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In Brief

The pluripotency- and neuro-specific
factors Brn4, Klif4, Sox2, and cMyc
(BKSM), when expressed individually,
directly transdifferentiate fibroblasts into
neutral stem cells (iNSCs). Velychko et al.
show that polycistronic expression
produces a fusion protein that induces
pluripotency rather than direct
transdifferentiation.
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SUMMARY

Simultaneous expression of Oct4, Kif4, Sox2, and
cMyc induces pluripotency in somatic cells (iPSCs).
Replacing Oct4 with the neuro-specific factor Brn4
leads to transdifferentiation of fibroblasts into
induced neural stem cells (iINSCs). However, Brn4
was recently found to induce transient acquisition
of pluripotency before establishing the neural fate.
We employed genetic lineage tracing and found
that induction of INSCs with individual vectors leads
to direct lineage conversion. In contrast, polycis-
tronic expression produces a Brn4-KlIf4 fusion pro-
tein that enables induction of pluripotency. Our study
demonstrates that a combination of pluripotency and
tissue-specific factors allows direct somatic cell
transdifferentiation, bypassing the acquisition of a
pluripotent state. This result has major implications
for lineage conversion technologies, which hold po-
tential for providing a safer alternative to iPSCs for
clinical application both in vitro and in vivo.

INTRODUCTION

Forced expression of Oct4, KIf4, Sox2, and cMyc (OKSM) can
convert fibroblasts into induced pluripotent stem cells (iPSCs)
(Takahashi and Yamanaka, 2006). Although iPSCs are widely
used for the derivation of different cells types, their differentiation
often involves lengthy and inefficient protocols. Moreover, the
tumorigenicity of the residual pluripotent cells presents a major
risk for clinical application of these cells.

To overcome these limitations, numerous strategies for direct
transdifferentiation of somatic cells into mature target cell types
have recently been developed (Buganim et al., 2012; Huang
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et al.,, 2011; leda et al., 2010; Li et al., 2014; Margariti et al,,
2012; Vierbuchen et al., 2010). Advances in direct lineage conver-
sion have also led to the successful generation of self-renewing
multipotent somatic stem cells; e.g., neural, hematopoietic, angio-
blast, hepatic, and cardiovascular progenitor or stem cells (Han
et al., 2012; Kim et al., 2011a; Kurian et al., 2013; Lalit et al.,
2016; Yu et al., 2013). Direct conversion of somatic cells into so-
matic stem cells has great advantages. First, the technology could
potentially facilitate the derivation of specific mature cell types us-
ing faster and less expensive protocols compared with iPSC tech-
nology; second, direct lineage reprogramming of somatic cells
into somatic stem cells could potentially be employed to repair
aged or diseased tissuesinvivo (Niuetal., 2013; Tapiaetal., 2012).

We have demonstrated that the neuro-specific POU factor
Brn4, in combination with Kif4, Sox2, and cMyc (BKSM), can
convert fibroblasts into induced neural stem cells (iNSCs) but
not iPSCs. Others have shown that use of the OKSM cocktail
with time-restricted expression of Oct4, combined with specific
culture conditions, can also generate iNSCs (Thier et al., 2012).
However, two recent studies have proposed that conversion of
somatic cells into INSCs with either OKSM (Bar-Nur et al.,
2015; Maza et al., 2015) or BKSM (Bar-Nur et al., 2015) is an in-
direct process that involves a transiently acquired pluripotent
state that is subsequently converted into a specific cell type
based on the culture conditions. These contradictory findings
encouraged us to further dissect the process of directly convert-
ing fibroblasts into iINSCs.

RESULTS

A Lineage Tracing System Reveals Rare Direct
Conversion of Fibroblasts into iNSCs

Several reasons might account for the discrepancies between
the reports. First, in our previous studies, we did not use genetic
lineage tracing and, therefore, could have missed a short-lived
pluripotent state over the course of the conversion (Han et al.,
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2012; Kim et al., 2014). Second, we used monocistronic retro-
viral vectors and not the polycistronic lentiviral vector (Bar-Nur
et al., 2015; Sommer et al., 2009). We therefore decided to
compare both gene delivery systems using genetic lineage
tracing to check for endogenous Oct4 expression. In our first
set of experiments, we used mouse embryonic fibroblasts
(MEFs) carrying a tamoxifen-inducible Oct4-CreER allele in com-
bination with a Rosa26-loxSTOPlox-diphtheria toxin fragment A
allele (R26-Isl-diphtheria toxin A [DTA]) (Figure S1A). In this line-
age tracing system, DTA selectively kills all cells that activate
Oct4, eliminating cells that even transiently pass through a
pluripotent state. We first used the polycistronic lentiviral vector
encoding BKSM (pcBKSM) under the control of a doxycycline
(dox)-inducible promoter (Figure S1A). The first NSC-like clus-
ters appeared after 3-4 weeks of dox withdrawal (Figure S1B)
(1-2 clusters from 5 x 10* transduced MEFs) whereas none ap-
peared with control MEFs. The expanded clonal iNSCs (hereafter
named DTA-INSCs) expressed NSC markers (Figures S1C and
S1D) and possessed pcBKSM, Oct4-CreER, and R26-IsI-DTA
transgenes (Figure S1E), suggesting that the rare surviving
DTA-INSCs had not passed through a pluripotent state.

RNA sequencing (RNA-seq) showed that the gene expression
pattern of DTA-INSCs is similar to that of control NSCs (cNSC)
isolated from embryonic day 16.5 fetal forebrain and distinct
from MEFs (Figure S1F). DTA-INSCs could differentiate into neu-
rons, astrocytes, and oligodendrocytes in vitro (Figure S1G) and
in vivo when transplanted into the cortical region of the rat brain
(Figure STH). We found no evidence of tumor formation in any of
the transplanted rats (data not shown).

The Polycistronic BKSM Vector Induces a Transient
iPSC-like State

To quantify the number of INSCs generated by direct or indirect
reprogramming, we used a lineage tracing system carrying R26-
Isl-enhanced yellow fluorescent protein (EYFP) instead of DTA,
which allowed us to discriminate between directly and indirectly
generated iNSCs (Greder et al., 2012; Figure 1A). After 2 weeks
of pcOKSM or pcBKSM induction, we observed the first cell
clusters (6-8 clusters from 5 x 10* transduced MEFs) with
typical NSC morphology (Figure 1B), which were expanded
into stable lines (Figures 1C and 1D). As determined by fluores-
cence-activated cell sorting (FACS), the vast majority of both
pcOKSM and pcBKSM iNSCs were EYFP*/Olig2* (Figure 1E),
supporting previous studies that showed that iINSCs are derived
through an Oct4" intermediate stage (Bar-Nur et al., 2015; Maza
et al., 2015). The identity of INSCs was confirmed by RNA-seq
(Figure 1F).

