x B27 supplements, 1x
penicillin/streptomycin/glutamine, 10 ng/ml bFGF, and 10 ng/ml PDGF
(Sigma). 4 days after differentiation, the oligodendrocyte maturation
medium containing 30 ng/ml T3 (Sigma) and 200 mM ascorbic acid
without growth factors was supplied for another 4 days. The medium
was replaced with fresh medium daily.

3. Results
3.1. Genetic background influences iNSC generation

In order to examine the effect of genetic background on iNSC
generation, we derived mouse embryonic fibroblasts (MEFs) from
C3H and C57BL/6 mouse strains (see Fig. 1A). Both MEFs displayed
typical fibroblast morphology with similar gene expression patterns
and proliferation rates (Fig. 1B, C). We next transduced retroviruses
encoding Brn4, Sox2, Klf4, and c-Myc (BSKM) into these MEFs. The
quantitative polymerase chain reaction (qPCR) analysis indicated
that the expression levels of all transgenes were similar between
MEFs derived from the two strains (Fig. 1D). We then cultured the
transduced MEFs under NSC-promoting conditions. As the initial
iNSCs can be defined by SSEA1 expression (Kim et al., 2014b), we
compared the conversion efficiency into an iNSC state by estimating
the proportion of SSEA1-positive cells from the entire transduced
MEFs at 6 weeks post-infection. Compared to C57BL/6 MEFs that
showed less than 3% of SSEA1-positive cells, more than 8% of
SSEA1-positive cells were observed on the C3H MEFs. These data
indicate that the genetic background influences the conversion effi-
ciency into an iNSC state (Fig. 1E).

3.2. Genetic background influences the survival rate of clonal iNSCs

We previously described that bulk culture of early-passage iNSCs is a
heterogeneous population comprised of non-reprogrammed somatic
cells, partially reprogrammed cells, and fully reprogrammed iNSCs
(Kim et al., 2014b). Thus, to evaluate and compare the reprogramming
status of iNSCs derived from two distinct mouse strains, we next gener-
ated clonal iNSC lines from both strains by sorting SSEA1-positive single

cells into 96-well plates. For the fair comparison, we sorted SSEA1-
positive cells from two independently transduced MEFs per each strain
and established three clonal iNSC lines from each strain. They all exhib-
ited morphology similar to that of control NSCs (cNSCs) derived from
brain-tissues (Fig. 1G). Notably, the survival rate of SSEA1-positive
single cells was significantly different between the two strains
(C57BL/6: 6.9% + 1.6% vs. C3H: 12.2% + 2.2%) (Fig. 1F). Thus, these
data suggest that the genetic background also influences the survival
rate of single cell-sorted early stage iNSCs.

3.3. iNSCs from distinct genetic backgrounds exhibit different repro-
gramming status.

All the clonal iNSC lines from both strains expressed typical NSC
markers such as SOX2, NESTIN, OLIG2, and SSEA1 as evidenced by
immunostaining (Fig. 2A and Fig. S1). Furthermore, bisulfite sequencing
analysis revealed that all the clonal iNSC lines showed the promoter
DNA methylation patterns similar to those of cNSCs, but clearly dis-
tinct from those of starting MEFs. Specifically, the regulatory region
of Nestin became demethylated in the iNSC lines, and its methylation
levels were similar in iNSCs and c¢NSCs (Fig. 2B, C and Fig. S2). The
promoter of Collal, a fibroblast marker, was dramatically de novo
methylated in the iNSC lines to a level similar to that of cNSCs. DNA
methylation patterns at these two loci were correlated with their
gene expression status (Fig. 3A). These data suggest that all the
iNSC clones generated from both mouse stains were reprogrammed
into a NSC-like state at both the transcriptional and epigenetic levels.