Notably, a small EYFP~ iINSC population was consistently
observed under both reprogramming conditions (Figure 1E).
We sorted these EYFP™ cells for further analysis. EYFP™ iNSCs
obtained with either pcOKSM or pcBKSM showed typical NSC
morphology (Figure S2A) and expressed NSC marker genes (Fig-
ures 1G and 1H), similar to EYFP* iNSCs. Therefore, a small
number of both pcOKSM and pcBKSM iNSCs might have
directly transdifferentiated from MEFs without passing through
a pluripotent state. However, we cannot exclude that the rare
DTA and EYFP™ iNSCs could represent false negative events re-
sulting from incomplete excision by Cre.

Individually Transduced BKSM Vectors Cannot Induce
Pluripotency

We next repeated the lineage-tracing experiment using mono-
cistronic retroviral vectors encoding for Brn4, Kif4, Sox2, and
cMyc (mcBKSM), as we described previously (Han et al., 2012;
Kim et al., 2014).

The iINSC-like clusters appeared 2-3 weeks after infection (~10
clusters from 5 x 10* transduced MEFs) (Figures S2B and S2C)
and could be expanded into stable iINSC lines (Figure S2D). The
iINSCs had a morphology, gene expression, and promoter methyl-
ation status similar to cNSCs but distinct from starting MEFs (Fig-
ures 2A-2C). Retroviral transgenes have been shown previously
to be silenced in fully reprogrammed iPSCs (Stadtfeld et al.,
2008) and in iINSCs generated by pcOKSM- or pcBKSM-driven
reprogramming (Bar-Nur et al., 2015). Notably, early-passage
mcBKSM iNSCs had largely active retroviral transgenes (Fig-
ure 2D). This result confirms our previous report showing that
retroviral transgenes are silenced stochastically in established
iNSC lines only after 2 months of culture (Kim et al., 2014).

Surprisingly, FACS detected no EYFP* cells in either clonal
iINSC lines (Figure 2E) or in the bulk cell population after
25 days of reprogramming (Figure 2F), suggesting that all
mcBKSM-iNSCs were reprogrammed directly. To rule out the
possibility that the contaminating neural cell population could
be enriched by induction with reprogramming factors and sub-
sequently contribute to INSC generation, we repeated the exper-
iment with MEFs pre-sorted for the fibroblast marker Thy1 (Fig-
ure S2E). We found that iNSCs could be generated from both
Thy1* and Thy1~ MEFs (Figure S2F), although reprogramming
of Thy1* cells was less efficient (Figure S2G). mcBKSM-derived
iNSCs established from both Thy1* and Thy1~ MEFs expressed
NSC markers (Figure S2H) and were EYFP™ (Figure S2I).

Time Course Gene Expression Reveals Distinct
Reprogramming Paths into iNSCs

To elucidate the molecular responses mediated by lentiviral
pcBKSM versus retroviral mcBKSM reprogramming, we
compared the time course expression of selected genes. We
achieved comparable levels of induction for both systems by
titrating different concentrations of dox or different volumes of
concentrated retroviral soups and confirmed similar expression
levels for both delivery systems using a gPCR titration kit (Fig-
ure S3A) and western blotting (Figure S3B).

The fibroblast markers were rapidly suppressed in MEFs after
1-2 weeks of induction in both systems (Figure S3C). mcBKSM
did not activate endogenous pluripotency markers, whereas
pcBKSM and mcOKSM or pcOKSM strongly upregulated those
genes (Figure 3A). On the other hand, pcBKSM- and mcOKSM-
or pcOKSM-reprogrammed cells exhibited delayed activation of
NSC markers such as Blbp and Olig2 compared with mcBKSM
(Figures 3B and S3D). Similar trends were observed for lentiviral
mcBKSM (Figure S3E), confirming that the differences arise from
the polycistronic expression, not the virus type.

Structural Dissection of Oct4 and Brn4 Reveals an
Inability of Brn4 to Induce Pluripotency

Oct4 has been shown to be the only reprogramming factor in the
reprogramming cocktail that could not be replaced by other
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Figure 1. The Polycistronic BKSM Vector Induces Transient Activation of Oct4

(A) Schematic diagram of the Oct4-CreER; R26-Isl-EYFP lineage tracing system.

(B) Morphology of pcOKSM and pcBKSM iNSCs. Scale bar, 50 pm.

(C) gPCR analysis of NSC and fibroblast marker expression in pcOKSM and pcBKSM iNSCs (mean + SD, n = 3).

(D) Immunofluorescence of pcOKSM and pcBKSM iNSC lines. Scale bar, 50 um.

(E) FACS analysis of pcOKSM and pcBKSM iNSC lines after 3 passages.

(F) Heatmap of gene expression for pcOKSM and pcBKSM iNSC lines. Hierarchical clustering based on the gene expression profiles is shown at the top.
Differentially expressed (DE) genes with fold change (FC) > 4 between MEFs and cNSCs and fragments per kilobase of transcript per million (FPKM) > 1 in at
least one of the samples were plotted.

(G) Immunofluorescence of EYFP~ pcOKSM and pcBKSM iNSCs. Scale bar, 50 pm.

(H) gPCR analysis of the indicated marker gene expression in EYFP™ iNSCs (mean + SD, n = 3).
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Figure 2. mcBKSM Does Not Activate Endogenous Oct4

(A) Immunofluorescence microscopy images of mcBKSM iNSCs. Scale bar, 50 um.

(B) Hierarchical clustering heatmap of global gene expression for two clonal mcBKSM iNSC lines. DE genes with FC > 4 between MEFs and cNSCs and
FPKM > 1 in at least one of the samples were plotted.

(C) DNA methylation analysis of the second intron of Nestin and the promoter region of Col71a1 in two mcBKSM iNSC lines, assessed by bisulfite sequencing PCR.
Open and filled circles represent unmethylated and methylated CpGs, respectively.

(D) gPCR analysis of retroviral transgene expression in mcBKSM iNSC lines (passage 5) and mcBKSM-transduced MEFs (5 days post infection [dpi]). The levels
were normalized to non-transduced MEFs (mean + SD, n = 3).

(E and F) FACS analysis of mcBKSM iNSC lines (E) and the bulk population of mcOKSM- or mcBKSM-transduced MEFs 25 dpi (F).

members of the same transcription factor (TF) family (Nakagawa  blasts into chimera-grade iPSCs. Both Oct4 (Pou5f1) and Brn4
et al.,, 2008). However, Bar-Nur et al. (2015) showed that (Pou3f4) belong to the POU TFs (group IV and I, respectively)
pcBKSM, carrying Brn4 instead of Oct4, could convert fibro- and share a conserved DNA-binding domain (POU domain)
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flanked by N- and C-terminal transactivation domains (NTD and
CTD, respectively). The POU domain itself consists of a POU-
specific (POUsp) domain and a POU homeodomain (POUhd)
connected by a non-conserved linker (Rosenfeld, 1991). To
determine which parts of Oct4 and Brn4 are responsible for re-
programming to pluripotency, we generated a series of recip-
rocal Oct4-Brn4 chimeras by swapping their domains (Fig-
ure 3C). We tested for the ability of the chimeras to generate
iPSCs by introducing them into Oct4-GFP MEFs together with
Sox2, Kif4, and Myc (SKM) using individual retroviruses.

Unlike Oct4, wild-type Brn4 was unable to generate GFP*
iPSC colonies (Figures 3D and 3E). The chimeras containing a
single domain substitution from Brn4 (NTD, POUsp, linker,
POUhd, or CTD) still maintained reprogramming function, albeit
with decreased efficiency for POUsp, POUhd, and CTD. Notably,
the POUsp domain appeared to be the most crucial for the re-
programming function of Oct4 because its replacement with
the Brn4 counterpart (O-BOO-O chimera) decreased the TF’s re-
programming ability by 30-fold. gPCR titration of the retroviral
vectors confirmed equal transgene expression (Figure 3F).
Taken together, our results demonstrate that Brn4 fails to induce
pluripotency because of the functional inadequacy of its three
domains, with the POUsp domain playing the most critical role.

Reprogramming Oct4-GFP MEFs to iPSCs using polycistronic
vectors resulted in GFP* colonies after just 8 days of induction
with either pcOKSM or pcBKSM (Figure 3G), with both display-
ing surprisingly similar reprogramming efficiencies (Figure 3H).
Other POU factors cloned in the same polycistronic cassette,
such as Oct1 and Oct6, were unable to generate iPSCs, whereas
Brn2 gave rise to very few GFP* colonies (Figure 3H). Strikingly,
the polycistronic vector can drive fibroblasts into a pluripotent
state, whereas individually expressed factors mediate direct
transdifferentiation of MEFs into iNSCs but cannot induce plurip-
otency (Figure 3I).

The Brn4-Kif4 Fusion Protein Gains the Function of
Reprogramming to Pluripotency

The polycistronic reprogramming cassette (known as STEMCCA
[single lentiviral stem cell cassette]) from Bar-Nur et al. (2015)
and our current study carries TFs separated with two self-
cleaving 2A peptides and an internal ribosome entry site (POU-
F2A-KIf4-internal ribosome entry site [IRES]-Sox2-E2A-cMyc)
(Figure 4A). F2A, which was used in both the original pcOKSM
(Sommer et al., 2009) and in pcBKSM (Bar-Nur et al., 2015),
displays the lowest self-cleaving efficiency among 2A peptides

(Kim et al., 2011b). This suggests that Brn4-F2A-KIf4 can pro-
duce an unprocessed high-molecular-weight polyprotein that
might alter the cellular response and change the reprogramming
outcome. To test this idea, we generated a series of POU-KSM
vectors where we replaced the F2A with the most efficient self-
cleaving P2A or a non-cleavable mutant F2A (F2Am) obtained
by replacing two residues of the self-cleavage site (GP — AA)
(Figure 4A). Additionally, we used a synthetic polyglycine linker
(GL) to exclude any effects specific to the F2A sequence. West-
ern blot analysis confirmed full cleavage of POU and Kif4 by P2A,
partial cleavage by F2A, or the absence of cleavage by F2Am
(Figure 4B).

As expected, among the P2A constructs, only Oct4 but not
other POU factors could generate iPSCs (Figure S4A). Surpris-
ingly, both non-cleaving linkers, F2Am and GL, allowed reprog-
ramming not only with Brn4 but also with Oct6 and Brn2 (Fig-
ure S4A), both of which belong to neuro-specific POU3
factors. Brn2-, Oct6-, and Brn4-F2Am-KSM iPSCs could all
generate clonal cell lines (Figures 4C and 4D) that expressed
the pluripotency markers Nanog and SSEA-1 (Figure S4B),
differentiated into derivatives of all three germ layers in the tera-
toma assay (Figure S4C), and also effectively contributed to the
germline of chimeric mice (Figure S4D).

Notably, Brn4-F2Am-KSM and Brn4-GL-KSM performed
worse than the original F2A construct (Figure S4A), suggesting
that a mixture of cleaved and uncleaved Brn4-Kif4 could be
beneficial for efficient reprogramming. We therefore decided to
examine the functionality of both POU and KiIf4 within the fusion
protein. We performed a pluripotency-rescuing assay using the
ZHBTc4 embryonic stem cell (ESC) line (Niwa et al., 2000), where
Oct4 can be conditionally ablated by dox treatment (Figure S4E).
Unexpectedly, P2A-, F2A-, F2Am-, and GL-linked Oct4-KIf4
constructs rescued Oct4-depleted ESCs with similar efficiency
(Figure S4F). The rescued cells had similar morphology, survival,
and proliferation ability (Figure S4G), and they could be
passaged at least 6 times while maintaining comparable expres-
sion of pluripotency genes (e.g., Nanog, Sox2, and Esrrb) (Fig-
ure S4H), suggesting that the POU TF function remains intact
within the POU-KIf4 fusion protein. We next employed a
primed-to-naive ESC conversion assay (Guo et al., 2009) to
test the functionality of Kif4 within the fusion protein using
Gof18 mouse epiblast stem cells (Han et al., 2010). Both F2Am
and GL constructs showed significantly impaired conversion
rates of Gof18~ epiblast stem cells into the Gof18" ground
state compared with vectors containing cleavable peptides, as

Figure 3. Monocistronically Expressed Brn4 Cannot Induce Pluripotency
(A and B) Time-course gPCR analysis of pluripotency (A) and NSC markers (B) in MEFs transduced with mcOKSM or pcOKSM or BKSM. The levels were

normalized to ESCs (A) and cNSCs (B) (mean + SD, n = 3).

(C) Generation of a series of reciprocal Oct4-Brn4 chimeras by domain swapping. B and O stands for Brn4 and Oct4, respectively, and the position corresponds
to the domain starting from the N terminus: NTD, POUsp, linker, POUhd, and CTD.
(D) Reprogramming of Oct4-GFP MEFs into iPSCs using Oct4, Brn4, or chimeric proteins in combination with SKM (mean of GFP* colony count + SD, n = 3).

(
(F) gPCR titration of the retroviral vectors from (D).
G

count + SD, n = 3).
(I) A scheme describing the divergent routes of somatic cells into INSCs.

E) Representative FACS analysis of the whole cell population after 3 weeks of reprogramming with mcOKSM or BKSM.

) Representative images of iPSCs generated from Oct4-GFP MEFs. Scale bar, 250 um.
(H) Reprogramming of Oct4-GFP MEFs with the pPOU-KSM construct using high (H), medium (M), and low (L) levels of dox induction (mean of GFP* colony
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determined by FACS analysis (Figure S4l), indicating that Kif4
loses most but not all of its function when fused to the C terminus
of a POU factor.

To compensate for the impaired Klif4, we repeated the reprog-
ramming experiment using POU-KIf4 bicistronic constructs
along with KSM. Again, although P2A abolished reprogramming
of fibroblasts into iPSCs with POU factors other than Oct4, non-
cleavable peptides rescued the reprogramming efficiency and
performed better than the original F2A (Figure 4E). These results
support the idea that Brn4 gains its reprogramming function in
the polycistronic cassette by fusion with Kif4. In agreement
with this observation, addition of non-cleavable Brn4-KIf4 con-
structs rescued the reprogramming ability of the Brn4-P2A-
KSM cassette to a similar level as the Oct4-carrying constructs
(Figures 4F and S4J). Moreover, the Brn4-P2A-KIf4 construct
could generate EYFP™INSCs (Figures 4G and 4H), corroborating
the ability of Brn4 to drive direct transdifferentiation into the neu-
ral fate when not fused with Kif4 (Figure 4l).