To further characterize the iNSC clones, we next investigated the
expression levels of NSC and fibroblast markers using qPCR analysis
(Fig. 3A). All clones generated from both strains exhibited activation
of the endogenous NSC markers such as Pax6, Nestin, Olig2, Mash1,
Blbp, Brn2, Sox3 and Msil with complete inactivation of the fibroblast
markers, Thy1, Collal, and Pdgfrb. Interestingly, Sox2, a representative
NSC marker, was highly activated in all C3H iNSC clones, whereas it
was barely detectable in all C57BL/6 iNSC clones despite of the strong
expression of Sox2 at a protein level (Fig. 2A and Fig. S3). To understand
this discrepancy, we investigated the integration of all transgenes and
their expression patterns in all clones. Genomic PCR analysis indicated
that all transgenes were integrated into the genome of all clones
(Fig. 3B). qPCR analysis showed a complete silencing of BSKM in the
C3HiNSC clones. However, transgenic Sox2 but not the other transgenes
was still highly expressed in all C57BL/6 iNSC clones (Fig. 3C). The resid-
ual expression of exogenous Sox2 may explain the discrepancy between
the levels of Sox2 transcript and protein. Thus, iNSC clones derived from
C57BL/6 MEFs were partially transgene-dependent. Taken together, our
data show that C57BL/6 MEFs are less susceptible to the conversion
process toward an iNSC state and also that the endogenous NSC tran-
scriptional program is less well established in the C57BL/6 iNSC clones
than in C3H iNSC clones.

3.4. Distinct in vitro differentiation potential of iNSCs derived from two
genetic backgrounds

As the reprogramming status of the iNSC clones derived from the
two mouse strains differed in terms of their gene expression patterns
of both endogenous and exogenous NSC markers, we next investigated
if INSCs from the two strains have distinct levels of their differentiation
ability. To this end, we induced in vitro differentiation of all iNSC clones
from both C57BL/6 and C3H strains into neurons, astrocytes, and oligo-
dendrocytes. As in our previous studies, iNSC clones derived from C3H
MEFs could differentiate into all three neuronal lineages including
neurons, astrocyte, and oligodendrocytes, as evidenced by the immuno-
staining with antibodies against TUJ1, GFAP, and MBP, respectively
(Fig. 4A, B, C). Notably, the differentiation potential of C3H iNSC clones
into both neurons and astrocytes was nearly comparable to that of
cNSCs, although they rarely differentiated into oligodendrocytes
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compared to cNSCs (Fig. 4C), in agreement with our previous studies
(Hanetal, 2012; Kim et al., 2014b; Hong et al., 2014) where we also ob-
served this biased differentiation pattern of C3H iNSCs. In contrast to
C3H iNSCs, all iNSC clones derived from C57BL/6 MEFs exhibited a

significantly impaired differentiation potential into both neurons and
astrocytes (Fig. 4A, B). Furthermore, C57BL/6 iNSCs also showed limited
differentiation into oligodendrocytes, similar to C3H iNSC clones
(Fig. 4C). Although the oligodendrocytes from C3H iNSC clones
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displayed the relatively mature and defined structures, we rarely de-
tected the matured oligodendrocytes from C57BL/6 iNSCs under the

identical differentiation condition. All together, our data indicate that

the genetic background influences the functionality of directly convert-

ed iNSCs.

4. Discussion

To understand the mechanism underlying the induction of
pluripotency, a number of inhibiting and boosting factors have been
identified throughout screening multiple epigenetic and genetic factors
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Fig. 3. Gene expression status of clonal iNSC lines derived from two mouse strains. (A) Expression of NSC and fibroblast markers in clonal iNSC lines analyzed by qPCR. The expression levels
are normalized to those of MEFs. Error bars indicate the standard deviation (n = 3). (B) Genomic integration of transduced reprogramming factors was examined by genomic PCR.
(C) Expression levels of exogenous reprogramming factors in clonal iNSC lines at passage 20 were examined by qPCR. BSKM-transduced MEFs at day 5 post-infection were used as a

positive control. Error bars indicate the standard deviation (n = 3).

potentially influencing iPSC generation. However, the factors that
positively or negatively affect the induction of multipotency or
unipotency via the direct conversion process, remain elusive. In this
study, we tried to elucidate the effect of the genetic background on
the induction and maintenance of iNSCs.