To understand how the Brn4-KIf4 fusion protein gained its re-
programming activity, we performed chromatin immunoprecipi-
tation (ChIP)-gPCR for POU and Kif4 targets. We tagged the N
terminus of Brn4 or Oct4 with 3xFLAG and confirmed the func-
tionality of FLAG-tagged proteins in reprogramming experiments
(Figure S4K). We next performed ChIP for the bulk of the reprog-
rammed cells after 4 days of dox induction. The Brn4-KIf4 fusion
showed a modest but significant increase in occupancy of plu-
ripotency-related Sox-Oct motif-containing loci (Pou5f1, Nanog,
and Sox2) while reducing the occupancy of POU3-specific more
palindromic Oct-1 responsive element (MORE)-containing tar-
gets (Slitrk6, Lingo1, and Foxo1) (Figure 4J). Consistent with
our epiblast-to-naive ESC conversion results, prominent Kif4 tar-
gets (Chronis et al., 2017) were not affected by the impaired
cleavage.

DISCUSSION

We show a striking discrepancy between iNSCs reprogrammed
by mono- versus polycistronically transduced BKSM. Although
polycistronic induction results mostly in acquisition of a transient
Oct4* state (Figure 1E), individually delivered vectors convert

fibroblasts directly into fully functional iINSCs without passing
through an intermediate pluripotent stage (Figure 2E).

We determined that the conflicting results of the expression
vectors used arises from the incomplete cleavage of the POU-
F2A-KIf4 polyprotein. When F2A was replaced with P2A, the abil-
ity of pcBKSM to reprogram MEFs into pluripotent cells was
completely lost as cleavage was more complete (Figures 4E,
4F, and S4A), and iINSCs could be generated without an interme-
diate Oct4™ state (Figures 4G-4l). On the other hand, when F2A
was replaced with cleavage-deficient linkers, not only Brn4 but
also other tissue-specific POU3 factors, such as Brn2 and
Oct6, were capable of reprogramming MEFs into iPSCs (Figures
4C-4F and S4A). Based on our ChIP-gPCR data, we propose
that a POU-KIf4 fusion protein could enable activation of the plu-
ripotency network by redistributing the occupancy of POU3 fac-
tors from their normally preferred Oct-Oct MORE motif (Mistri
et al., 2015) onto the Sox-Oct motif (Figures 4J and 4K). Previ-
ously, we showed that an Oct6 point mutation that diminished
homodimerization of Octé on the MORE motif converted the
TF into a pluripotency inducer (Jerabek et al., 2017). The residue
responsible for homodimerization of POUS factors on the MORE
motif, Met 151, is located at the very end of the POUhd. Fusion of
the large KiIf4 to the short CTD of the POU3 TF could disrupt ho-
modimerization while leaving heterodimerization with Sox2
intact, the latter of which depends on a region within the POUsp
domain (Reményi et al., 2003). It is possible that KIf4 plays addi-
tional roles in the fusion protein, such as facilitating protein-pro-
tein interactions otherwise inaccessible by POU3 factors.

A fusion of Oct4 and KIf4 has already been reported by others
but deemed non-functional, although its properties were never
tested (Carey et al., 2011). The stoichiometry of the reprogram-
ing factors was thought to negatively affect the developmental
potential of the OKSM iPSCs because none of them could
generate all-iPSC mice (Carey et al.,, 2011; Stadtfeld et al.,
2012). The OKSM cassette was also used for multiple mecha-
nistic studies of reprogramming (Cheloufi et al., 2015; Chronis
etal.,2017; Polo et al., 2012) and might even be used to generate
human iPSCs for clinical applications. The results presented in
this study demonstrate that the unprocessed POU-KIf4 fusion
protein not only fully maintains POU functionality but also
leads to unpredictable additional properties (Figures 4 and S4).

Figure 4. Gaining Pluripotency-Inducing Function by POU3-KIf4 Polyproteins

(A) A schematic of replacement of the F2A peptide linking the POU and KIf4 TFs in the STEMCCA construct.

(B) Western blot analysis, using an anti-FLAG antibody, of MEFs transduced with FLAG-tagged Oct4- and Brn4-Kif4 cassettes.
(C) Representative images of the clonal iPSCs generated with POU3-F2Am-KSM. Scale bar, 250 um.
((®)

) PCR genotyping of established iPSC lines.

(E) Reprogramming of Oct4-GFP MEFs with tet-inducible POU-KIf4 constructs linked by different peptides in combination with KSM (mean GFP* colony

count + SD, n = 3).

(F) Reprogramming of Oct4-GFP MEFs with fully cleavable Oct4- and Brn4-P2A-KSM polycistronic cassettes in combination with additional constructs (mean of

GFP™ colony count + SD, n = 3).

(G) Immunofluorescence of Brn4-P2A-KIf4 iNSCs generated from Thy1* MEFs. Scale bar, 50 um.
(H) Reprogramming of Thy1* MEFs with pcBrn4-P2A-KIf4 or mcBKSM. The efficiencies are shown as number of iNSC clusters expressing Olig2 (mean + SD,

n=3).
(I) FACS analysis of Brn4-P2A-KIf4-generated iNSCs.

(J) ChIP-gPCR of reprogrammed MEFs on day 4 of induction with 3xFLAG-POU-KIf4 in combination with KSM. Data are represented as fold enrichment relative to

the Oct4 sample (mean + SD of biological replicates).

(K) A schematic of the putative mechanism for the gain of pluripotency-inducing function by POU3-KIf4 polyproteins.

Statistical significance in (I) and (J) was measured using a Student’s t test.
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Therefore, caution must be taken when employing polycistronic
reprogramming cassettes, and more research is needed to eval-
uate the effects of fusion proteins resulting from incomplete
cleavage by 2A peptides. On the other hand, this surprising
finding might help us to better understand how reprogramming
factor cooperation can drive cell fate conversion.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-Nestin Millipore MAB353; RRID: AB_94911

Goat anti-Sox2
Mouse anti-SSEA1

Santa Cruz Biotechnology
Santa Cruz Biotechnology

CSB-PA16539A0Rb
SC-21702 AF488; RRID: AB_626918

Rabbit anti-Olig2 Millipore AB9610; RRID: AB_570666
Mouse anti-Tuj1 Covance MMS-435P; RRID: AB_2313773
Rabbit anti-GFAP DAKO MO0761; RRID: AB_2109952
Rat anti-MBP Abcam ab7349; RRID: AB_305869
Rat anti-Nanog eBioscience eBioMLC-51; RRID: AB_763613
Mouse anti-FLAG Sigma F1804; RRID: AB_262044
Chemicals, Peptides, and Recombinant Proteins

4-hydroxytamoxifen Sigma H7904-5MG

Recombinant Human FGF-basic (154 a.a.) Peprotech 100-18B

Epidermal growth factor EGF Peprotech Q-AF-100-15

Ascorbic acid Sigma A7506

rhPDGF-AA, CF Sigma 221-AA-010

T3 Sigma T6397

Paraformaldehyde Sigma P6148-500G

Triton X-100 Sigma X100

Hoechst 33342 Sigma 14533

Critical Commercial Assays

Hybrid-R™ kit GeneAll 305-101

GoTag green master mix Promega M3005

SYBR Green PCR Master Mix Applied Biosystems ABS-4367659

EpiTect Bisulfite Kit QIAGEN 59104

SuperTaqg polymerase Ambion AM2052

PCR 2.1-TOPO vector Invitrogen K2500-20

QlAprep Spin Miniprep Kit QIAGEN 27104

Experimental Models: Organisms/Strains

B6(SJL)-Pousf1 tm!-1(cre/EsrixYseg Jackson laboratory 016829
B6.129X1-Gt(ROSA)26Sor™! EYFPICos/ Jackson laboratory 006148

Oct4-CreER x Rosa26-loxSTOPlox-DTA
mouse

Harvard Stem Cell Institute

Software and Algorithms

CLC Genomics Workbench 11
R

Qiagen
R Core Team

http://www.R-project.org/

CONTACT FOR REAGENT AND RESOURCE SHARING

Requests for further information should be directed to and will be fulfilled by Sergiy Velychko (sergii.velychko@mpi-muenster.mpg.

de) and Kyuree Kang (krkang@konkuk.ac.kr)

el Cell Reports 27, 30-39.e1-e4, April 2, 2019


mailto:sergii.velychko@mpi-muenster.mpg.de
mailto:sergii.velychko@mpi-muenster.mpg.de
mailto:krkang@konkuk.ac.kr
http://www.R-project.org/

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

All mice used were bred and housed at the mouse facility of Konkuk University (KU) or Max Planck Institute (MPI) in Muenster, and animal
handling was in accordance with the KU and MPI animal protection guidelines. A protocol for animal handling and maintenance for this
study was approved by the Landesamt fir Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen under the supervision of a
certified veterinarian in charge of the MPI animal facility. Oct4-CreER mice (stock number: 016829, Jackson Laboratory) were crossed
with Rosa26-lox-STOP-lox-EYFP mice (stock number: 006148). MEFs were derived from Oct4-CreER x Rosa26-loxSTOPlox-EYFP
mouse embryos at embryonic day 13.5 after carefully removing the head and all the internal organs including the spinal cord.
Cells with the correct genotype were maintained in DMEM (Biowest) containing 10% FBS (Biowest), 5 mL of penicillin/streptomycin/
glutamine (Invitrogen), and 5 mL of MEM NEAA solution (Invitrogen) in 500 mL of MEF medium. MEFs from an Oct4-CreER x
Rosa26-loxSTOPlox-DTA mouse were kindly given by the lab of Prof. Konrad Hochedlinger (Harvard Stem Cell Institute). The MEFs
derived from embryos of both sexes were pooled together, thus, both sexes were included in our analysis.

METHOD DETAILS

Generation of iNSCs

To generate iINSCs by using polycistronic vectors, 5 x 10* MEFs were infected with lentivirus encoding for either pcOKSM or
pcBKSM. After 24 hours of incubation, the medium was replaced with NSC medium containing 3 ng/ml of dox. After 7-8 days of in-
duction with pcOKSM or pcBKSM, the cells were cultured for 23-24 days in NSC medium without dox treatment to allow for the
expansion of initial INSC clusters. 1 uM of 4-hydroxytamoxifen (4-OHT) was continuously added to the culture medium. To generate
individual retroviral vector-mediated iINSCs, the MEFs were transduced with individual retroviral particles encoding for either
mcOKSM or mcBKSM and cultured as previously described (Kim et al., 2014). Briefly, 5 x 10* fibroblasts were plated onto
gelatin-coated 35-mm dishes and incubated with ecotropic retroviruses. After 48 hours of incubation, the medium containing retro-
viral particles was replaced with NSC medium. To enrich for iNSCs, non-reprogrammed fibroblasts or unwarranted cells were
removed with a cell scraper as previously described. To establish the clonal iINSC lines, the INSC bulk culture was stained for
SSEA1, and SSEA1* single cells were sorted using BD FACSAria™ (BD Biosciences) and plated onto laminin/poly-D-lysine-coated
96-well plates. The cNSCs and established iINSCs were maintained in NSC culture medium: DMEM/F-12 supplemented with 2% B27
(GIBCO), 10 ng/ml of EGF (Peprotech), 10 ng/ml of bFGF (Peprotech), and 1% penicillin/streptomycin/glutamine (Invitrogen).

Differentiation of iNSCs
For differentiation into neurons, iINSCs were plated onto laminin/polylysine-coated dishes at 2.5 x 10* cells/cm? in NSC medium. The
next day, the medium was replaced by neural differentiation medium: DMEM/F-12 supplemented with 2% B27 (GIBCO), 1% peni-
cillin/streptomycin/glutamine (Invitrogen), and 10 ng/ml of bFGF (Peprotech). On day 4 of differentiation, the medium was changed to
neural differentiation medium containing 200 mM ascorbic acid (Sigma) without growth factors for 8-10 more days. For differentiation
into astrocytes, iINSCs were cultured in DMEM/F-12 supplemented with 10% FBS and 1% penicillin/streptomycin/glutamine on
gelatin-coated dishes for 5 days. Finally, for differentiation into oligodendrocytes, INSCs were plated onto laminin/polylysine-coated
dishes at 2.5 x 10* cells/cm? in NSC medium. The next day, the medium was replaced with oligodendrocyte differentiation medium:
DMEM/F-12 supplemented with 2% B27, 1% penicillin/streptomycin/glutamine, 10 ng/ml of bFGF, and 10 ng/ml of PDGF (Sigma).
On day 4 of differentiation, the medium was changed to oligodendrocyte differentiation medium containing 30 ng/ml of T3 (Sigma)
and 200 mM ascorbic acid for 4 more days. The differentiation medium was replaced every other day.

For in vivo differentiation, 1 x 106 GFP-labeled iINSCs were transplanted into the cortical region of rat brain, as we had described
previously (Hong et al., 2014; Kim et al., 2016).

Vector Construction

The Oct4-Brn4 chimera library was generated using overlap extension assembly of two or three PCR fragments with approximately
20 bp-long overlapping ends. The final chimeric PCR products were inserted into the pMX backbone (Takahashi and Yamanaka,
2006) using EcoRl and Xhol restriction sites and sequenced.

The pHAGE2-tetO-OKSM (STEMCCA) and pHAGE-tetO-BKSM lentiviral vectors were kindly provided by Konrad Hochedlinger. All
the other lentiviral expression cassettes used in this study were cloned into the same backbone. To completely disable the self-
cleaving ability of the F2A peptide, the last two residues, which constitute the self-cleaving Pro-Gly site, were mutated into Ala-
Ala. The following sequences of the P2A self-cleaving peptide and poly-glycine linker were used: GSGATNFSLLKQAGDVEENPGP
and GSGGGSGGGSGGGGSGGGGSG, respectively. The detailed cloning information and sequence maps can be provided upon
request.