Although we were able to generate stably expandable iNSC lines
from both mouse strains tested (C57BL/6 and C3H), these iNSC
lines exhibited substantial differences in both the induction and
maintenance phases of multipotency. First, the conversion efficiency
as assessed by the number of SSEA1-positive population was
significantly different between the two mouse strains. Furthermore,

iNSCs from the C57BL/6 strain showed relatively poor induction of
an iNSC state, as evidenced by impaired activation of endogenous
Sox2 and incomplete silencing of transgenic Sox2. Thus, these data
suggest that the genetic background influences the induction of
multipotency in a neuronal lineage. Second, the survival rates of
sorted SSEA1-positive single cells was also significantly different
between iNSC clones from the two strains, indicating that the main-
tenance of iNSC identity after successful conversion into the SSEA1-
positive iNSC state is also influenced by the genetic backgrounds.
Moreover, all clonal iNSC lines derived from C57BL/6 strain
displayed the limited in vitro differentiation potential into neurons,
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Fig. 4. In vitro differentiation potential of clonal iNSC lines derived from two mouse strains. (A-C) Differentiation potential of clonal iNSC lines into neurons (A) astrocytes (B) and
oligodendrocytes (C) as shown by immunostaining with antibodies against TUJ1, GFAP, and MBP, respectively. The efficiency of differentiation was examined by quantifying the
numbers of TUJ1-, GFAP-, and MBP-positive cells against nuclear staining. Control NSCs were used as a positive control for determining the differentiation efficiency. Scale bars, 100 pm.

astrocytes, and oligodendrocytes, indicating that the functionality of
the iNSCs was also impaired in C57BL/6 iNSCs.

We observed the abnormally increased proliferation of C57BL/6
iNSC clones compared to C3H iNSCs and cNSCs (data not shown). In
the previous study (Graham et al., 2003), it was demonstrated that
the ectopic expression of Sox2 could induce increased proliferation
and also block the proper differentiation of NSCs into their daughter
cell types. Thus, the increased proliferation rate and impaired differenti-
ation ability of C57BL/6 iNSCs can be explained by the residual
expression of exogenous Sox2 in C57BL/6 iNSCs (Fig. 2A, Fig. 3C and
Fig. S3). It would be interesting to further decipher the mechanism
governing the strain-dependent regulation of both the endogenous
NSC program and transgenes, which might be tightly linked to the

functionality of iNSCs. Finally, it would be also interesting to examine
whether the effect of the genetic background on the induction and
maintenance of other cell types (e.g. induced hepatocytes and induced
neurons) directly converted from somatic cells by defined transcription
factors.

Recent studies have described that the distinct combinations of
transcription factors can induce direct conversion of various human
cells into an iNSC-like state (Lu et al., 2013; Ring et al., 2012; Wang
etal,2013; Yuetal, 2015; Zhu et al., 2014). Although the data provided
in these studies support the cellular identity of human iNSCs, their
molecular and functional features were not precisely characterized at
the clonal level. Therefore, comparing the induction and maintenance
of the NSC fate on human somatic cells at the clonal level might allow
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us to elucidate the underlying mechanism of direct conversion into
NSCs.

5. Conclusion

In this study, we established iNSCs from two different mouse strains
(C3H and C57BL/6). These two iNSCs exhibited distinct reprogramming
status in terms of NSC markers expression, silencing of transgenes, and
in vitro differentiation potential. Our data suggest that the genetic back-
grounds influence the induction and maintenance of directly converted
iNSCs. This is the first report describing the effects of genetic back-
grounds on the cell fate transition into an iNSC state.
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