Reprogramming of MEFs into iPSCs

For iPSC generation, we used Oct4-GFP (OG2 MEFs or heterozygous ROSA26-rtTA/GOF18) MEFs after 3 or 4 passages (Yoshimizu
et al., 1999). The MEFs were plated onto 12-well plates at the density of 2.5-3 x 10* per well in 1 mL of fresh MEF medium. On the
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same day, the cells were transduced with 60 pl of non-concentrated tetO-OKSM and 30 ul of rtTA (in the case of OG2 MEFs) viral
supernatants supplemented with 6 ng/ml protamine sulfate (Sigma-Aldrich). The volume of the rest of viral sups was adjusted accord-
ing to gPCR titration. After 48 hours, the medium was replaced with embryonic stem cell medium (high-glucose DMEM, 15% KSR,
LIF) supplemented with dox (1 ung/ml unless otherwise mentioned). The number of GFP* colonies was counted after 1 and 2 weeks of
induction. Dox was removed after 12 days of induction (2 days before the second count). The lentivirus stocks were titrated using
Q-PCR for WPRE with cDNA samples from MEFs after 24 hours of dox induction. The primers used are listed in Table S1.

Characterization of iPSCs
For PCR genotyping, we isolated genomic DNA from established iPSC lines. The primers used for genotyping are listed in Table S3.
For the in vivo differentiation assay (teratoma formation), approximately 5 x 10° iPSCs were harvested and injected subcutane-
ously into the flank of immunodeficient (scid) mice. After 4-5 weeks, the teratomas were removed, fixed in 4% paraformaldehyde,
and subjected to histological examination with hematoxylin and eosin staining.
The chimera contribution assay was performed using a previously published protocol (Hogan, 1994). Briefly, 8-10 trypsinized
iPSCs were aggregated with 8-cell embryos derived from (C57BL/6 x C3H) F1 female mice crossed with CD1 mice at 2.5 days post-
coitum (dpc), and, after 24 hours of culture, transferred into 2.5-dpc pseudopregnant recipients.

Immunocytochemistry

The cells were fixed with 4% paraformaldehyde (Sigma) for 20 min at room temperature and then blocked with Dulbecco’s PBS
(Biowest) containing 0.3% Triton X-100 (Sigma) and 5% FBS (Biowest) for 2 hours at room temperature. The cells were then incu-
bated with primary antibodies at 4°C for 16 hours, washed three times with Dulbecco’s PBS, and then incubated with the appropriate
fluorescence-conjugated secondary antibody for 2 hours at room temperature in the dark. Nuclei were stained with Hoechst 33342
(Sigma). Primary antibodies used for immunofluorescence are as follows: mouse anti-Nestin (Millipore, 1:200), goat anti-Sox2 (Santa
Cruz Biotechnology, 1:200), rabbit anti-Blbp (Santa Cruz Biotechnology, 1:200), mouse anti-SSEA1 (Santa Cruz Biotechnology,
1:100), rabbit anti-Olig2 (Millipore, 1:200), mouse anti-Tuj1 (Covance, 1:500), rabbit anti-GFAP (DAKO, 1:500), rat anti-MBP (Abcam,
1:100), and rat anti-Nanog (eBioscience, eBioMLC-51, 1:1000).

Flow Cytometry Analysis

To generate iINSC clonal lines, cells were dissociated with trypsin, washed once with PBS, and resuspended in FACS buffer (PBS
containing 5% FBS). 1 x 10° cells were incubated with FITC-conjugated anti-SSEA1 antibody (Santa Cruz Biotechnology, 1:10)
for 15 min at 4°C. Cells were washed once with FACS buffer and resuspended in PBS for analysis using a BD FACSAria™ (BD
Biosciences).

Gene Expression Analysis by Quantitative PCR

Total RNA was isolated using the Hybrid-R™ kit (GeneAll), and 1 ug of total RNA was reverse transcribed into cDNA using a high
capacity cDNA reverse transcription kit (Applied Biosystems) according to the manufacturer’s instructions. 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). AC; values were calculated by subtracting the Gapdh or Rp/37a C; value from
that of target genes. Relative expression levels were calculated using the 2~2*Ct method. The sequence of primer sets used are listed
in Table S1.

DNA Methylation Analysis

To determine the DNA methylation status of INSCs, genomic DNA was treated with sodium bisulfite to convert all unmethylated cyto-
sine residues into uracil residues using EpiTect Bisulfite Kit (QIAGEN) according to the manufacturer’s instructions. Briefly, PCR am-
plifications were performed using SuperTaq polymerase (Ambion) in a total volume of 25 uL and a protocol of a total of 40 cycles of
denaturation at 94°C for 30 s, annealing at the appropriate temperature for each target region for 30 s, extension at 72°C for 30 s with
a 1st denaturation at 94°C for 5 min, and a final extension at 72°C for 10 min. Primer sequences and annealing temperatures were
described in our previous study and listed in Table S2 (Han et al., 2009; Hong et al., 2014). For each primer set, 3 uL of product from
the first round of PCR was used in the second round of PCR as template. The amplified products were verified by electrophoresis on
1% agarose gel. PCR products were subcloned using the PCR 2.1-TOPO vector (Invitrogen) according to the manufacturer’s instruc-
tions. Reconstructed plasmids were purified using the QlAprep Spin Miniprep Kit (QIAGEN) and individual clones were sequenced
(Macrogen, Republic of Korea). Clones were analyzed using QUMA software.

Chromatin Immunoprecipitation (ChIP)

Chromatin immunoprecipitation was performed as described before (Lee et al., 2006). Briefly, 2 x 107 cells were cross-linked with
formaldehyde to a final concentration of 1% for 20 min at 4°C and quenched with glycine (final concentration 0.1375M). Cross-linked
cells were sonicated with the Bioruptor (Diagenode) for 45 rounds of 30 s pulse and 30 s rest cycles. 25 g of sonicated chromatin
from each sample was used for immunoprecipitation with anti-FLAG antibody (Sigma, F1804). The primers used for gPCR are listed in
Table S4.
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QUANTIFICATION AND STATISTICAL ANALYSIS

RNA Sequencing Analysis

Amount and quality of RNAs extracted from the cells were measured using Bioanalyzer RNA Chip (Agilent Technologies). RNA sam-
ples with RNA integrity number (RIN) > 8.0 were used for library preparation. The RNA-seq libraries were produced as instructed by
the manufacturer (TruSeq Stranded mMRNA Sample Preparation Kit, lllumina) and sequenced on a Nextseq500 platform (lllumina). The
75-bp paired end read data were mapped to UCSC mm10 mouse genome build and counted using CLC Genomics Workbench 11.
The data were visualized with heatmap.2 function (gplots) in R package (http://www.r-project.org/, v3.3.2).

DATA AND SOFTWARE AVAILABILITY

RNA-seq data are available from Gene Expression Omnibus under accession number GEO: GSE125740.
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Figure S1 Lineage tracing during iNSC generation. Related to Figure 1
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(a) Schematic diagram depicting the lineage-tracing experiment for the direct conversion of fibroblasts into iNSCs
using the Oct4-CreER; R26-1sl-DTA reporter.
(b) Time-course images showing the morphological changes occurring during the induction of iNSCs from Oct4-

CreER; R26-1sl-DTA MEFs after dox withdrawal. Scale bar, 50 um.



(c) RT-PCR analysis of NSC- and fibroblast-specific marker gene expression in DTA iNSCs.

(d) Immunofluorescence microscopy of DTA-iINSCs. The nuclei were stained with DAPI. Scale bar, 50 um.

(e) PCR genotyping of DTA iNSCs for integration of pcBKSM, Oct4-CreER, and DTA transgenes.

(f) Heatmap of differentially expressed genes in DTA-INSCs. Hierarchical clustering analysis based on the gene
expression profiles is shown at the top. The differentially expressed genes with FC >4 between MEFs and ¢cNSC
controls, and FPKM >1 in at least one of the samples were plotted.

(g) In vitro differentiation of DTA-INSCs into neurons, astrocytes, and oligodendrocytes after immunostaining with
antibodies against Tujl, GFAP, and MBP, respectively. Scale bar, 50 pm.

(h) Immunocytochemistry of in vivo—engrafted GFP-labelled DTA-INSCs that differentiated into neurons
(GFP+/DCX1+), astrocytes (GFP+/GFAP+), and oligodendrocytes (GFP+/NG2+). Scale bar, 25 pm.
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Figure S2 Characterization of iNSCs generated with poly- and monocistronic cassettes. Related to Figure 2

(a) Phase-contrast images of EYFP~ pcOKSM and pcBKSM iNSCs. Scale bar, 50 um.

(b) The morphology of mcBKSM-transduced MEFs and initial NSC-like clusters (arrow heads). Scale bar, 50 pm.
(c) RT-PCR analysis of NSC and fibroblast marker gene expression of mcBKSM-transduced MEFs after 19 days of
infection.

(d) The morphology of four established clonal mcBKSM-derived iNSC lines. Scale bar, 50 pm.

(e) FACS analysis of MEFs to pre-sort Thy1* and Thy1- populations.

(f) Immunofluorescence of iNSC generated from Thyl" and Thyl- MEFs transduced with mcBKSM. Scale bar, 50
pm.

(g) The number of iNSC cluster expressing Olig2 from Thy1* and Thyl- MEFs transduced with mcBKSM. Data are
represented as mean + SD, n=3.

(h) gPCR analysis of NSC- and fibroblast-specific marker expression in mcBKSM-derived iNSC lines from Thyl*
and Thy1- MEFs.

(i) FACS analysis to determine the number of directly (Olig2*/EYFP") and indirectly (Olig2*/EYFP") generated iNSCs
for mcBKSM-induced iNSC lines from Thy1* and Thyl- MEFs.



Figure S3
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Figure S3 Monocistronic lentiviral induction also leads to direct transdifferentiation into iNSCs. Related to
Figure 3

(a) Measured number of monocistronic retrovirus and polycistronic lentivirus particles used in experiments.

(b) Western blot analysis of mono- and polycistronically introduced Brn4, Sox2 and cMyc.

(c) Time-course qPCR analysis of fibroblast marker gene expression in MEFs transduced with lentiviral pcOKSM,
pcBKSM, and retroviral mcOKSM, or mcBKSM. The levels were normalized to non-transduced MEF control and are
represented as mean + SD, n=3.

(d) Time-course qPCR analysis of NSC marker gene expression in MEFs transduced with pcOKSM, pcBKSM,
mcOKSM, or mcBKSM. The levels were normalized to non-transduced MEF control and are represented as mean +
SD, n=3.

(e) Time-course qPCR analysis of fibroblast, pluripotency, and NSC marker gene expression in MEFs transduced with
lentiviral mcBKSM. The levels were normalized to non-transduced MEF control (fibroblast markers), ESC control

(pluripotency markers), and or cNSCs (NSC markers) and are represented as mean + SD, n=3.
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Figure S4. POU factors retain functionality within the POU-KIf4 fusion protein. Related to Figure 4
(a) Reprogramming of Oct4-GFP MEFs into iPSCs with POU-KSM polycistronic cassettes, where POU and Klf4

were separated by P2A, F2A, cleavage-deficient mutated F2A (F2Am), or a glycine linker (GL). The GFP* colonies

were counted after 1 and 2 weeks of dox induction. Data are represented as mean = SD, n=3.



(b) Immunostaining for Nanog and SSEA1 of clonal iPSCs generated with Brn2-, Brn4-, and Oct6-F2Am-KSM
constructs. Scale bar, 250 pm.

(c) Teratoma formation assay with Brn2-, Brn4-, and Oct6-F2 Am-KSM-generated iPSCs. The iPSCs could contribute
to all three germ layers: ectoderm (keratinized epithelium, neural tissue), mesoderm (connective tissue, smooth
muscle), and endoderm (intestinal, ciliated, and cuboidal epithelia).

(d) Brightfield/Oct4-GFP merged images of germline contribution of the iPSCs.

(e) Western blotting of ZHBTc4 ESCs treated with dox for indicated number of hours.

(f) Alkaline phosphatase (AP) staining of Oct4-knock-out ZHBTc4 ESCs rescued with Oct4-KIf4 constructs with
different linker peptides after 7 days of dox induction.

(g) Representative images of conditionally Oct4-knock-out ZHBTc4 ESCs rescued with Oct4-K1f4 constructs with
different linker peptides on the second passage.

(h) gPCR gene expression analysis of p6 ZHBTc4 ESCs rescued with Oct4-P2A-Kl1f4, Oct4-F2A-K1f4, Oct4-F2Am-
Klf4, or control (ZHBTc4 ESCs treated with dox for 1 week). Rpl37a was used as a house-keeping gene. Data are
represented as mean + SD, n=3 (technical replicates).

(1) FACS analysis of Gof18 epiblast stem cells converted into naive ESCs with Oct4, KIf4, and Oct4-K1f4 separated
by self-cleavable peptides, non-cleavable peptides, or mock constructs after 1 week of induction.

(j) Representative wide-field images of Oct4-GFP MEFs reprogramed with fully cleavable Oct4- and Brn4-P2A-KSM
polycistronic cassettes, in combination with fully cleaved or uncleaved POU-KIf4 constructs (related to Figure 4F).
Scale bar, 1 mm.

(k) Representative wide-field images of Oct4-GFP MEFs reprogramed 3XxFLAGed constructs used for Chip (related
to Figure 4G). Scale bar, 1 mm.



Table S1. Primers for qPCR. Related to STAR Methods.

Gene Accession Sequence Annealing
Name number temperature
Sox2 NM_ 011443 5’- ACGGCCATTAACGGCACACT -3’ 60°C
5’- TTTTGCACCCCTCCCAATTC -3’
Pax6  NM_ 001244198 5’- CAAGTTCCCGGGAGTGAACC -3’ 60°C
5’- TCCACATAGTCATTGGCAGA -3’
Nestin NM_ 016701 5’- TCCTGGTCCTCAGGGGAAGA -3’ 60°C
5’- TCCACGAGAGATACCACAGG -3’
Olig2 NM_ 016967  5’- ACCACCACGTGTCGGCTATG -3’ 60°C
5’- TGGTCCAGCTCCCCTTCTTG -3’
Mashl NM_ 008553 5’- CAGAGGAACAAGAGCTGCTG -3’ 60°C
5’- GATCTGCTGCCATCCTGCTT -3’
Bibp NM_ 021272 5°- GGATGGCAAGATGGTCGTGA -3’ 60°C
5’- TGGGACTCCAGGAAACCAAG -3’
Sox1 NM_009233 5’- GGTGGAGGCCACAACAACAA -3’ 60°C
5’- GGCCTCTTTGGCAAGTGGTT -3’
Cdhl NM_009864 5’- AACAACTGCATGAAGGCGGGAATC -3’ 60°C
5’- CCTGTGCAGCTGGCTCAAATCAAA -3’
Tfep2l1 NM_023755 5’- AACCCGCCCAGGTAGAGCT -3’ 60°C
5’- AGGGCAGCCACGTGGGAAGA -3’
Esrrb NM_001159500 5’- GCCTTTACTATCTG GCCTGGT -3’ 60°C
5’- TAGTGCTTCTCTTTGGTGCTGT -3’
Nanog ~ NM_001289828 5’- CTTTCACCTATTAAGGTGCTTGC -3’ 60°C
5’- TGGCATCGGTTCATCATGGTAC -3’
Lin28 NM_145833 5’- CCGCAGTTGTAGCACCTGTCT -3’ 60°C
5’- GAAGAACATGCAGAAGCGAAGA -3’
Oct4 NM_013633 5’- CTTGGGCTAGAGAAGGATGTGGTT -3’ 60°C
5’- TCTTGTCTACCTCCCTTGCCTTG -3’
Thyl NM_009382 5’- TTCCCTCTCCCTCCTCCAAGC -3’ 60°C
5’- TCGAGGGCTCCTGTTTCTCCTT -3°
Collal NM_007742 5’- CCCTGCCTGCTTCGTGTAAA -3’ 60°C
5’- TCGTCTGTTTCCAGGGTTGG -3’
Acta2 NM_007392 5’-ATCGTCCACCGCAAATGCTT -3’ 60°C
5’-AACTGGAGGCGCTGATCCAC-3’
Pdgfip  NM_001146268 5’-TGGGTGGAGATTCGCAGGAGG -3’ 60°C
5’-CCACTAAGGCCAGGATGGCTGA -3’
WPRE 5’-TGTTGCCACCTGGATTCTGC-3’ 60°C
5’- AGGAAGGTCCGCTGGATTGA-3’
Rpl374 NC_000067 5’- GTGGTTCCTGCATGAAGACAGTG-3’ 60°C

5’- TTCTGATGGCGGACTTTACCG-3’




Hprtl NC_000086 5’-CTGGTGAAAAGGACCTCTCGA-3’ 60°C
5’-CTGAAGTACTCATTATAGTCAAGGGCAT-3’
Gapdh NM_008084 5’- CCAATGTGTCCGTCGTGGAT -3’ 60°C
5’- TGCCTGCTTCACCACCTTCT -3’
Oct4-CDS  NM_013633 5’- GGCTAGAGAAGGATGTGGTTCGAG -3° 60°C
5’- CCTGGGAAAGGTGTCCCTGTAG -3’
Rex1 NM_009556 5’- GGCTGCGAGAAGAGCTTTATTCA -3’ 60°C
5’- AGCATTTCTTCCCGGCCTTT -3’
Cdx2 NM_007673 5’- ACCGGAATTGTTTGCTGCTGT -3’ 60°C
5’- TCCCGACTTCCCTTCACCAT -3’
Table S2. Primers for DNA methylation analysis. Related to STAR Methods.
Annealing
Gene Name Sequence
temperature
5’- GATCCCAGTGTGGTGGTACG -3’
Nestin enhancer]® 45°C
5’- GGCTTCAGCTCCGTCTCCAT -3’
5’- GTGTGGTGGTACGGGAAATC -3’
Nestin enhancer 2" 60°C
5’- GAGAAGGACGGGAGCAGAG -3’
5’- GTTAGGTAGTTTTGATTGGTTGG -3’
Collall* 55°C
5’- ACAATAACCCCTAAAAAAAACAAAAA -3
Collalom 5’- TGGTATAAAAGGGGTTTAGGTTAGT -3° 60°C
ollal2"
5’- ACAATAACCCCTAAAAAAAACAAAAA -3
Table S3. Primers for PCR genotyping. Related to STAR Methods.
Annealing
Gene Name Sequence
temperature
5’- GAGACGCCATCCACGCTGT-3’
Viral Oct4 55°C
5’- GGTGAGAAGGCGAAGTCTGAAG-3’
5’- GAGACGCCATCCACGCTGT-3’
Viral Brn4 55°C
5’- ATGGACAAGGGAGCTGGAAC-3’
5’- CACCACCACACACTGCCCGGCTCTG-3”
Viral Oct6 55°C
5’- CCCTTTTTCTGGAGACTAAATAAAATC-3’
5’- AGTAGGGACACGCCACCACACCACG-3’ 55°C
Viral Brn2
5’- GTGGAGAAGGACGGGAGCAG-3’
5’- ACTGCCGCATCCTCTTCCTC-3’ 55°C
ActB

5’- CCGCTCGTTGCCAATAGTGA-3’




Table S4. Primers for ChIP-qPCR. Related to STAR Methods.

Gene Name Sequence Annealing
temperature
grDNA-IGS1 5’- GGCCAGTTCCTCCTGCCTTCTGTT -3’ 60°C
5’- ACTGTGGATGGAGCGTGCATGTGT -3’
grDNA-IGS2 5’- TGACTTTCTGGTTTGCAAGTTAAG -3’ 60°C
5’- CCCATTAATTGGGGTACTCTACTG -3’
Sox2 5’- AGTCCAAGCTAGGCAGGTTCCCCT -3° 60°C
5’- TGCCCGAGCCCGGGAAATTCTTTT -3°
Nanog (DE) 5’- CCTGTCCCTAGTCCCCGCTCCTTT -3’ 60°C
5’- TGGAACTAGCTGTGTGGGTGGGGA -3’
Pou5f1(CR4) 5’- TGGGCAGACGGCAGATGCATAACA -3’ 60°C
5’- GGGACCCCTCCCCAACCATCTTCT -3’
Slitrk6 5’- TGAAAGGCTTTAGTTTCATTTGC -3’ 60°C
5’- TTTTCACAAACTGAAAAGCAGA -3’
Foxo 5’- TAAGCATTTCTATACATGTGTGCG -3’ 60°C
5’- AAAACTGACAGGCTTGTTCCAC -3°
Lingol 5’- AGTGTCAGGAGAAGTTGCGG -3’ 60°C
5’- GATGAGCTTGGGACCACTCC -3’
Vim 5’- AGGCAGTGGCTCCTAATCCT -3’ 60°C
5’- CCCCTGATCTAACGGACTCA -3°
Endl 5’- CAGGAGATTCCACAGCAGGG -3’ 60°C
5’- GCCTGAGTCAGACACGAACA -3’
K19 5’- TTGCTGGGACTGTAGCGTTT -3’ 60°C

5’- CTAGGCAGTTACGCCCATCC -3’
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